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Study of the true ternary fission of ***Cf isotope in equatorial and
collinear geometries
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Abstract: This paper presents a comprehensive investigation of the true ternary fission of the 2*3Cf isotope. Using
the Three-Cluster Model (TCM) based on the WKB approximation, detailed calculations were performed for all
possible fragment configurations, considering the equatorial and collinear geometries. The fragment charge numbers
(Z) were systematically filtered within the range of Z =20 to Z = 52, and all combinations were examined for three
positional arrangements: fragments A, A, and Az occupying the middle position in collinear geometry. For each
combination, key quantities were calculated, including driving potential (V-Q), penetration probability (P), relative
yield (Y), decay constant (1), and half-life (T 1 ). The selection of optimal fragment combinations was based on high-
er penetration probability or minimum driving potential, ensuring a systematic approach to identifying the most fa-
vorable fission configurations. Redundancy from permutations of Z;, Z,, and Z3z was eliminated by treating them
equivalently. The results highlight the significant influence of fragment geometry and nuclear structure, particularly
shell effects, on the fission dynamics. This work provides new insights into the complex mechanisms of true ternary
fission, contributing to the broader understanding of nuclear stability and fragment distributions in such processes.
The novelty of this study relative to similar research is the investigation of the effects of fragments permutations,
geometries, and neutron emission on the fission process.
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I. INTRODUCTION

Fission in heavy and superheavy elements can occur
either spontaneously or be induced by various particles
and photons. Neutron-induced fission has been extens-
ively studied due to its role in nuclear energy generation
[1—4]. Proton-induced fission has also been well-docu-
mented by Deppman, Ayyad, and Gikal et al. [5—7]. Ad-
ditionally, heavy energetic nuclei can induce fission
through fusion-fission reactions, as demonstrated in vari-
ous studies [8—11]. Photon-induced fission is another sig-
nificant type of fission, with contributions from several
researchers [12—14].

Since the discovery of fission and its application in
nuclear energy production in the late 1940s, nuclear sci-
entists have primarily focused on studying binary fission.
However, the ternary fission in which a heavy nucleus
splits into three fragments emerged as an intriguing
source of high-energy alpha particles. This rare type of
nuclear reaction was first identified by Chinese and
French scientists, including San-Tsiang, Chastel, and
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Zah-Wei [15—19]. Cold ternary fission refers to the disin-
tegration of an unstable heavy or superheavy nucleus in-
to three fission fragments, neglecting neutrons and other
types of radiation [20—31]. This process effectively re-
veals the behavior of nuclear systems at the scission
point.

True ternary fission, where the parent nucleus splits
into three fragments with comparable masses, is a rare
phenomenon observed in the decay of certain heavy and
superheavy nuclei with high fissility parameters [32, 33].
Although this type of ternary fission has been extens-
ively studied [34—42], its theoretical characteristics are
not fully understood yet. True ternary fission typically oc-
curs in heavy nuclei with high fissility parameter
(Z2/A > 31) [32].

According to & Sndulescu et al. [43, 44], cold ternary
fission is similar to cluster radioactivity [45, 46], repres-
enting a low energy rearrangement of nucleons from the
ground state of the initial nucleus to the ground states of
three final fragments. Delion et al. [47] provided a
quantum description of the cold ternary fission of a »Cf
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isotope within a stationary scattering formalism, calculat-
ing the preformation amplitude of *He and '"Be light-
charged particles formed during the process [44, 48, 49].
Furthermore, they employed a double-folding potential
and M3Y nucleon-nucleon forces to study the isotopic
yields in the cold ternary fission of the *Cm isotope,
without including preformation factors.

The recently proposed TCM by Balasubramaniam
and Manimaran [50] builds on the preformed cluster
model (PCM) introduced by Gupta et al. [51]. This ap-
proach has been widely applied to investigate the various
aspects of ternary fission in isotopes of Californium (Cf),
Uranium (U), Plutonium (Pu), and Curium (Cm)
[52-57].

The competition between binary and ternary fission
with a-decay in heavy and superheavy isotopes has
garnered considerable theoretical and experimental in-
terest [46, 47]. A three-body equatorial model was intro-
duced to examine the cold ternary fission of the »Cf iso-
tope, accompanied by a-particles, using an approach in-
cluding double-folding nuclear potential [43]. Rosen and
Hudson [21] provided experimental evidence that the
probability of true ternary fission is significantly lower
than that of binary fission (approximately 6.7 +3 per 10°
symmetric binary fissions) in the thermal-neutron-in-
duced fission of 2*>U. Green and Livesey [58, 59] util-
ized photographic plate techniques to measure particle
emissions during fission, finding that approximately 1%
of events involved emission of light particles, such as a.

Farwell, Segre, and Wiegand conducted detailed stud-
ies using the coincidence counting method to determine
the frequency of long-range charged particle emission
during fission, predominantly «. Manimaran and Balasub-
ramaniam [52, 53] investigated the influence of deforma-
tion and orientation on cold a-particles and '°B-accom-
panied ternary fission of the 2Cf isotope. They applied
the liquid-drop formalism combined with the Yukawa-
plus-exponential nuclear potential and nuclear shape
parametrization to determine the ternary-to-binary fis-
sion probability ratio using equatorial geometry [60].

Recent observations have identified various isotopes
of He, Li, Be, B, and C as light charged particles (LCPs)
in the spontaneous ternary fission of 2Cf [54, 55].

Building on our previous studies [61, 62], which ex-
amined the ternary fission of 2®Cf accompanied by *He,
Be, *C, N, and '°O in equatorial geometry and com-
pared the results in equatorial and collinear geometries
for the ternary fission of the **Fm isotope accompanied
by ®Be, 2Si, *Ni, and *Zr, this study explored fission
dynamics. Specifically, it compared the equatorial and
collinear geometries, focusing on accompanying heavy
fragments with comparable masses in the true ternary fis-
sion of the #Cf isotope.

Synthesized superheavy isotopes have been an active
area of research in nuclear physics [63]. The Californium

nucleus was discovered and synthesized in 1950 at
Lawrence Berkeley National Laboratory (LBNL) by bom-
barding a Curium nucleus with a-particles. This nucleus
has 20 known isotopes, most synthesized through suc-
cessive neutron bombardment and S-decay. The *8Cf iso-
tope is produced through B~ decay of the 2Bk isotope.
The remainder of this paper is organized as follows.
Section II describes the theoretical method used to calcu-
late the ternary fission process, focusing on the em-
ployed approach. Section III presents the results and
provides an in-depth discussion. Finally, Section IV con-
cludes the paper and briefly summarizes the findings.

II. THEORETICAL CALCULATIONS APPROACH

The ternary fission process closely resembles binary
fission, differing primarily in the emission of LCPs dur-
ing the final stage of the scission process. The study of
ternary fission provides insights not only into fission dy-
namics but also nuclear structure. Theoretical frame-
works have been developed to track LCP trajectories, of-
fering tools to analyze statistical and dynamical charac-
teristics of fission, especially scission criteria [64, 65].

The energy released in ternary fission (Q-value) is
calculated as

3
Q=M= "m, (1)
i=1

where M is the mass excess of the parent nucleus, and m;
(i=1,2,3) are the mass excess of three fragments in units
of MeV [66]. A positive Q-value is required for fission to
occur, which is shared as kinetic energies of the frag-
ments.

The interaction potential between fragments consists
of the Coulomb and nuclear proximity potentials [67, 68]

3
v=> > (Vi+Vvi). 2)

=1 j>i

The Coulomb potential for interaction of spherical frag-
ments is simply defined as

Z,'Zj62

vi= G)

ij
where Z; and Z; are atomic numbers, and R;; is the cen-

ter-to-center distance between interacting fragments. The
effective radius R, for each fragment is defined as

R, =128A'°-0.76+0.84 ', 4)

where A, is the mass number of fragment x.
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The nuclear proximity potential V,(s) is defined as
[69]

V,(5) = dnyR;® (g) , (5)

where ®(¢) depends on the separation s/b between frag-
ments and is given by [70]

1
—(£-2.54)2—0.0852(6 —2.54)}, &£<1.2511,
E=¢ 2

~3.437exp(—£/0.75), £>12511.

(6)

In the context of ternary fission, the dimensionless para-

N . .
meter & = ; represents the scaled distance between inter-

acting fragments. For simplicity, it is often assumed that
one of three fragments remains fixed during analysis.

Geometrical configurations of fragments are key to
understanding penetration probabilities and fission half-
lives. Typically, two types of geometrical configurations
of fragments are considered:

o Collinear: Fragments align along a straight line
joining the centers of three fragments.

e Equatorial: The fixed LCP is ejected perpendicu-
larly to the separation line of the other two fragments.

These geometrical arrangements of fragments signi-
ficantly influence the energy distribution among the frag-
ments, their angular momentum, and neutron emission
characteristics. In the collinear configuration, the frag-
ments move along a straight line connecting their centers.
In contrast, the equatorial configuration involves fixed
light fragment being ejected perpendicular to the line
connecting the centers of the other two fragments.

a

Fig. 1.
moment after separation of fragments in output channel (s > 0).

Fig. 1 illustrates the tripartition of fragments in both the
equatorial and collinear geometries, with a separation dis-
tance s> 0 indicating a moment after separation of frag-
ments.

In the equatorial configuration, a symmetric separa-
tion is often assumed for simplicity. Also, it is con-
sidered that the fragments disperse with identical speeds
and equal separation distances (s= s =513 = 523).
However, this assumption does not account for differ-
ences in fragment velocities caused by repulsive Cou-
lomb forces, particularly affecting the lightest fragment
(A3, also referred to as the LCP, which moves faster than
the heavier ones due to conservation of energy). To ad-
dress this discrepancy, an initial relationship kX s, =
s13 = s»3 can be considered, where k& varies within the in-
terval 0 <k < 1 [50]. Notably, studies indicate that trends
in relative yields and fragmentation potential barriers re-
main largely unaffected by the choice of k < 1. Therefore,
the assumption of k=1 does not considerably affect the
final results.

The parameter S further describes the fragment geo-
metry: S =0 represents a touching configuration, S <0
denotes overlapping fragments, and S > 0 indicates separ-
ated fragments configurations. In the collinear geometry,
with Az positioned between the other two fragments, the
distance between the surfaces of fragments 1 and 3, or 2
and 3, is denoted by s=s13=s,3. The center-to-center
distance between fragments 1 and 2 is then given as

S12 = 2(R3 + S). (7)

The penetration probability P is calculated using the
WKB approximation:

SOH[
P=exp (—;/ 2;1(V—Q)dS>, ®)
Sin

Ax Az
Az
Si3 /-\ Sz
Rt w Rz

S12
b

Schematic diagram of fragment geometries for ternary fission: equatorial (a) and collinear (b) arrangement of fragments a
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where S;, and S, are the inner and the outer turning
points, respectively, and u is the reduced mass of three
fragments obtained using

_ A1ArA;5 ©)
k= mA1A2 +A1A3 +A2A3 '
The half-life of ternary fission is evaluated using
In2
T1/2:n7, AZVP, (10)

where v is the assault frequency, which is simply ob-
tained by the following relation [50]:

y=— =2 (11)

The vibrational energy E, is then obtained as follows:

4-A
E, =0 0.056+0.039exp( 5 SLCP)} MeV. (12

Finally, the relative yield Y(A;,Z;) for each fragmentation
with a given geometry is determined by

P(A;,Z)

Y(Ai,Z) = 7ZP(Ai’Zi).

(13)

The resultant relative yields are used to evaluate the de-
cay constant and relative half-life.

It is also important to check the neutron emission in
the ternary fission process, which is considered in this re-
search to compare the obtained results with the no neut-
ron emission case of each selected combination.

III. RESULTS AND DISCUSSION

In this study, the ternary fission of the *Cf isotope
was analyzed, focusing on fragment combinations and
their geometries. For collinear geometries, we systematic-
ally examined the driving potential (V) for each fragment
configuration, where A, A,, or A; occupy the middle po-
sition in the fragment moving line. Reaction Q-value,
penetration probability (P), and decay constant were
evaluated for each combination constructed at given geo-
metry for one neutron emission and no neutron emission
to highlight the influence of fragment placement and
neutron emission. Among 128 unique sets of Z;, Z,, and
Z; combinations, 40 sets of them with higher penetration
probabilities were selected, as tabulated in Table 1. The
relationship between the O-value and atomic numbers Z,,
Z,, and Z; is depicted in Fig. 2.

In the collinear configurations with A; positioned in

the middle of the two other fragments, the alignment of
fragments reduced the Coulomb repulsion, resulting in
lower driving potentials and higher penetration probabil-
ities. For example, in the combination ¥Ge +% Ge +* Se,
with a Q-value of 272.69 MeV, A; = Ge provided signi-
ficant stabilization due to magic neutron number
(N =50). This combination, highlighted in Fig. 2, which
shows the Q-value as a function of atomic numbers Z;,
Z,, and Z;, exhibited the highest Q-value among all con-
figurations. The calculated driving potential (V43 =
8.23MeV) facilitated a penetration probability of
2.43x1072*. The even-even nature of ¥*Ge and %°Se fur-
ther enhanced the stability of this configuration. This case
is also illustrated in Fig. 3(c), which presents the collin-
ear geometry with Az in the middle.

Similarly, for 7°Zn +% Ge+*Kr, A; = ¥Ge stabilizes
the configuration through magic and near-magic proper-
ties of its constituent fragments. The driving potential
(Veas = 13.00MeV) is among the lowest observed, lead-
ing to a penetration probability of 1.31x 1072 for this
combination.

When the lightest fragment A; occupies the middle
location, the driving potential decreases due to the lower
Coulomb interaction between the other two heavier frag-
ments positioned at the ends and lightest fragment oc-
cupying the middle. For instance, in the combination
BCa+%%Ni+!*28n, where A, = “Ca is placed in the
middle, the driving potential (V.4; =0.01MeV) is relat-
ively low. The resultant QO-value equal to 251.47 MeV
and penetration probability equal to 8.37x 107!° are still
favorable due to the double-magic nature of A; = '32Sn
and even-even near-magic configuration of A, = ®Ni.
This combination is illustrated in Fig. 3(a), where '*2Sn is
highlighted due to its double-magic structure.

In the combination **Ca+%Fe+'**Te, while 4, =
Ca occupies the middle position, despite its stabilizing
magic property (N =50), the overall driving potential
(Vea1 = 1.24MeV) remains very low due to the even-even
nature of A, = ®Fe and the magic nature N =82 of
A; = 'Te. Consequently, the penetration probability
(P =5.13x1071%) is significantly high.

When the intermediate-mass fragment A, is placed in
the middle, the driving potential is generally higher than
in the combination when A, is located in the middle but
lower than when A; occupies the middle position. For in-
stance, in the *Ti+% Cr+'**Te combination, when A, =
4Ti is positioned in the middle, a driving potential of
(Vear =2.66MeV) is achived, which is lower than this
combination when magic fragment A; ='3* Te is located
in the middle. The penetration probability (P = 3.82x
107%") remains favorable due to the stabilizing effects of
A, =>*Ti and A; = '**Te, both of which are even-even
nuclei, and one of them contains magic neutron number
N =82. This configuration is highlighted in Fig. 3(b),
where the minimum driving potential of combination
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Table 1. Calculated quantities of ternary fission for ***Cf isotope in different geometries and for selected combinations without neut-
ron emission.

Combination Q Veo Vs Ve Vi P, P P Pi vx10?l A a3 A Aal
MeV  /MeV /MeV /MeV /MeV

0Ca+64Fet 1M e 244.33 7540 2448 405 124 6.74e-51 231e-31 14le2l 5.03e-16 662 4.5¢29 1.5e-09 9.4e+00 3.4e+06
B rBNi+1328n 25147 7546 2112 5.02 001 1.63e-49 4.11e-29 2.17e-21 8.37e-15 681  1.1e27 2.8¢-07 1.5e+01 5.7e+07
Bas6TCo+ 1335y 24571 77.92 2523 644 373 1.59e-51 2.12e-31 1.98e-22 1.04e-16  6.65 1.1e29 1.4e-09 13e+00 6.9e+05
SATi4+00Cr+134Te 24242 7873 27.14 2.67 844 531e-53 632e-33 3.82e-21 1.54e-19 657  3.5e31 4.de-ll 2.5e+01 1.0e+03
S1Ge+64Fe+1335h 24438 80.14 27.01 683 7.04 3.91e-53 143e-32 896e-23 155e-18 662 2.6e-31 94e-11 59e-01 1.0e+04
535c+6 Mn+13Te 24028 80.28 2896 7.10 7.35 439e-54 5.80e-34 3.37e-23 3.53e-19 651  2.9e32 3.8e-12 22e-01 2.3et03
SATi+62Fe+132n 24841 8042 2516 643 7.1 7.66e-53 149e-31 2.68¢22 1.6le-18 673  52e-31 1.0e-09 1.8e+00 1.1e+04
BCaaT07n+124Cd 25047 80.61 2478 10.09 3.54 6.09e-53 2.75e-31 2.46e-24 1.06e-16 678  4.de-31 1.9e-09 1.7e-02 7.2e+05
BaBCu+ 127y 24733 8149 2668 10.60 529 136e-53 2.78e-32 1.38e-24 1.53e-17 670  9.1e-32 19e-10 9.3e-03 1.0e+05
SATi+6IMn+133Sh  243.65 81.50 28.06 646 9.63 4.10e-54 2.86e-33 1.13e22 5.65¢20 6.60 2.7e-32 19e-11 7.5¢-01 3.7e+02
S1Ge+65Co+1328n 24622 81.80 2693 952  7.34 128e-53 2.11e-32 9.20e-24 1.55¢-18  6.67 8.5e-32 14e-10 6.1e-02 1.0e+04
BCa482Ge+18pd 25227 82.63 2486 1297 4.09 50le-54 230e-31 8.5le-26 S5.46e-17 683  3.4e-32 1.6e-09 5.8¢-04 3.7¢+05
STy4S8Cre133gp 24259 82.89 2930 626 1240 4.84e-55 533e-34 13922 20221 657  32e-33 35e-12 9.1e-01 1.3e+01
S6Cr+00Cr+1328n 24598 83.64 28.03 4.16 1544 8.65¢-55 4.13¢-33 1.56e-21 2.54e22  6.66  5.7e-33 27e-11 1.0e+01 1.7e+00
SIG+O8Ni+129In 24679 8378 27.80 1178 832 7.26e-55 5.55e-33 5.52e-25 420e-19  6.68  4.8¢-33 3.7e-11 3.7e-03 2.8e+03
0Ca+84Se+ 4Ry 253.00 84.50 2451 1749 340 1.69e-55 1.37e-31 5.19¢28 4.66e-17 685 12e-33 9.4e-10 3.6e-06 3.2¢+05
BCarGat121Ag 24841 8469 27.87 1457 684 197e-55 556e-33 127e-26 236e-18 673  13e-33 3.7e-11 85e-05 1.6e+04
SSy46lMn+1328n  244.65 84.76 2923  8.00 1398 1.60e-55 8.96e-34 2.93e-23 8.90e22  6.63  l.1e-33 59e-12 1.9e-01 5.9e+00
0Ge+2Ge+36Se  272.69 8478 824 525 1500 8.64e-56 2.43e-24 5.49e-23 2.75¢23 738  6.4e-34 18e-02 4.1e-01 2.0e-01
SSy49v4I3¥Te  236.51 84.86 33.18 596 17.26 5.30e-57 2.31e-36 4.95¢23 7.89¢-24 640 3.4e-35 15e-14 32e-01 5.le-02
S0Ca+83As+11I5SRh 25073 8521 26.68 17.00 471 325e-56 9.67e-33 5.00e-28 8.95e-18 679  22e-34 6.6e-11 3.4e-06 6.1et04
SATI4+8Ni+126Cd  248.70 8526 27.68 11.81 9.88 6.12¢-56 3.59¢-33 332e-25 4.10e-20 674  4.le-34 24e-11 22e-03 2.8e+02
Bzn4848e+868e 27117 85.66 939 1023 11.92 193e-56 591e25 3.16e-25 437e22 734  14e-34 43e-03 23e-03 3.2¢+00
1670+82Ge+0Kr  269.92 8639 13.00 735 13.85 6.79e-57 1.31e26 4.60e-24 7.02¢23  7.31  5.0e-35 9.6e-05 3.4e-02 5.1e-01
S0Ca+ 0K +108\ o 25254 8677 25.10 20.88 496 6.19e-57 538¢-32 8.07e-30 7.04e-18 684  42e-35 3.7e-10 5.5e-08 4.8e+04
SATi+82Ge+ 2Ry 254.03 87.12 2594 14.68 8.88 2.60e-57 1.53e-32 3.52e-27 6.76e-20  6.88  1.8e-35 1.0e-10 2.4e-05 4.6e+02
19Ga+2Ge+87Br  269.09 87.90 1333 857 1627 7.60e-58 8.26e27 1.05¢-24 4.01le24 729  55e-36 6.0e-05 7.7e-03 2.9e-02
0Ge+PAs+BAs  269.63 88.00 950 1037 18.16 8.23e-58 3.81e25 1.99e-25 6.81e25 7.30  6.0e-36 2.8¢-03 1.5¢-03 5.0e-03
TNi+968e+90Kr 26693 88.17 1530 12.65 12.57 4.03e-58 8.39e-28 1.35¢-26 2.07¢22 723  2.9e-36 6.1e-06 9.7e-05 1.5e+00
Ni+82Ge+%Sr 26572 8821 1815 10.19 13.10 2.71e-58 3.66e-29 1.51e-25 1.04e22 720  2.0e-36 2.6e-07 1.1e-03 7.5¢-01
Bzn+83As+87Br 26828 88.39 1396 11.17 1472 326e-58 3.76e-27 6.96e-26 157e-23 727 24e-36 2.7e-05 5.1e-04 1.1e-01
19Ga+HSe+85As  268.92 8839 10.03 1045 16.61 4.13e-58 1.96e-25 1.44e-25 2.72e-24 728  3.0e-36 1.4e-03 1.0e-03 2.0e-02
167047870 4%Sr  265.87 88.66 1834 7.05 1688 143e-58 2.79¢-29 3.81e-24 18224 720 1.0e-36 2.0e-07 2.7e-02 1.3e-02
S0Ca+9%4sr+ 1047y 25139 8891 25.07 2491 672 2.98e-58 3.79e-32 8.57e-32 9.20e-19  6.81  2.0e-36 2.6e-10 5.8e-10 6.3e+03
BSCurBAs+OKr  266.34 8947 1630 12.62 1489 5.77e-59 23528 127e26 128¢23 721  42e-37 1.7e-06 92e-05 9.3e-02
TICu+55Br4+36Se 26518 90.84 14.94 1535 15.16 6.06e-60 7.19¢-28 527e-28 5.49e-24  7.18  43e-38 52e-06 3.8¢-06 3.9e-02
T2Nj+8As+93Rb 26375 90.95 19.08 14.57 1551 5.90e-60 8.74e-30 1.32e-27 6.48¢-24  7.14  42e38 62e-08 9.4e-06 4.6e-02
RN+ BBy 263.63 91.62 17.01 17.80 1595 234e-60 7.22e-29 4.01e-29 3.82e-24  7.14  1.7e-38 52e-07 2.9e-07 2.7e-02
66Fe+TONi+ 2Ry 252.15 9245 29.65 1345 1848 2.66e-61 4.18e-35 5.19e27 3.12¢25 683  1.8e-39 29e-13 3.6e-05 2.1e-03

ONi+81Ga+97y 26020 9292 2390 13.17 1922 2.5le-61 3.51e-32 3.16e-27 1.33e-25 7.05 1.8e-39 2.5e-10 2.2e-05 9.4e-04
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through the ternary fission process.

Fig. 2. (color online) O-Value for fragment atomic numbers Z;, Z,, and Z; for the ternary fission of ***Cf isotope.

3Ti+% Cr+'3* Te is emphasized.

As stated in the previous section, we also studied one-
neutron emission in the ternary fission process. To check
the effects of one-neutron emission in the ternary fission
process of the 28Cf isotope, 10 combinations were selec-
ted for better comparison of their results with no neutron
emission. The combinations have the same set of atomic
numbers (Z), so the elements are the same, but their mass
numbers are different. These combinations were chosen
because they have the minimum driving potential and
highest penetrating probability among all selected frag-
ments combinations, both with and without considering
neutron emission. As shown in Table 2, neutron emission
reduces the Q-value of the fragments combination. This
increase in the potential barrier leads to a lower penetra-
tion probability. As an example, for Z; =20, Z, = 30, and
Z3 =38, the favored combination is 35Ca+35Zn+ 12*Cd
when considering neutron emission and 35Ca+35Zn+
134Cd without considering neutron emission. Their penet-
rating probabilities for A, located in the middle are
1.62x 107 and 1.06x 107!, respectively. This trend is
observed in other geometries and combinations as well.

As a second example, we consider the Cr—Cr—Sn
combinations. The selected configurations are
3Cr+33Cr+ 132Sn and 35Cr +$ICr + 132Sn with and without
neutron emission, respectively. The driving potential is
34.50 MeV for A; placed in the middle,11.767 MeV for
A, in the middle, and 12.38 MeV for A, in the middle for
the neutron emission case. These values are 28.026 ,
4.158 , and 17.59 MeV without neutron emission, re-
spectively. The double-magic 3*Sn isotope plays a cru-
cial role in these combinations due to its neutron and pro-

ton closure shell, making them the most favorable set of
combinations.

The equatorial geometry, in contrast, shows consist-
ently higher driving potentials and lower penetration
probabilities due to the increased Coulomb repulsion
among symmetrically placed fragments. For example, in
the °Ca+% Fe+!** Te combination, the driving potential
in the equatorial geometry has a significantly higher
value (V,=75.39MeV) than those in the collinear
geometry, reducing the penetration probability by several
orders of magnitude. This behavior is summarized in
Fig. 3(d), which highlights the magic combination
NCa+% Fe+!* Te.

Overall, in a given combination, the placement of
fragments has a notable effect on driving potentials and
penetration probabilities. While the collinear geometries
are generally more favorable, the fixed fragment posi-
tioned in the middle and its stability property influence
the configuration likelihood of the ternary fission.

IV. CONCLUSIONS

In this study, the influence of fragment geometry and
nuclear structure on penetration probabilities, driving po-
tentials, and stability in the ternary fission of the 2*Cf
isotope were investigated. The results underscore the crit-
ical role of fragment placement in determining fission
characteristics, particularly highlighting differences
between the collinear and equatorial fragment geometries.

Across all configurations, the positioning of frag-
ments significantly affected the driving potential and pen-
etration probabilities. When the heaviest fragment, A,
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V A1(MeV)

(a) Case I: the collinear geometry with A

located in the middle position.

V A3(MeV)
35.5

33.6
31.8
299
28.0
26.1
243
224
205
18.7
16.8
14.9
13.0

(c) Case III: the collinear geometry with A

fragment located in the middle position.
Fig. 3.
28Cf isotope.

was placed in the middle position (Case III), the configur-
ations exhibited the highest driving potential and lowest
penetration probability, resulting in greater stability and
half-life. This is reflected in the notably longer half-life
of 4.577x 10" s, as shown in Table 3. When considering
neutron emission during the ternary fission process, the
half-life was even longer, at 4.81 x 10" s. Fragmentation
channels involving magic or near-magic fragments, such
as %Ge + #Ge + *¢Se and *Zn + #Se + ¥Se combina-
tions, further support this enhancement of stability, as
highlighted in Fig. 4(c).

In contrast, placing the lightest fragment, A;, in the
middle position (Case I, Fig. 4(a)) resulted in lower driv-
ing potentials, making these configurations more favor-
able. This is evidenced by their relatively short half-life

V A2(MeV)
29.1
2732
253
234
215
19.6
17.7
15.9
14.0
21
10.2
8.3

6.4

45

26

(b) Case II: the collinear geometry with Ag

fragment located in the middle position.

(d) Case IV: The equatorial geometry.

(color online) Driving potential for atomic numbers of the three fragments Z;, Z,, and Z; for various cases of ternary fission of

of 8.100x 10° s. When considering neutron emission, the
half-life increased to 3.58x10° s. Similar trends have
been reported in previous studies, such as those by Vi-
jayaraghavan et al. [33, 56] and Karpov et al. [71], where
the central placement of the lightest fragment was shown
to minimize the driving potential and maximize penetra-
tion probability due to the decrease in Coulomb repul-
sion. These works serve as examples that corroborate our
findings. Moreover, combinations such as “Ca + %Ni +
1328n and *°Ca + *Fe + '**Te presented in this paper fur-
ther exhibited high stability due to the presence of
double-magic fragments like '32Sn.

Configurations with A, located in the middle (Case 11,
Fig. 4(b)) exhibited intermediate behavior, with driving
potentials and penetration probabilities influenced by the
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Table 2. Comparison of calculated quantities for the ternary fission of **Cf isotope considering neutron emission in the fission pro-
cess for the selected combinations.
Combination Q Vas Ve Yar Ve Py3 Py Py P, Status
MeV  /MeV  /MeV  /MeV  /MeV

OCa+04Fe+134Te  237.97 31.66 11.15 7.20 82.84  6.35e-35 7.59¢-25 1.50e-19  6.07e-55  Considering Neutron Emission
0Ca+04Fe+134Te 24433 24.48 4.05 1.24 7540  2.31e-31 1.4le21  5.13e-16  6.74e-51 Without Neutron Emission
BCa+8Nj+131gn  244.12 29.18 12.83 5.94 83.45  3.16e-33  3.79e-25 1.72e-18 3.30e-54  Considering Neutron Emission
8BCa+08Ni+1328n 25147 21.12 5.02 0.01 7546  4.11e29 2.17e-21  837e-15  1.63e-49 Without Neutron Emission
Bra+T67n+1230q 24311 32.88 17.93 9.50 88.64  1.58e-35 3.12e-28 1.62e-20  8.10e-58  Considering Neutron Emission
BCa+707n+124Ccd  250.47 24.78 10.09 3.54 80.61 2.75e-31  2.46e-24  1.06e-16  6.09e-53 Without Neutron Emission
50gc+04Fe+1335p  237.60 34.62 1436 1342  88.02 2.03e-36 2.83e-26 2.9le-22  1.52e-57 Considering Neutron Emission
S1gc+04Fe+1335p  244.38 27.01 6.83 7.04 80.14 1.43e-32  8.96e-23  1.55e-18 3.91e-53 Without Neutron Emission
S3Tj+02Fe+1325n  241.47 32.89 14.10 13.58 88.42 1.94e-35  7.64e-26  2.59e-22  2.54e-57  Considering Neutron Emission
54Tj4+62Fe+1328n  248.41 25.16 6.43 7.11 80.42 1.49¢-31  2.68e-22  1.6le-18  7.66e-53 Without Neutron Emission
SATi+9Cr+134Te 23556 34.77 10.79 14.13 86.60  6.69¢-37  6.63e-25 4.05e-23  1.48e-57  Considering Neutron Emission
SATi+00Cr+ 134T 24242 27.14 2.67 8.44 78.73  6.32e¢-33  3.82e-21  1.54e-19 5.31e-53 Without Neutron Emission
STCr+58Cr+1329n - 240.23 345005  11.767  12.38 9036  2.07¢-36  6.91e-25 4.42e-25 1.29e-57  Considering Neutron Emission
56Cr+00Cr+1325n 24598  28.026 4158 17.59 83.637 4.13e-33  1.57e-21  2.54e-22  8.65e-55 Without Neutron Emission
TONj+81Ga+90Y 254.34 30.70 19.59  23.79  99.58 1.13e-35 1.79¢-30  8.57e-29  1.79¢-65  Considering Neutron Emission
TONi+81Ga+97Y 260.20 23.90 13.17 19.22 9292  3.51e-32 3.16e-27 1.33e-25 2.51e-61 Without Neutron Emission
TONi+82Ge+%Sr 258.91 25.35 17.72 19.84  96.08  8.74e-33  3.48e-29 1.20e-26  7.65¢-63  Considering Neutron Emission
T2Ni+82Ge+%4Sr 265.72 18.15 10.19 13.10 88.21 3.66e-29  1.51e-25 1.04e-22  2.71e-58 Without Neutron Emission
87n+84Se+85Se 265.01 16.58 17.00 16.82  92.68  2.16e-28 1.58e-28 2.30e-25 1.52e-60  Considering Neutron Emission
T87n+84Se+80Ge 271.17 9.39 10.23 11.92 85.66  59le-25 3.16e-25 4.37e-22  1.93e-56 Without Neutron Emission
Table 3. Calculated half-lives (in s) for the ternary fission of ***Cf isotope in different geometries with and without neutron emission

through fission process.

Geometry Half-life /s (Without neutron emission) Half-life /s (Considering a neutron emission)
The equatorial 1.04x 1042 4.18x10%
The collinear (A; placed in the middle) 8.100x 10° 3.58x10°
The collinear (A, placed in the middle) 1.003 x 1012 1.43x 100
The collinear (A3 placed in the middle) 4.577x 10" 4.81x10"

structural properties of the fragments. This is evidenced
by its calculated half-life of 1.00339x 10'? s when consid-
ering neutron emission and 1.43x 10'® s when not consid-
ering neutron emission. Examples include the *Ti + ®Cr
+ 134Te and “¥Ca + ®Ni + ¥2Sn combinations, illustrating
the stabilizing effects due to magic, near-magic, and
even-even structures of fragments.

By considering neutron emission, the reduction of Q-
value led to an increase in the driving potential across all
geometries. Consequently, the penetration probability de-
creased. Conversely, the geometry exhibited the same ef-
fect as when we did not consider neutron emission—the
lighter the middle fragment, the higher the penetration
probability. Additionally, the structural effects in the
favored combinations, such as magic or near-magic

shells, play a significant role in determining the most fa-
vorable sets of combinations. As shown in all collinear
cases by considering neutron emission, the structural ef-
fects are critical in influencing the stability and penetrab-
ility of the configurations.

The equatorial geometry (Case IV, Fig. 4(d)) dis-
plays distinct behavior, with the longest calculated half-
life of 1.04 x 10*? s, indicating exceptional stability. Com-
binations such as °Ca + ®Fe + **Te and “*Ca + ®Ni +
1328n benefit from the presence of even-even, magic, and
double-magic fragments, which further enhance their sta-
bility.

Overall, our analysis revealed that the collinear frag-
ments geometry is consistently more favorable than the
equatorial fragmentation for true ternary fission, particu-
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(a) Case I: The collinear geometry with

fragment A; placed in the middle position.
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(b) Case II: The collinear geometry with

fragment As placed in the middle position.
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(d) Case IV: The equatorial geometry.

Fig. 4. (color online) Penetrating probability via the atomic numbers of three fragments Z;, Z», and Z3 in various geometries for the

ternary fission of the >**Cf isotope.

larly when the middle fragment exhibits magic or near-
magic properties. The placement of fragments and their
nuclear structure critically influence barrier characterist-
ics, penetration probabilities, and overall fission dynam-

ics. These insights provide a deeper understanding of the
mechanisms governing the ternary fission and emphasize
the importance of structural configurations in predicting
the half-life of ternary fission and its stability.
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