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Abstract

This study analyzes the ternary fission of the 256Fm isotope in the fragments
collinear geometry with A2, and A3 fragments located in the middle position,
incorporating 160 and 40Ca as accompanied particles. The driving potentials
were calculated using the Proximity, the Aky uz-Winther, and the Broglia-
Winther potentials, to assess their influence on the fission process for each avail-
able fragments configurations. Among all possible configurations, fragments
combinations with positive Q-values were selected and grouped based on their
proton numbers (Z) for a comprehensive comparison. The calculated results
indicate that the collinear geometry is energetically favorable, with variations
in driving potential highlighting the impact of nuclear structure, such as magic
and near-magic nuclei, on selection of combinations. The interaction barrier in-
cludes Coulomb, nuclear and centrifugal potentials. In order to check the effects
of nuclear potential, three type of potential are considered. The comparative
analysis between the Proximity, the Aky uz-Winther, and the Broglia-Winther
potentials reveals notable differences in values of penetration probabilities and
decay constants. These findings provide critical insights into the mechanisms
governing the ternary fission and the role of nuclear structure in determining
fragment configurations.
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Abstract

This study analyzes the ternary fission of the 256Fm isotope in the fragments
collinear geometry with A2 and A3 fragments located in the middle position,
incorporating 160 and 40Ca as accompanied particles. The driving poten-
tials were calculated using the Proximity, the Akytiz-Winther, and the Broglia-
Winther potentials to assess their influence on the fission process for each avail-
able fragment configuration. Among all possible configurations, fragment combi-
nations with positive Q-values were selected and grouped based on their proton
numbers (Z) for a comprehensive comparison. The calculated results indicate
that the collinear geometry is energetically favorable, with variations in driving
potential highlighting the impact of nuclear structure, such as magic and near-
magic nuclei, on the selection of combinations. The interaction barrier includes
Coulomb, nuclear, and centrifugal potentials. To check the effects of nuclear
potential, three types of potential are considered. The comparative analysis be-
tween the Proximity, the Akytliz-Winther, and the Broglia-Winther potentials
reveals notable differences in values of penetration probabilities and decay con-
stants. These findings provide critical insights into the mechanisms governing
the ternary fission and the role of nuclear structure in determining fragment
configurations.

Keywords: ternary fission; collinear geometries; driving potential; penetration
probability; Woods-Saxon potential; Proximity potential; half-life.

¢ m.pahlavani@umz.ac.ir
T m.saeidi04@Qumail.umz.ac.ir

Introduction

The concept of ternary fission dates back to the pioneering work of San-Tsiang
et al. in the 1940s [1-5]. Subsequent experimental studies, such as those by
Titterton [6] and Flynn [7], significantly advanced our understanding of this
rare phenomenon. Unlike binary fission, which results in two primary fragments,
ternary fission involves the simultaneous emission of three fragments. Among
these, true ternary fission, where all three fragments have comparable masses,
is an exceptionally rare process. It predominantly occurs in heavy nuclei with
high fissility parameters (Z%/A > 31), where the Coulomb repulsion surpasses
the nuclear binding forces [8].

Rosen and Hudson [9] observed that the frequency of symmetrical true ternary
fission is about 6.7 4 3 per 10° binary fission events in the 23°U isotope. For
simplicity of calculation, often one of the three fragments in ternary fission
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is considered fixed. Most ternary fission events involve light-charged-particle
(LCP)-accompanied ternary fission, where the fixed light particle is emitted
perpendicular to the line joining heavier fragments due to Coulomb repulsion,
leading to equatorial ternary fission. In contrast, true ternary fission is char-
acterized by the collinear escape of fragments, offering a distinct avenue for
understanding nuclear dynamics.

The impressive work of Blocki et al. [10] introduced a theorem for understanding
proximity forces between gently curved surfaces, showing that these forces are
proportional to the interaction potential per unit area of flat surfaces, modu-
lated by the mean curvature of objects. This work provides a formula for nuclear
interaction potentials as a product of a geometric factor and a universal function
of nuclear separation, derived using the nuclear Thomas-Fermi approximation.
This proximity energy enhanced traditional energy expansions in nuclear sys-
tems, offering valuable insights into phenomena such as neck formation during
fission and improving the accuracy of nuclear interaction models, even for light
isotopes.

Binary fission, a well-studied process due to its relevance to nuclear energy
production, occurs spontaneously or is induced by neutrons, charged particles,
and energetic y-rays [11-19]. Despite its rarity, ternary fission provides unique
insights into nuclear breakup dynamics and mechanisms. Recent theoretical de-
velopments have applied geometrical three-cluster models (TCM), considering
prolately deformed nuclei connected linearly and incorporating higher multipole
deformations like hexadecapole components. For instance, Hess et al. [20] uti-
lized these models to investigate configurations such as 6Sr + 19Be + 146Ba,
illustrating the significance of TCM in studying ternary fission.

Lestone [21] proposed a statistical theory for particle evaporation, highlighting a
mechanism where quasi-evaporated charged particles exist transiently near the
nuclear surface and occasionally escape during the scission process. Similarly,
Florescu et al. [22] explored the preformation amplitudes of light clusters, such
as a particles and '°Be, in the cold ternary fission of 2°2Cf. Their findings
indicated that cluster formation is maximized near the scission point, influenced
by the spatial configuration of the fragments.

Further investigations, such as those by Sowmya and Manjunatha [23], have
emphasized comparative studies of binary and ternary fission in uranium iso-
topes, providing detailed analyses of potential energy surfaces and branching
ratios that elucidate the dominant modes of nuclear decay. Expanding on this,
Vijayaraghavan et al. [24] discussed dynamics of true ternary fission for heavier
fragments (A > 30), where collinear geometries and closed-shell configurations
significantly enhance specific decay channels.

The almost sequential mechanism of collinear ternary fission, as studied by
Tashkhodjaev et al. [25], explored sequential decay pathways influenced by the
Coulomb field of the initially separated fragment. Their analysis demonstrated
measurable yields of heavy clusters, such as "°Ni and ?*Kr, during the fission of
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252Cf, correlating well with experimental observations and highlighting the role
of potential-energy landscapes in determining fragment distributions.

Santhosh et al. [26] investigated the cold ternary fission of 242Cm, focusing on
LCPs such as *He, °Be, and “C. Using Coulomb and proximity potentials,
they highlighted the role of doubly magic and near-doubly magic nuclei in de-
termining favorable fragmentation channels, including configurations like %Mo
+ 134Te 4 4He and ?Sr + 134Te 4 4C.

In the context of superheavy elements, Balasubramaniam et al. [27] emphasized
the influence of shell effects and potential energy surfaces. Their research demon-
strated that neutron magic numbers significantly impact the preferred ternary
fragmentation pathways, with a strong preference for configurations where the
lightest fragment resides centrally. The effects of nuclear proximity potential
in ternary fission induced by heavy-ion reactions were directly observed by Har-
rach et al. [28], revealing high probabilities for three-body events originating
from two-step reactions, with strong effects of proximity potential and scission-
to-scission times on the order of 102! s.

Ismail et al. [29] analyzed the ternary fission of 2°No in the collinear geome-
try, employing the TCM and considering fragment deformation and orientation.
Their findings identified favored fragmentation channels, such as '°°Ce + 4!Be
+ 1907y and 196Mo + *8Ar + Mo, based on local minima in driving potentials
and high Q-values. They also emphasized the influence of nuclear deformations
on the selection of prolate and closed-shell fragments.

In our earlier work on the equatorial geometry of ternary fission in 248Cf [30],
we investigated the *He, 1°Be, *C, 4N, and 0 LCPs accompanied ternary
fission in both equatorial and collinear geometries. Additionally, we compared
the equatorial and collinear fragment geometries for ®Be, 28Si, °®Ni, and ?°Zr
accompanied ternary fission of the ?**Fm isotope, applying the Proximity Po-
tential [31]. In that work, we showed that the collinear geometry of fragments
is more favorable than the equatorial configuration for heavy fixed fragments.
Here, we analyze the '°0 and °Ca accompanied ternary fission of the 2°Fm
isotope using the collinear configuration, mediating A2 and A3 by applying
the Proximity, the Broglia-Winther, and the Akyiiz-Winther different nuclear
potentials.

The choice of the 2°Fm isotope for studying ternary fission is strongly sup-
ported by its decay characteristics. According to isotopic data [32], the 2°6Fm
isotope undergoes spontaneous fission (SF) with a branching ratio of 91.9%,
while only 8.1% of its decay occurs via a-emission. The high SF probability
increases the likelihood of observing fission events, including ternary fission.
These properties make the 2°Fm isotope an ideal candidate for probing ternary
fission mechanisms and associated particle yields.
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Theoretical Calculations Approach

The ternary fission process closely resembles binary fission, differing primarily in
the emission of LCPs during the final stage of the process at the scission point.
Study of ternary fission provides insights not only into fission dynamics but also
into nuclear structure. Theoretical frameworks have been developed to track
LCP trajectories, offering tools to analyze statistical and dynamic characteristics
of fission and scission criteria [33, 34].

Calculation of Q-values

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

Q = Mparent - Z m;

3
=1

where M is the mass excess of the parent nucleus, and m,; (i = 1, 2, 3) are the
mass excess values of the three fragments in MeV units [35]. A positive Q-value
is required for fission to occur, which is shared as the kinetic energies of the
fragments.

Interaction Potentials

The interaction potential between fragments consists of the Coulomb and nu-
clear potentials:

_ E Coulomb Nuclear
Vvtotal - (‘/z] + V;J )

1<j

1. The Coulomb Potential The Coulomb potential for the interaction of
spherical fragments is defined as follows:

2
Z,Z e

VCoulomb —
1] R

ij
where Z; and Z; are atomic numbers, and R,;; is the center-to-center distance
between interacting fragments.

2. The Proximity Potential The nuclear proximity potential V,(s) is de-
fined as [10]:

p

V. (s) = 4myR® (g)

where ®(&) as the universal function depends on the separation s/b between
fragments and is given by [36]:
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B(E) = —2(£ —2.54)2 — 0.0852(¢ — 2.54)3, € < 1.2511
| —3.437 exp(—£/0.75), £>1.2511

The effective radius R, for each fragment is defined as:

R, = 1.284Y% —0.76 + 0.84, "/
with A, as the mass number of a given fragment.

3. The Broglia-Winther Potential The Broglia-Winther potential is de-
fined by the following equations [37]:

B (R
1+ exp (r7R°>

a

V=

where a = 0.63 and Ry = R, + R, +0.29. The surface tension parameter in this
potential is defined as [37]:

Z.— N, Z.— N.
’Y(ZiaNivAi’ZijjaAj):0'95 |:1_1'8< lA- 1>< JA_ J>:|

? J

and nuclear radius is obtained by:

R(A,) =1.2334Y° —0.984,"/*

4. The Akyiiz-Winther Potential The Akyiiz-Winther potential is defined
by [38]:

Yo
r—R,—R; >
a

vtr) = 1 +exp(

where the potential depth is calculated using [38]:
Vo = 16myaR,;, R,; =R, + R,
R, = 1.20A}* —0.09 fm
and the diffuseness parameter is [38]:

a=0.63[1+0.53473+ A7Y3] fm
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while the surface tension parameter is evaluated using [39]:

N, — Z. N.—Z, _9
=0.95|1—1. R I I )| MeV-f
s—oms -1 (Y 2) (2 2)] wiy

z J

The Collinear Geometry

In the collinear configuration, the fragments align along a straight line, moving
along a straight line connecting their centers. The parameter s describes the
distance between near surfaces of interacting fragments: s = 0 represents a
touching configuration, s < 0 denotes overlapping fragments, and s > 0 shows
separated fragments. With A; positioned between the other two fragments, the
distance between the surfaces of fragments 1 and 3, or 2 and 3, is denoted as:

§ =813 = Sa3

The center-to-center distance between fragments 1 and 2 is then given by:

$19 = 2(R3 + )

The Penetration Probability

The penetration probability P is calculated using the WKB approximation as
[40]:

in

Sout
P =exp (—2/ \/2M(V—Q)d5>
S,

where S;, and S, are the inner and outer turning points, and p is the fragments’
reduced mass obtained using:

A A, A,
=m
Aj Ay + AjAg + Ay Ay

I

The Half-Life of Ternary Fission

Half-life of the ternary fission is evaluated by the following equation:

In2

)\:VP, T1/2:T

where v is the assault frequency that is simply defined as follows:
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The vibrational energy E,, is then calculated using the following phenomenolog-
ical relation [41]:

41— A
E, = Q |0.056 + 0.039 exp (LCPH
ALCP

Finally, the relative yield Y (4,, Z;) for each fragmentation in a given geometry
is determined as follows:

o P(AiﬂZi)
Y(Aiﬂ Zi) - m

Results and Discussion

This study covers the ternary fission of the 256Fm isotope based on collinear con-
figurations with fixed fragments 10 and 4°Ca. The main objective is to explore
the influence of nuclear potential on driving potentials, penetration probabil-
ities, and fragmentation yields. Fragment combinations were selected based
on their Q-values and penetration probabilities. Three different nuclear poten-
tials are considered: the Proximity (Vp), the Broglia-Winther (Vi ), and the
Akytiz-Winther (V4 y/) potentials. The results highlight the significant impact
of geometric configuration, structural properties (such as magic and near-magic
proton and neutron numbers), and the choice of potential model on ternary
fission outcomes.

The Q-values of selected combinations for both fixed fragments are illustrated
in Fig. 1 [Figure 1: see original paper|, with the highest Q-value for each fixed
fragment explicitly identified. The calculated driving potentials for collinear
configurations are illustrated in Fig. 2 [Figure 2: see original paper|. Compar-
isons are made between the Proximity, Akyiiz-Winther, and Broglia-Winther
potentials for mid-placement of different fragments. The corresponding pene-
tration probabilities for these configurations are shown in Fig. 3 [Figure 3: see
original paper], highlighting the role of nuclear potential in influencing fission
dynamics. The most favorable combination, indicated by a vertical line in both
figures, has the structure of the combination explicitly labeled.

Configurations with 0 as the Fixed Fragment

For configurations with 160 as the fixed fragment, over 660 combinations lead-
ing to positive Q-values were analyzed, with the most favorable combination
selected based on its penetration probability. The standout combination, "8 Mo
+ 1328n + 160, exhibited the highest Q-value (237.51 MeV), the lowest poten-
tial barrier, and the highest penetrating probability across all three nuclear
potentials. For the A, fragment occupying the middle position, the driving po-
tentials were Vp = 38.67 MeV, Vi, p = 38.53 MeV, and V, = 36.26 MeV for
the Proximity, Akytliz-Winther, and Broglia-Winther potentials, respectively.
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For A5 as the middle fragment, the driving potentials decreased significantly to
Vp =0.06 MeV, Vyr p = 16.14 MeV, and V4 1y = 8.79 MeV, reflecting reduction
of potential barriers and enhancement of penetration probabilities.

The penetration probabilities and yields for A, as the middle fragment were
Pp_40 = 6.75 x 1072 and Yp_ 45 = 96.7%, respectively. For A, positioned in
the middle, the Proximity potential yielded the highest penetration probability
(Pp_a3 = 1.64 x 107%) and yield (85.77%). The nuclear structure of these
fragments includes the even-even °®Mo (Z = 42, N = 66) fragment and the
doubly magic 132Sn (Z = 50, N = 82) ones, whose neutron and proton shell
closures stabilize the configuration. The lighter A, fragment in the geometry
when occupied in the middle further reduces the driving potential.

The calculated data for configurations with 60O as the fixed fragment are tab-
ulated in Table I (A, as the middle fragment) and Table IT (A5 as the middle
fragment). Driving potentials are illustrated in Figures 2a and 2b and penetra-
tion probabilities are visualized in Figures 3a and 3b for A, and A3 occupied in
the middle position, respectively.

Configurations with ‘°Ca as the Fixed Fragment

For 49Ca as the fixed fragment, 304 combinations with positive Q-values were
analyzed. The most favorable configurations were 32Zn + 134Sn + 4°Ca (Q
= 229.08 MeV) and 86Ge + 13°Cd + 4°Ca (Q = 230.85 MeV). The former
exhibited lower driving potentials for A5 as the middle fragment: Vp = 32.06
MeV, Viy 5 = 38.74 MeV, and V, y» = 35.13 MeV. For A,, potentials increased
to Vp = 56.50 MeV, V}, g = 58.88 MeV, and V), r = 55.46 MeV for the first
combination. Similarly, 86Ge + 13°Cd 4 4°Ca showed Vp = 33.29 MeV (A;)
and Vp = 56.75 MeV (A,).

Nuclear shell effects played a critical role in the calculation of ternary fission
quantities. For example, combinations including the '34Sn fragment (Z = 50,
N = 84) and the 139Cd fragment (Z = 48, N = 82) had lower driving poten-
tials and higher penetration probabilities due to their magic and near-magic
proton/neutron numbers, which contributed to shell effects and closure. Mean-
while, the 82Zn (Z = 30, N = 52) and 6Ge (Z = 32, N = 54) fragments enhanced
stability due to their near-magic and even-even nature.

Penetration probabilities for 82Zn + 134Sn + 40Ca were Pp_ 45 = 2.55x 10732 for
A, occupied in the middle position and Pp_ 4, = 2.97 x 10747 for A, occupied
in the middle position, with yields of 68.7% and 50.2%, respectively. For 36Ge
+ 130Cd + 4°Ca, penetration probabilities decreased slightly to Pp_ 45 = 1.00 x
10732 and Pp_,y = 2.78 x 10747, yielding 26.9% and 46.9% for A5 and A,
occupied in the middle position, respectively.

Final results for combinations with 4°Ca as the fixed fragment are summarized
in Tables I1T and IV. Driving Potentials for A, and A4 in the middle position are
indicated in Figs. 2c and 2d and penetration probabilities illustrated in Figs.
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3c and 3d. The dominance of combinations with A, positioned in the middle
for lowering barriers mirrors trends observed for 1°0, underscoring the universal
role of fragment geometry and shell closures in ternary fission.

[Figure 1: see original paper] The calculated Q-values as a function of fragment
mass number A; for the 0 and “°Ca-accompanied ternary fission of 2°Fm
isotope in the collinear geometry.

[Figure 2: see original paper] The calculated driving potentials as a function
of fragment atomic numbers A; for the ternary fission of 2Fm isotope in the
collinear geometry. Fach plot compares the Proximity, the Akyiiz-Winther, and
the Broglia-Winther potentials for the configurations where 60O or 4°Ca are the
accompanied fragments, with A, or A, occupied in the middle position.

[Figure 3: see original paper| Penetration probabilities vs fragment mass num-
ber A for the ternary fission of 2°°Fm isotope in the collinear geometry using
the Proximity, the Akyiiz-Winther, and the Broglia-Winther potentials for con-
figurations where °0O or 4°Ca are the accompanied fragments, with A, or A,
occupied in the middle position.

Conclusions

This study investigates 160 and 4°Ca-accompanied ternary fission of 2°Fm iso-
tope in the collinear geometry, focusing on nuclear shell effects and the choice
of potential model. The Proximity, Akyiiz-Winther, and Broglia-Winther po-
tentials are considered to study the influence of nuclear potential on ternary
fission quantities. The half-lives for the ternary fission of the 2°Fm isotope,
calculated using different potentials, are summarized in Table V. The Akyiiz-
Winther (A.W) potential consistently predicts the shortest half-lives across con-
figurations, particularly for the “°Ca fixed fragment, where its minimized driving
potentials (V, i = 35.13 MeV for 82Zn + 134Sn + 4°Ca) lead to penetration
probabilities orders of magnitude higher than other potentials. For 4°Ca, A.W
yields half-lives as low as 8.55 x 10°2 seconds for A; occupied in the middle po-
sition, outperforming the Proximity potential (1.05 x 105 seconds) and Broglia-
Winther potential (1.70 x 105° seconds).

For 0 as the fixed fragment, while the Proximity potential occa-
sionally achieves higher penetration probabilities in specific cases (e.g.,
Pp_ 45 = 1.64 x 107* for %Mo + 132Sn + 160 and Pp_45 = 8.43 x 1076 for
1067y 4 134Te 4 160), the A.W potential still dominates in overall half-life
reduction. The A; middle-positioned configurations with 190 exhibit a half-life
of 2.88 x 10%® seconds under A.W, significantly shorter than the Proximity’s
3.75 x 10% seconds, confirming A.W’s superiority in balancing nuclear and
Coulomb interactions.

Heavier middle fragments (A,) universally suppress fission, as seen in prolonged
half-lives (1.76 x 10%¢ seconds for 160 and 1.49 x 10™ seconds for “°Ca un-
der the Proximity potential). This trend aligns with the enhanced stability of
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magic/near-magic fragments like 132Sn (Z = 50, N = 82), where shell closures
reduce driving potentials. Even-even fragments such as 1Mo (Z = 42, N = 66)
further stabilize configurations, though their lack of magic numbers underscores
the nuanced role of pairing effects.

Critically, the A.W potential’s accuracy in modeling fission barriers, evidenced
by trends for magic number systems, positions it as the most reliable choice
for ternary fission studies. While the Proximity potential excels in isolated 6O
cases, its overestimation of repulsive forces limits broader applicability. The
Broglia-Winther potential, though intermediate, lacks the precision required for
systems dominated by shell effects.

These findings underscore the importance of conducting potential-specific anal-
yses in fission modeling, particularly for complex cases involving actinides like
256Fm. By integrating fragment geometry, shell closures, and interaction po-
tentials, this work contributes to the advancement of predictive frameworks for
ternary fission, offering valuable insights for the study of nuclear decay.

Tables
Table I

Q-value, penetration probabilities, driving potentials, and yields for 160 as the
fixed fragment with A, in the middle, using different potentials (the Proximity,
the Broglia-Winther, and the Akyiiz-Winther) for the ternary fission of 2°6Fm
isotope. Yields below 10~ are represented as 0.

[TABLE:I]

Table I1

Q-value, penetration probabilities, driving potentials, and yields for 160 as the
fixed fragment with Az in the middle, using different potentials (the Proximity,
the Broglia-Winther, and the Akyiiz-Winther) for the ternary fission of 2°6Fm
isotope. Yields below 10~ are represented as 0.

[TABLE:I]

Table I1I

Q-value, penetration probabilities, driving potentials, and yields for “°Ca as the
fixed fragment with A, in the middle, using different potentials (the Proximity,
the Broglia-Winther, and the Akyiiz-Winther) for the ternary fission of 2°Fm
isotope. Yields below 10~ are represented as 0.

[TABLE:TI]
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Table IV

Q-value, penetration probabilities, driving potentials, and yields for “°Ca as the
fixed fragment with A, in the middle, using different nuclear potentials (the
Proximity, the Broglia-Winther, and the Akytiz-Winther) for the ternary fission
of 2°6Fm isotope. Yields below 10~* are represented as 0.

[TABLE:IV]

Table V

Half-lives (in seconds) for the ternary fission of 2*Fm isotope with O and
40Ca as the fixed fragments. Calculations performed for the middle-positioned
fragments (A, and Ag) considering the Proximity, the Akyiiz-Winther, and the
Broglia-Winther potentials separately.

[TABLE:V]

References

[1] San-Tsiang, Chastel, H. O. Zah-Wei, L. Vigneron, and R. Chastel, “Study
of nuclear reactions and fission processes”, C. R. Acad. Sci. (Paris), 223, 986
(1946). DOT: 10.1051/jphysrad:01948009010600.

[2] T. San-Tsiang, H. O. Zah-Wei, L. Vigneron, and R. Chastel, “Research on
ternary fission”, C. R. Acad. Sci. (Paris) 224, 272 (1947). DOI: 10.1016/S0577-
9073(24)00114-X.

[3] T. San-Tsiang, H. O. Zah-Wei, L. Vigneron, and R. Chastel, “On the fission
processes in heavy nuclei”, Phys. Rev., 71, 382 (1947). DOI: 10.1103/Phys-
Rev.71.382.2.

[4] T. San-Tsiang, H. O. Zah-Wei, R. Chastel, and L. Vigneron, “Study of the
fission process in heavy elements”, J. Phys. Radium, 8, 165 (1947). DOL
10.1051/jphysrad:0194700806016500.

[5] T. San-Tsiang, H. O. Zah-Wei, L. Vigneron, et al., “Fission of heavy nuclei”,
Nature, 159, 773 (1947). DOI: 10.1038/159773a0.

[6] E. W. Titterton and T. A. Brinkley, “On the binary and ternary photofission
of thorium-232”, The London, Edinburgh, and Dublin Philosophical Magazine
and Journal of Science, 41(316), 500 (1950). DOI: 10.1080,/14786445008561436.

[7] K. F. Flynn, L. E. Glendenin, and E. P. Steinberg, “Search for Be'? as a prod-
uct of ternary fission”, Phys. Rev., 101(5), 1492 (1956). DOI: 10.1103/Phys-
Rev.101.1492.

[8] W. von Oertzen and A. K. Nasirov, “The role of the cluster structure
in fission and fusion reactions”, Phys. Lett. B, 734, 234 (2014). DOIL:
10.1016/j.physletb.2014.05.067.

chinarxiv.org/items/chinaxiv-202505.00048 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00048

ChinaRxiv [$X]

[9] L. Rosen and A. M. Hudson, “Theory of cluster decay in fission”, Phys. Rev.,
78, 533 (1950). DOI: 10.1103/PhysRev.78.533.

[10] J. Blocki, J. Randrup, W. J. Swiatecki, and C. F. Tsang, “Proximity forces”,
Ann. Phys., 105(2), 427 (1977). DOI: 10.1016/0003-4916(77)90249-4.

[11] M. R. Pahlavani and M. Joharifard, “Ternary fission studies of 252Cf
with various cluster emissions”, Eur. Phys. J. A 54, 171 (2018). DOL:
10.1140/epja/i2018-12602-7.

[12] M. R. Pahlavani and M. Joharifard, “Isotopic yield and half-life of sponta-
neous fission for 284Cn and 284F1 superheavy isobars using direct calculation and
semiempirical formulas”, Phys. Rev. C, 99, 044601 (2019). DOI: 10.1103/Phys-
RevC.99.044601.

[13] M. R. Pahlavani and S. M. Mirfathi, “Dynamical simulation of neutron-
induced fission of uranium isotopes using four-dimensional Langevin equations”,

Phys. Rev. C, 93, 044617 (2016). DOI: 10.1103/PhysRevC.93.044617.

[14] M. R. Pahlavani S. M. Mirfathi, “Dynamics of neutron-induced fission of
235U using four-dimensional Langevin equations”, Phys. Rev. C, 92, 024622
(2015). DOI: 10.1103/PhysRevC.92.024622.

[15] M. R. Pahlavani and D. Naderi, “Study of fusion cross-section in heavy-ion
fusion-fission reactions at around fusion barrier energies using the Langevin dy-
namical approach”, Eur. Phys. J. A, 48, 129 (2012). DOI: 10.1140/epja/i2012-
12129-y.

[16] M. R. Pahlavani and D. Naderi, “Influence of dynamical parameters on pre-
scission particles and fission probability in heavy-ion collisions”, Phys. Rev. C,
83, 024602 (2011). DOI: 10.1103/PhysRevC.83.024602.

[17] M. R. Pahlavani and P. Mehdiour, “Study of photofission fragment mass
distribution of Th, U, Np, and Pu isotopes in various 7-ray energies”, Inter. J.
Modern Phys. E, 27(3), 1850018 (2018). DOI: 10.1142/S0218301318500180.

[18] M. R. Pahlavani and P. Mehdiour, “Product yields for the photofission of
232Th, 2342387, 23"Np, and 237,240 242Py actinides at various incident photon
energies”, Nucl. Sci. Tech., 29, 146 (2018). DOI: 10.1007/s41365-018-0482-1.

[19] M. R. Pahlavani and S. M. Mirfathi, “Neutron-induced fission of even- and
odd-mass plutonium isotopes within a four-dimensional Langevin framework”,
Phys. Rev. C, 96, 014606 (2017). DOI: 10.1103/PhysRevC.96.014606.

[20] P. O. Hess, S. Misicu, W. Greiner, and W. Scheid, “Collective modes of
tri-nuclear molecules”, J. Phys. G: Nucl. Part. Phys., 26, 957 (2000). DOI:
10.1088,/0954-3899/26/6/315.

[21] J. P. Lestone, “Combined statistical and dynamical model of ternary
nuclear fission”, Phys. Rev. C, 70, 021601(R) (2004). DOI: 10.1103/Phys-
RevC.70.021601.

chinarxiv.org/items/chinaxiv-202505.00048 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00048

ChinaRxiv [$X]

[22] A. Florescu, A. Sandulescu, D. S. Delion, J. H. Hamilton, A. V. Ramayya,
and W. Greiner, “Preformation probabilities for light ternary particles in the
cold (neutronless) fission of 2°2Cf”, Phys. Rev. C, 61, 051602(R) (2000). DOI:
10.1103/PhysRevC.61.051602.

[23] N. Sowmya and H. C. Manjunatha, “A study of binary fission and ternary
fission in 232-238U” Bulg. J. Phys., 46, 16 (2019).

[24] K. R. Vijayaraghavan, M. Balasubramaniam, and W. von Oertzen, “True
ternary fission”, Phys. Rev. C, 91, 044616 (2015). DOL 10.1103/Phys-
Rev(C.91.044616.

[25] R. B. Tashkhodjaev, A. I. Muminov, A. K. Nasirov, W. von Oertzen,
and Yongseok Oh, “Theoretical study of the almost sequential mechanism of
true ternary fission”, Phys. Rev. C, 91, 054612 (2015). DOI: 10.1103/Phys-
RevC.91.054612.

[26] K. P. Santhosh, Sreejith Krishnan, and B. Priyanka, “Light charged par-
ticle accompanied ternary fission of 242Cm using the Coulomb and proximity
potential”, Eur. Phys. J. A, 50, 66 (2014). DOI: 10.1140/epja/i2014-14066-5.

[27] M. Balasubramaniam, K. R. Vijayaraghavan, and K. Manimaran,
“Ternary fission of superheavy elements”, Phys. Rev. C, 93, 014601 (2016).
DOI: 10.1103/PhysRev(C.93.014601.

[28] D. v. Harrach, P. Gléassel, L. Grodzins, S. S. Kapoor, and H. J. Specht, “Di-
rect Observation of Proximity Effects in Ternary Heavy-lIon Reactions”, Phys.
Rev. Lett., 48, 1093 (1982). DOI: 10.1103/PhysRevLett.48.1093.

[29] M. Ismail, W. M. Seif, A. S. Hashem, M. M. Botros, and I. A. M. Abdul-
Magead, “Ternary fission of 26°No in collinear configuration”, Ann. Phys., 374,
144 (2016). DOI: 10.1016/j.a0p.2016.06.006.

[30] M. R. Pahlavani and M. Saeidi Babi, “Study of the *He, °Be, 4C, 14N,
and 'O accompanied ternary fission of 248Cf isotope in the fragments equatorial
geometry”, Chin. J. Phys., 89, 469 (2024). DOL: 10.1016/j.cjph.2024.03.025.

[31] M. R. Pahlavani and M. Saeidi Babi, “Comparison of the equatorial and the
collinear fragments geometry for 8Be, 28Si, 58Ni, and “°Zr accompanied ternary
fission of 244Fm isotope”, will be published in Indian J. Phys., (2025) DOI:
10.1007/s12648-024-03530-8.

[32] Audi, G., Kondev, F.G., Wang, M., Pfeiffer, B., Sun, X., Blachot, J. and
MacCormick, M., 2012. The NUBASE2012 evaluation of nuclear properties.
Chinese Physics C, 36(12), p.1157. DOI: 10.1088/1674-1137/36/12/001.

[33] A. K. Sinha and G. K. Mehta, “Mass distributions of fission fragments for ac-
tinide nuclei”, Phys. Rev. C, 21, 2467 (1980). DOI: 10.1103/PhysRevC.21.2467.

[34] F. Fossati and T. Pinelli, “Geometrical and dynamical state of the 252Cf nu-
cleus at the scission point as determined from the experimental results of ternary
fission”, Nucl. Phys. A, 244, 243 (1975). DOI: 10.1016/0375-9474(75)90100-1.

chinarxiv.org/items/chinaxiv-202505.00048 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00048

ChinaRxiv [$X]

[35] M. Wang, W. J. Huang, F. G. Kondev, G. Audi, and S. Naimi, “The
AME2020 atomic mass evaluation: (II) tables, graphs, and references”, Chin.
Phys. C 45, 030003 (2021). DOI: 10.1088/1674-1137/abddalf.

[36] J. Blocki and W.J. Swiatecki, Ann. Phys. (N.Y.) 132, 53 (1983). DOLI:
10.1016,/0003-4916(81)90268-2.

[37] R. A. Broglia and A. Winther, “Heavy Ion Reactions: The Elementary
Processes, Parts I & 11”7, Addison-Wesley, New York, Lecture Series, 1991.

[38] R. O. Akyuz and A. Winther, “Nuclear structure and heavy-ion reactions”,
Proc. Enrico Fermi Int. School of Physics, 1979, ed. R. A. Broglia, C. H. Dasso
and R. Ricci (North-Holland, Amsterdam, 1981) page 491.

[39] W.D. Myers and W.J. Swiatecki, Ark. Fys. 36, 343 (1967).

[40] G. L. Zhang, Y. J. Yao, M. F. Guo et al., Nucl. Phys. A 951, 86 (2016).
DOI: 10.1016/j.nuclphysa.2016.03.039.

[41] A. B. Babue, A. V. Mahesh, N. Sowmya et al., “A study on light charged
particle accompanied ternary fission of 2°3Cf”, Phys. Open, 17, 100185 (2023).
DOTI: 10.1016/j.physo0.2023.100185.

[42] K. Manimaran and M. Balasubramaniam, “Three-cluster model for the a-
accompanied fission of californium nuclei”, Phys. Rev. C, 79(2), 024610 (2009).
DOI: 10.1103/PhysRevC.79.024610.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202505.00048 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00048

	The Importance of Nuclear Potential in the ^{16}O- and ^{40}Ca-Accompanied Ternary Fission of ^{256}Fm
	Abstract
	Full Text
	Preamble
	Abstract
	Introduction
	Theoretical Calculations Approach
	Calculation of Q-values
	Interaction Potentials
	The Collinear Geometry
	The Penetration Probability
	The Half-Life of Ternary Fission

	Results and Discussion
	Configurations with ^{16}O as the Fixed Fragment
	Configurations with ^{40}Ca as the Fixed Fragment

	Conclusions
	Tables
	Table I
	Table II
	Table III
	Table IV
	Table V

	References


