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Abstract

The preformation probability of the light nucleus generated during the preliminary step of the ternary
fission of the heavy 2°?Cf nucleus is investigated. Considering collinear cluster tripartition kinematics, the
relative yields and preformation probabilities of the light “°He, 1°Be and *C clusters released in the
accompanied ternary fission channels of 2°2Cf are estimated. Based on the potentials obtained in terms
of the Skyrme-SLy4 energy density functionals of the nucleon-nucleon interaction, the Wentzel-Kramers-
Brillouin approach is applied to compute the penetration probability of the various nuclei participating in
the ternary fission channels. The results demonstrate that the optimal overall excitation energy of the
heavy fragments generated in the ternary fission channels is in the region of 3 - 4 MeV. The anticipated
probabilities of formation of light nuclei based on collinear configuration are compared to those obtained
upon employed the corresponding equatorial arrangement. Calculations using excitation energy greater
than the optimal values indicate relatively low preformation probability. As the mass number of emitted
light clusters increases, the predicted preformation probabilities decrease exponentially. Generally, the
collinear configuration indicates hindrance in both estimated yield and preformation probability, relative
to the corresponding equatorial configuration.
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1. Introduction

Ternary fission is one of the possible decay modes of superheavy nuclei together with binary fission [1,
2]. Ternary nuclear fission is most often used to describe the extremely rare process (a few 10~ compared
to binary fission) in which a light third fragment is produced along with the two primary fission
fragments. It was discovered during both spontaneous and induced fission processes. In most situations
of ternary splitting, the lightest fragment is ejected from the "neck” between the two heavy fission
fragments and accelerated as a result of two random neck ruptures in the mutual Coulomb field of both
fission fragments normal to the binary fission axis. This is referred to as an equatorial ternary fission [3].
In other scenarios of ternary fission, the third fragment, together with the other two fragments, is ejected
in the direction of the fission axis. This ternary fission mechanism is known as collinear emission [4-8].
Oertzen et al. [9] observed that the equatorial arrangement is mostly preferred for the ternary fission
accompanying light third fragments *He, 1°Be, C etc. On the other hand, the collinear arrangement is
favored for the heavier outgoing nuclei like *8Ca, *°Ca, **Ti and ®Cr [1, 2, 7, 10, 11]. Nonetheless, true
ternary fission of heavy and superheavy nuclei into three fragments of almost similar size would occur
only in collinear arrangement [9].

Hamilton et al. [12] used Gammasphere with 72 gamma ray detectors to study the cold ternary break up
of 2°2Cf via the triple gamma coincidence technique in the case of “He, ®He, °Be and *C as light third
fragments. Ramayya et al. [13, 14] measured the isotopic yields for the alpha ternary fission of 2>2Cf per
100 fission events, with the ternary fission channel 1%Zr +*He +*°Ba producing the maximum yield. The
authors also measured the relative ternary yields of “He, >®He, and °Be associated with 2°2Cf fission. a-
particles are observed as light particle with the ratio of (2-6)x107 in comparison to binary fission events
of 240.242py 242.244Cm 250252 and 25625"Fm fissioning isotopes [15]. This ratio falls to 2x10* for the
fissioning 24>-28Cm isotopes [16]. The 1°Be particles are observed as emitted light particles [17-19] with
a relative abundance of roughly 10° to binary spontaneous fission events [13]. Ternary fission channels
followed by other light nuclei such as >"He [14, 20], 8Li [20], and C [12, 21] were detected with relative
ratios of roughly 10*-10 to the binary fission events [16]. In general, as the mass number of the emitted
light particle increases, the relative possibility of ternary fission channels decreases. Ternary heavy
fragments such as '2C or even **Si have been detected with a probability of 2x10* or 6x107°,
respectively, in spontaneous fission of 2°2Cf [18] relative to binary fission. An island with considerable
yields of the collinear cluster tripartition (CCT) of 252Cf was addressed for [4, 5] with a light charged
particle with mass up to A = 48 (“8Ca). Ismail et al. studied the cluster tripartition of 2°No in the collinear
[22] and equatorial [23] configurations and investigated the most probable channels with possible light
nuclei of even mass numbers Az = 4 - 52.

The kinetic energy distribution of alpha particles generated in ternary fission was observed to be mainly
Gaussian by Kopach et al. [20]. The average kinetic energy of these alpha particles is close to 16 MeV.
This energy is essentially greater than the energy released by alpha particles in radioactive alpha decay,
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leading to longer tracks, that is why ternary alpha particles are commonly referred to as "long range
alphas” (LRA). Alvarez et al. [24] are the first to discover these long-range alpha particles. The average
kinetic energy of the remaining ternary particles, >®He, 8Li ,'°Be and '*C, varies between 8 and 26 MeV
[18, 25]. Ternary fragmentation of heavy and superheavy nuclei often liberates massive quantities of
energy. This released energy mostly contributes to the kinetic and excitation energy of the generated
fragments, this results in the production of neutrons and gamma rays in most cases [26]. The reaction’s
Q value is the sum of the total kinetic and total excitation energy of the produced fragments. The overall
excitation energy in ternary fragmentation is substantially lower than in binary fragmentation, by roughly
10 MeV in 25U (n™, f) [27]. The release of a ternary particle in this manner occurs at an unusual cost to
the system's overall excitation energy. The overall excitation energy decreases as the ternary particle gets
more kinetic energy [28].

The FOBOS collaboration discovered Collinear Cluster Tripartition CCT with ternary particles with
masses A > 30 and high yields of roughly 0.5% per fission in both 2°U (n'", f) and 252Cf (sf) in 2010 [5].
Since the 1940s, most experimental and theoretical studies have agreed that ternary fission is a sequential
disintegration with three fragments generated at roughly the same moment. In any case, FOBOS observed
that CCT is a successive decay, with three fragments being produced from two perfectly collinear
successive binary splittings. Vijayaraghavan et al. [29] investigated the kinematics of the fragments
produced in CCT using a two-stage splitting technique. The Momentum and energy conservation are
used to calculate the kinetic energies of such fission fragments. The breaking of the nucleus into three
fragments is predicted to happen in two stages from a hyper-distorted shape. A first neck rupture of the
parent radioactive nucleus A occurs during the initial stage producing two fragments (A1 and Acnz3) and
finally, the compound nucleus Acnzs splits into two fragments, Az and As resulting in three fragments.
The two subsequent decays' fission axes are completely collinear.

In the present work, we will employ collinear cluster tripartition (CCT) kinematics to theoretically
compute the relative yields of ternary fission channels, arising from the fission of 25?Cf and
experimentally produced by Hamilton et al. [12] in the case of “He, ®He, °Be and *C as light third
fragments, as a function of the excitation energies of the fragments. Also, we will compute approximate
values of the preformation probabilities of the light charged particles inside their compound nuclei at the
optimized excitation energies.

2. Theoretical Framework

In collinear emission, the ternary fission of a heavy radioactive nucleus into three fragments takes place
in two stages [29]. The first stage is a binary fission mechanism in which the original radioactive nucleus
A splits into a heavy fragment A; and a compound nucleus Acnzz. The penetration direction of the first
breakup stage is linear, along the horizontal axis connecting the centers of mass of the fissioning nuclei,
in view of the conservation law of linear momentum (5, = —pPa.,,,)- The second stage is a cluster decay
mechanism in which the excited compound nucleus loses its excitation energy as it decays into a medium
heavy fragment A; and a light cluster As. as shown in Fig. 1.
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Fig. 1: A schematic representation of a two-step mechanism for ternary fission of a parent nucleus in collinear
emission, with the light nucleus (As) formed between the two heavy fragments A; and Az [30].

In general, the energy conservation in the initial stage results in,
Qicnzz + E4 = KE; + EA*1 + KEcno3 + EZCN23-

where Qicn2s denotes the Q value of the initial stage, the excitation energies of the parent nucleus (A),
heavy fragment (A1), and compound nucleus (Acnzs) are denoted as Ej, E;, and Ej ., .., respectively. The

kinetic energy of the heavy fragment (A1) and the compound nucleus (Acn23) are denoted by KE: and
KEcnzs, respectively.

Because of the spontaneous decay of the parent nucleus, we have E; = 0. The effective emitted energy
Qefricn2z May be determined using the excitation energy of the two heavy nuclei produced in the initial
stage (Ef = E,, + E,,,,) and the ground state Q value (Qicnzs) as

Qeff1CN23 = Q1cnzs — Ef 1)
The conservation of energy in the final step results in,
Q23 + Efj + KEcna3 = KE; + KEj

where Q23 and Ej; indicate the Q value and excitation energy in the final stage, respectively. The kinetic
energy of the medium heavy fragment (A2) and light fragment (As) are denoted by KE> and KEs,
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respectively.
* * _ * _ *
Ell = Eacyys — Ea, — Ea,

The emitted energy in ternary fission (Q1), deduced from the conservation of energy, can be determined
by the summation of the total kinetic (TKE = Y;; KE;) and excitation (TXE = ZiE,Zi) energies of the

three fragments, the compound nucleus' excitation energy completely contributes to the kinetic and
excitation energies of the medium heavy and light fragments A; and As.

Q.r = TKE + TXE. )

The evaluation of the total interaction potential between the heavy fragment A; and the compound
nucleus Aicnzs, as well as between the medium heavy fragment Az and the light nucleus As, is critical in
the calculation of the penetration probabilities in stages (1) and (1), as well as the relative yield in ternary
fission. We will employ the energy density functional theory using the Skyrme—Hartree—Fock (Skyrme—
HF) formalism [31, 32] to calculate the binding energy and interaction potential between two nuclei. The
overall binding energy of a nucleus can be represented as the integral of the energy density functional
[31, 33].

E = [ Hdr 3)

The kinetic, nuclear interaction, and Coulomb interaction energy portions are all included in the energy
density functional H,

H = 2 [0, + 1a(P] + Hyty ) + Hoona (D) @

The effective-mass form factor [34] in the Kinetic energy portion is obtained by

A =1+ 0 (1+2) + 6 (1+2)|p@ +5[t: (2 +3) - 6 (2 +3)| P} ©)

the Kinetic energy densities for protons (i = p) and neutrons (i = n) are obtained by

_3 3 (pl) 1Yo Vfikpidfi 1 (Vi 1 (2m W, V(p+pi)
(1) (3n) + Pi 3Apl+6 fi 12 Pi (fi) + p(hz 2 fi ) ©)

where p; indicates the proton (i = p) or neutron (i = n) density of the nucleus and p = p, + p,, W,
indicates the Skyrme spin—orbit interaction’s strength. The Skyrme nuclear interaction portion Hgy,, IS
given by
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Hge, () = %"[(1 + %) p* — (xo + %) (b} + P%)]
egg00 [(143) 67 = (s 3) G+ )
+%[t1 (1 +71) +t, (1+?1)]TP
N i [tz (xz + 525_ t (x1 )] (tpPp + Tupn) )
+ ¥ [31:1 (1 + 71) —t, (1 + ?1)] (Vp)?
T [3t1 (X1 + E) +t, (xz + —)] [(V,On)z + (Vpp)z]

Wy 2m

p
_ TF[ 2 (2Vp, + Vp,) + (ZVpn + Vpp)zl

where t,, tq,t,, ts, X9, X1, X2, X3, and a denote the Skyrme Sly4-force parameters [35]. The Coulomb
energy density can be calculated by adding the direct and exchange components, the second term is
considered in the Slater approximation [36, 37],

HCoul (T) _pp( ) f Pp(T’) % (%)1/3 (pp (F))4/3 (8)

rII

In the present work, we consider the neutron and proton density distributions of a nucleus to be spherical
symmetric Fermi functions,

pi(F) = —L— i = {n,p} )
1+exp(a—i‘)

To preserve the overall neutron and proton numbers, the neutron and proton densities are normalized
USiNg Pon(py: J Pn(py(T)dr = N(Z), of each nucleus. The half density radius Roi and diffuseness a; can

be calculated using the formulae [38],

Ron(fm) = 0.953(N)5 + 0.015(2) + 0.774,

Rop(fm) = 1.322(2)5 + 0.007(N) + 0.022,
a,(fm) = 0.446 + 0.072 (g) (10)
a,(fm) = 0.449 +0.071 (%)

The nuclear and Coulomb interaction potentials between any two nuclei are provided by
Vv(R) + Vc(R) = Etor(R) — Ey — E; (11)

where E;,;(R) denotes the total nuclear interaction energy of a system of two nuclei, E; and E, denotes
the binding energies of the two nuclei 1 and 2 defined by Eq. (3) respectively.

6
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Etot(R) = fH[plp (F) + pr (F - E), pln(F) + pZn(F - ﬁ)]dr_\ (12)
The sum of the nuclear, Coulomb, and centrifugal potentials yields the total interaction potential
V(R) = AVN(R) + VC(R) + Vcent(R)- (13)

The Langer formulation of centrifugal potential [39] can be evaluated as

(£+1/2)%h?
Vcent(R) = —Z,uRZ . (14)
Where y = "Tlﬂ refers to the reduced mass of the two interacting nuclei. The renormalization factor 4
1 2

in Eq. (13) can be calculated using the Bohr-Sommerfeld quantization rules [40, 41],

f;lz k(r)dr = 2n + 1)%. (15)

Here, k(r) = \/2u|V(r) — Q|/h?, and the quantum number n denotes the number of internal nodes in
the binary system's quasibound radial wave function. We use the Bohr-Sommerfeld quantization rule,
with n = 0 being the smallest quantum number obeying the Pauli exclusion principle.

The semiclassical Wentzel-Kramers-Brillouin (WKB) approach [42, 43] can be used to evaluate the
penetration probability in stage (1),

2 (R3@acnz23) 1/2
Picnas = exp _E.f [2M1CN23(V1CN23(7”) - QefflCNZB)] dr (16)

R2(1CN23)

where V, cy23 IS the total interaction potential between the heavy fragment A; and the compound nucleus
Acnz3s Qerricnzs 1S defined in Eq. (1), the three classical turning points R;(i = 1 — 3) in equations (15)
and (16), in femtometers, are obtained by Vicn23(R;) = Qerricnzs:

Due to the absence of any observed value for the kinetic energy of the emitted light cluster A5 in collinear
(polar) emission, a value of about half the observed average value of the light cluster kinetic energy in
the equatorial maximum of emission [44] is used to calculate the penetration probability in stage (1) of
the collinear configuration because the light cluster in the collinear emission interacts with only one
heavy nucleus (A2) while in equatorial configuration it interacts with the two heavy fragments A; and Ax.
This value is obtained in terms of the average height of the interaction potentials of the light cluster in
the different collinear fragmentation channels, to give the same ratio of the observed light cluster kinetic
energy in the equatorial emission relative to the average height of its potentials with A; and A>. Hence,
the penetration probability in stage (1) is given as

2 (Ra@23) 1/2
Py3 = exp _gf [2H23(V23(T) —05 KESexp)] dr (17)

R2(23)
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where V, is the total interaction potential between the medium heavy fragment A, and a light cluster
Az, KE3.y, is the experimental Kinetic energy of the light cluster in equatorial configuration, the three

classical turning points R;(i = 1 — 3) in equations (15) and (17), in femtometers, are obtained by
Vo3(Ry) = 0.5 KE3exp-

The relative yield of a given ternary fission channel (A1,2,3) can be calculated in terms of the total penetration
probability of collinear ternary fission (Ptr = Picnz2s X P23 [11]), and the penetration probability of the
corresponding binary fission of the parent nucleus Pgr [44] as,

_ S3 Pry

cal —
PBF

(18)

The preformation probability of the emitted cluster in ternary fission can be obtained as [44],

Y. (Without S3)

(19)

3 =
Yexp

where Y,,,, is the experimental relative yield [12, 13, 17, 21, 45] in ternary fission.

3. Results and Discussion

We explore the kinematics of the collinear ternary fission of the spontaneously fissioning 2>°Cf nucleus
as two stages in this paper. Based on the Skyrme-SLy4 model of the NN force, the energy density
formalism is utilized to compute the interaction potential between the heaviest nucleus and the
intermediate compound nucleus (Vicn23) generated in stage I, as well as the interaction potential between
the second heavy nucleus and the light released nucleus (V23). The relative yields of the practically
obtained ternary fission channels are then computed compared to the equivalent binary fission, using the
penetration probability of the nuclei included in each step. The effect of the nuclei's excitation energy in
the ternary fission process on the preformation probability of the produced light particle is investigated,
to gain more information on the anticipated preformation probability at the optimal values of the
excitation energy. We concentrate on the reported channels of 2>2Cf ternary fission modes, which
comprise *%He, 1°Be, and 4C nuclei as light particles [1, 2, 12, 13, 17, 21, 45].

Table | displays the predicted relative yields of the several obtained channels of ternary fission of 22Cf
(column 1), with the “He nucleus representing the light particle. In the second column of Table I, the
relative experimental yields obtained for the reported 16 channels per 100 fission processes are listed.
As shown in Table 1, the heaviest nucleus mass number ranges between A; = 132 for *2Sn and A; = 156
for 1°8Nd, whereas the corresponding medium heavy nucleus mass number ranges between Az = 116 for
116pd and A, = 92 for 92Kr. The ternary channels (*°Ba + 19Zr + *He) and (**'Ba + 1%Zr + “He) have the
highest relative yields of 0.084% and 0.082% respectively. An example for the radial dependence of the
total mutual interaction potentials between the participating nuclei is shown in Fig. (2) for the 25Cf (A1
=195Ba, A, =1%3Zr, A3 =*He) ternary fission channel. All of the existing practical data on ternary fission,
including relative yield and kinetic energy, are arithmetic average, and their highest values are generally
associated with equatorial configuration. Columns 3(7) and 5(9) show the computed relative yields with

8
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excitation energy of preceding step (I) E*| = 3 MeV, equivalent to E*a1 = 1.5 MeV and E*acn2z = 1.5
MeV, and E*; = 4 MeV, equivalent to E*a1 = 2 MeV and E*acnzs = 2 MeV, for the collinear and
equatorial ternary fission configurations respectively. The practical kinetic energy of the released light
particle (KEszexp) is utilized to compute P23 penetration probability [1, 2, 12, 13, 17, 21, 45]. The Kinetic
energy of the released particles follows a Gaussian shape, with the largest yield occurring at 15.7 MeV.
Columns 4(8) and 6(10) of Table I show the calculated preformation probability of the a particle for the
listed channels, as determined by comparing the computed yields Yca (E*1 = 3 MeV) and Yca (E*1 = 4
MeV) with the experimental results for the “He-accompanied ternary fission channels of 2°°Cf based on
collinear and equatorial configurations respectively. For the collinear emission, the extracted values of
So (E*) = 3 MeV) lies between 5.21 x 107° and 3.05 x 1073, with an average value of 2.44 x 107
The estimated values of S, (E*| = 4 MeV) ranges between 6.08 x 10~7 and 3.83 x 10~*, with a smaller
average value of 3.06 x 10~>. For the equatorial emission, the S, values for E*| = 4 MeV range from
0.001 to 0.013, with a mean value of 0.004. The a-particle preformation probability for E*| = 3 MeV
spans between S, = 0.004 and S, = 0.093, with an overall average of approximately 0.031. It is evident
from the above discussion that the values of « preformation probability for ternary fission of 22Cf based
on collinear configuration have then lower order of magnitude than that extracted based on the equatorial
configuration. This leads us to the result that equatorial configuration is most favored for o emission
since it gives higher yield and higher preformation probability for all the listed observed channels in
Table I.

9007 \292C1~145Ba+10%Zr+*He 1= 161 (@
R, = 10.06 fm
R, =10.75 fm
250 - R, = 15.85 fm
> Picnzs = 4.36 x 10732
= |\ /N
™
] 200 - Qeff1CN23 = 21 3.1 MeV
1}
]
s
2 150
>
100
50 " I v I » I L I ¥ 1 " I ¥ I J I L I . I ¥ I
8 10 12 14 16 18 20 22 24 26 28 30

R (fm)
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Fig. 2: The radial dependencies of the total potentials (a) Vicnzs (E'1 = 3 MeV) (2**Ba, 1”Mo), (b) Ver
(***Ba, %Mo), and (c) V23 (***Zr, “He) which take part in the ternary fission path 2?Cf (A, =
195Ba, A, = 197r, A; = *He), using the NN interaction of Skyrme-SLy4. On each panel, the
turning points (R1,2,3) related to each pair of nuclei and the normalizing coefficient 1 (Eg. (13))
determined from the Bohr-Sommerfeld quantization rule are shown. The a-particle (*He)
centrifugal potential of the lowest angular momentum quantum number and yielding three
turning points is investigated.
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\\

Table I: Preformation probabilities of « particles for the detected a-accompanied ternary fission channels
of 52Cf, obtained by the comparison of the experimental relative yield (Yexp) With the predicted
relative yield (Yca) at step (1) excitation energy of E* (E*a1, E*acnzs) = 3 MeV and 4 MeV,
taking into account collinear (Q23 = 7.85 MeV) and equatorial (Q23 = 15.7 MeV) arrangements
of the ternary system.

Collinear (Qz3 = 7.85 MeV)

Equatorial (Q23 = 15.7 MeV) [44]

Ternary fission Yers E} = 3 MeV E} = 4 MeV E} =3 MeV E} = 4 MeV
Channel
Ycal S o Ycal S, a Ycal S, o Ycal S, o

1%6Nd+92Kr+*He |2.00X10-3 | 6.10X10-6 3.05X1073| 7.66X1077 | 3.83X10 4| 1.85X10%| 9.26X10-2| 2.33X1075| 1.16 X102
152Ce+96Sr+4He |8.00X10-3 1.72X1076| 2.15X1074| 2.10X1077 | 2.62X1075| 1.86X104| 2.32X1072| 2.34X10°5| 2.903 X103
150Ce+98Sr+4He 1.40X1072 | 1.96X107¢| 1.40X104| 2.44X1077 | 1.74X10-5| 5.52X10~*| 3.904X10~2| 6.86X10-5| 4.90X1073
1%9Ce+99Sr+4He |1.80x10-2 | 1.48 X106 | 8.22X10-5| 1.76X10-7 | 9.77X10-6| 4.901X10-4| 2.73X10-2| 5.84%10-5| 3.24 X103
18Ce+100Sr+4He |2.10 X102 2.05X107¢| 9.74X1075| 2.51X10~7 | 1.20X1075| 1.87X10*| 8.90X1073| 2.290X10-5| 1.09X103
148Ba+100Zr+4He |3.80%102 | 5.10X107 | 1.34X10-5| 6.20X1078 | 1.63X10-6| 3.09X10*| 8.12x10-3 | 3.75%X10-5 | 9.88 X104
17Ce+101Sr+4He |1.40X10-2 | 1.48X10-6| 1.06X10*| 1.71X10-7 | 1.22X10-5| 1.60X10~*| 1.14X10-2| 1.85X10-5| 1.32X10-3
147Ba+101Zr+4He |8.20X10-2 | 4.27X10-7| 5.21X10-6| 5.15X10-8 | 6.28X10-7| 3.05%X10-4| 3.71X10-3| 3.67X10-5| 4.48 X104
146Ba+102Zr+4He 9.00X1073 | 6.61X1077| 7.34%X1075| 8.55%X108 | 9.50X1076| 3.81X107%| 4.23X1072| 4.92X1075| 5.47%X103
145Ba+103Zr+4He 8.40X1072 | 5.33X1077| 6.34X107¢| 6.73X10-8 | 8.02X1077| 3.60X10%| 4.290X1073| 4.56X1075| 5.43X10~*
144Ba+104Zr+4He 1.70X1072 | 7.70X1077 | 4.53%X1075| 1.02X1077 | 6.01X1076| 4.21X10%| 2.48X102| 5.59X10°5| 3.29X103
142X e+106Mo+4He [1.80%10-2 | 2.17X10-7| 1.21X10-5| 2.94X10-8 | 1.63X10-6| 2.89X10~4| 1.61X10-2| 3.91X10-5| 2.17X10-3
141X e+107Mo+4He |3.00X10-2 | 2.21X10-7| 7.37X10-6| 2.906X10-8 | 9.87X10-7| 2.86X10~*| 9.54X10-3 | 3.84X10-5| 1.28 X103
140X e+108Mo+4He |7.00%10-3 | 2.81X10-7 | 4.02X10-5| 4.04%X10-8 | 5.78X10-6| 3.54X10*| 5.06X10-2| 5.09X10-5| 7.28 X103
136Te+112Ru+4He |1.10X10-2 | 9.94X10-8| 9.04X10-6| 1.54X10-8 | 1.40X10-6| 6.80X10-*4| 6.18X10-2| 1.05X10-*| 9.59X10-3
1328n+116Pd+4He | 6.00%1073 | 3.60X10-8| 6.01X1076| 6.15X109 | 1.02X1076| 4.55X10~4| 7.58 X10~2| 7.75X10-5 | 1.29 X102

12
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Fig. 3: The dependence of the logarithm of the preformation probability of « particles on the
heaviest nucleus mass number (A:) for the 252Cf accompanied a-ternary fission channels
in collinear configuration, evaluated for different excitation energies of step (I) E* (E*as,
E*acn23) = 0 — 7 MeV with Q23 = 7.85 MeV. Continuous, dashed and dotted curves are
drawn to direct the viewer's attention.

Fig. (3) displays the dependence of the logarithm of the preformation probability of a particles on the
heaviest nucleus mass number (A:) for the 252Cf accompanied a-ternary fission channels in collinear
configuration, evaluated for different excitation energies of step (1) E*| (E*a1, E*acn23) = 0 — 7 MeV where
E* is divided evenly among Az as well as Acnezs, using Q23 = 0.5 KEqexp = 7.85 MeV. The continuous,
dashed and dotted curves are drawn to direct the viewer's attention. As seen in Fig. (3), raising the
excitation energy E* reduces the anticipated preformation probability as a result of lowering the predicted
relative yield. Based on E* = 3 - 4 MeV computations for equatorial configuration [44], the expected S,
for the nuclei in the vicinity of the participating heavy nuclei is within the range of 102 - 103, The
maximum recognized excited states of the A; fragments involved in the reported channels is 2.304 MeV
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(}*8Ba (J = 12%)) and 7.244 MeV (**2Sn (J = 7)) [46]. While for the collinear configuration, an extremely
small values of S, less than 10 based on E* = 3 - 4 MeV and higher. This enhances the preference of
the equatorial configuration over the collinear configuration for the released a-particles in ternary fission
of 252Cf. In the reported ternary fission channels of °2Cf, the Q-value of the quasi-fission process
providing the binary A1 + Acngs structure is typically higher than that generating the binary Az + Acnis
structure [47] in the first stage of collinear emission. This confirms the hypothesis of formation of the
released light particle on the surface of the Acnzs (A2 + As) composite structure [44].

O (EWEcg)=(0MeV,OMeY) @ (E'yE ) = (2 MeV,2 MeV)
® (E4Econ) = (0.5MeV,0.5MeV) % (Ep.E'cnge) = (2.5 MeV,2.5 MeV)
A (EA E'o)=(1MeV,1MeV) O (E'x.E'cnz) = (3 MeV,3 MeV)
2 - B EEou=(1.5MeV,1.5MeV) & (E'4.E'cnz) = (3.5 MeV,3.5 MeV)
Collinear 252(f (4, A2,6He)
- o o
) KEyy=6.15Mev. & o E*=0MeV
= = o 5 .
,,,,,,, B ey BA=1MeV
o A B A
......... g o tmeng %= 2 MeV
-6 - A Y ®
P~ - - =
..... e T pom====g [*=
cé’ ot 98 R7TF A" " E%=3MeV
— E* = 4 MeV
o -84
o0 E¥=5MeV
=)
— E*=6 MeV
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128 130 132 134 136 138 140 142 144 146 148 150 152 154 156 158
Al

Fig. 4: The dependence of the logarithm of the preformation probability of ®He particles on
the heaviest nucleus mass number (A;) for the 252Cf accompanied ®He-ternary fission
channels in collinear configuration, evaluated for different excitation energies of step
() E* (E*a1, E*acnzs) = 1—7 MeV with Q23 = 6.15 MeV. Continuous, dashed and dotted
curves are drawn to direct the viewer's attention.
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The ®He nucleus is the first heavier cluster than “He detected as the released third cluster in the ternary
break up of 252Cf. There are fifteen ®°He accompanied ternary fission channels of 22Cf. Table I1 lists these
channels and their relative experimental yields in columns 1 and 2 respectively. The ternary fission
channels (*3®Xe + %Mo + ®He) and (**°Ce + %6Sr + SHe) produce the highest relative experimental yield
percentage of about 0.03% and 0.021% respectively. The detected emission peaks at around 12.3 MeV
for ®He kinetic energy in the equatorial configuration. Fig. (4) displays the dependence of the logarithm
of the preformation probability of ®He particles (log (Sene)) on the heaviest nucleus mass number (A;) for
the ®He-accompanied ternary fission channels of 2°2Cf in collinear configuration, evaluated for different
excitation energies of step (I) E* (E*a1, E*acnzs) = 1 — 7 MeV with Q23 = 0.5 KEzexp = 6.15 MeV. The
continuous, dashed, and dotted curves are drawn in Fig. (4) to direct the viewer's attention. According to
Fig. (4), raising the excitation energy E* (E*a1, E*acnezs) reduces the predicted preformation probability
values. The computations corresponding to E* =1 MeV will result in a mean value of Sene in the order
of 102 and 107 for equatorial and collinear configurations respectively. In both equatorial and collinear
configurations, raising the stage (I) excitation energy to 2, 3, and 4 MeV reduces the order of the
computed mean of Sere resulting values of about 103, 10, 105, respectively for equatorial emission and
107,108, and 10°°, respectively for collinear emission. As a result, raising the excitation energy of stage
() by 1 MeV reduces the order of the preformation probability by a factor of one. The greatest known
excitation energy of the A; fragments participating in the explored ®He channels spans from 2.737 MeV
(***Nd(16%)) to 7.566 MeV (***Te(15%)). Columns 3(6) and 4(7) of Table Il list the computed mean
relative yields and the estimated mean preformation probabilities with excitation energy of preceding
step (1) E* = 3 MeV, equivalent to E*a1= 1.5 MeV and E*acnzz = 1.5 MeV, and E* = 4 MeV, equivalent
to E*a1 = 2 MeV and E*acnzs = 2 MeV, for the ®He-accompanied ternary fission channels of 2°2Cf based
on collinear and equatorial ternary fission configurations respectively. For the collinear emission (Q23 =
6.15 MeV), the extracted values of $?%sre (E*1 = 3-4 MeV) lies between 2.41 x 10711 and 6.82 x 1077,
with an average value of 1.11 x 10~7. For the equatorial emission (Qzs = 12.3 MeV), the $*ne (E*| =
3-4 MeV) values range from 2.86 x 107° to 1.79 x 103, with a mean value of 2.69 x 10~*. These E*|
values represent the optimal excitation energy of the identical heaviest fragments involved in the “He
channels.

Furthermore, Az = 10 and As = 14 ternary breakup channels of 2°2Cf were detected using 1°Be and *C as
emitted light nuclei, respectively. Table Il lists these channels and their relative experimental yields. The
greatest relative experimental yields of 0.054% and 0.040% were reported for the ternary fission channels
(*3Te + %Mo + °Be) and (*32Sn + %Mo + 4C) respectively. The kinetic energies of the released °Be
and **C nuclei at the maximal estimated yield is approximately 18.8 MeV and 26.0 MeV respectively.
Figures 5(a) and 5(b) display the dependence of the logarithm of the preformation probability of °Be
and *C nuclei (log (Siose) and log (S14c)) on the heaviest nucleus mass number (A1) for the 1°Be and **C
accompanied ternary fission channels of 2°2Cf in collinear configuration, evaluated for different
excitation energies of step (I) E* (E*a1, E*acn2s) = 1 — 7 MeV with Q23 = 0.5 KEszexp = 9.9 MeV and 13
MeV respectively. In Fig. (5), continuous, dashed, and dotted curves are used to draw the viewer's
attention. As seen in Fig. (5), increasing the excitation energy E* (E*a1, E*acn23) lowers the anticipated
preformation probability values. The mean relative yields estimated at excitation energies E* = 3 and 4
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MeV for the °Be and “C accompanied ternary breakup channels, their experimental relative yields as

well as their related mean preformation probabilities derived from these computations are listed in Table

1. For the 1°Be (*#C) collinear emission (Qz3 = 9.9 (13) MeV), the extracted values of S?*®10ge(1acy (E*i =

3 - 4 MeV) lies between 7.44 x 1072%(3.13 x 10737) and 1.72 x 10718(2.17 x 10~

29y, with an

average value of 2.13 x 1071%(3.96 x 1073%). For the °Be (**C) equatorial emission (Qz3 = 18.8 (26)

MeV), the S®iogeac) (E*1 = 3 - 4 MeV) values range from 1.98 x 10715(1.22

X 10723) to

1.30 x 10713(2.45 x 10722), with a mean value of 2.94 x 1071%(9.60 x 10723). The findings shown
in Fig. 5 and Table Il imply that the preformation probability of the released light nucleus falls

dramatically as the mass number increases.
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Fig. 5: Same as Fig. 4 but for the (a) °Be with Q23 = 9.9 MeV and (b) *C with Q3 = 13
MeV accompanied-252Cf ternary fission channels.

Figure 6 illustrates the expected mean preformation probability versus the mass number As, as determined
by computations done at E* (E*a1, E*acn23) = 2 - 5 MeV for the various ternary fragmentations shown in
Tables I and 1l based on collinear configuration of the fragments. Fig. (6) indicates that Sc(As) falls
exponentially as the mass number Az increases. Figure 6 depicts a less diminishing pattern of Sc(As) with
E*. The mean values of Sc(As) determined by taking into account the various channels at the optimal
excitation energy of E* = 3 and 4 MeV based on collinear configuration of the fragments may be fitted
in terms of Az as

S.(collinear) = 2.69 x 10760543 (20)
While the corresponding fitted formula based on equatorial configuration [44] of the fragments is given as
S.(equatorial) = 107e 4843, (21)

The open circles in Fig. (6) indicate the preformation probability if estimated utilizing the descriptive
equation defined by Eq (20). The dimensionless factors -6.05 and -4.8 in the exponent of equations (20)
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and (21) indicate the exponentially decaying constants of the preformation probability (Sc) in terms of As.

10° - A,-Preformation factor ~ 252Cf A E*=2MeV
] Collinear configuration = E*=3MeV
— ¢ EY=4MeV
] o E*=5MeV
10 ] S.(collinear)
1072
2 1016 ]
v 1077
1024
1021
10-28 .:
1032 ] y | ' T - T ' | T T ' 1
3 5 [ 9 11 13 15

Fig. 6: Mean preformation probability versus the light nucleus mass number As, as determined from the
computations executed at E* (E*a1, E*acnzs) =2 —5 MeV for the various “®He, 1°Be and 1“C accompanied
ternary fission channels of 22Cf in collinear configuration (shown in Tables I and I1). The open circles
represent the preformation probabilities calculated by (S¢: Eq.20).
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Table I1: The mean calculated relative yield Y #“c; and the obtained mean preformation probability S taking into
consideration the optimized excitation energy E* (E*a1, E*acnzs) = 3 and 4 MeV, for the released ®He,
19Be and **C ternary fission channels of 22Cf based on collinear (Qz;3 = 0.5 KEc) and equatorial (Qz3 =
KE) arrangements of the ternary system. The experimental relative yields, as well as the preformation
probability calculated using the phenomenological formula given by Egs. (20) and (21) for collinear and
equatorial configurations respectively, are also reported.

Ternary fission Collinear (Qo3 =0.5KE.) Equatorial (Q23 = KE.) .
Channel Yeup e e S, (FEq. [20) e S S. (Eq. [21)
BONA+Kr+fHe  8.00x107%  2.09x107°  2.62x1077 7.53%x107%  4.70x107?
BINGHKr+He  3.60x107%  2.16x107°  6.00x1077 7.35%x107%  1.79x107®
B00e+98r+5He  2.10x1072  3.40x107°  1.62x107% 4.38%107%  4.51%1074
M1 9Gra6He  4.00x107%  3.60x10°1°  753%x107® 3.55%107%  9.35x1074
M1 100G, 8 e 5.30x107%  3.61x107Y°  6.82x1077 1.19x107¢  3.96x107°
MR 41997, 5He  1.00x1072  5.49x1071  549x107° 1.07x107%  5.65%107°
MR 4127, 0 5He 1301072 6701071 5.16x107° 871x1077  6.22x107°
2B 410474 6He  530x107%  741x10710  1.40x107%  470%107°  2.75x1077  520x107°  3.11x10°°
Mo+ 10\ [0+%He  1.40x1072  8.58x107*  6.13x1071° 2.75x1077  2.11x107°
MOV 1000 [0+%He  1.90x1072  1.17x107M"  6.18x1071° 247x1077  2.47x107°
Nt 180\ o+%He  3.00x1072  1.44x107™  4.79x1071° 5.35%107%  1.01x107*
BTt WORu4+5He  3.80x1072  1.96x1072  5.17x10710 5.00x107%  1.22x107°
BT WRu4+%He  0.70x107% 2.70x10712 2.78x107 10 6.00x107%  2.86x107°
B0+ 1Mpd4+He  4.10x107%  3.36x107  8.20x107! 443x107%  1.23%x107°
B0Gn+116pd15He  1.60x1072  3.85x1071%  241x107" 470x107%  5.87x107°
H6Ba+%Gr+ 198 8.30x107*  2.75x107%2  3.31x107Y 195107 1.30%x107"
WB 498898 4.60x107°  3.54x1072% 7.71x107%° 1.92x1071%  505%1071
B +106 4 0B 2.40x107*  4.13x107%2  1.72x107 18 1.39x107'%  435%107 4
2301 1007, 4 10Be  2.70x1072  3.50x1072*  1.33x1072 1151071 2.13x10° 13
“0Xe+17r+"Be  3.00x107° 516x107%* 1.72x107% e 698x1077 811x107" o
188y, 4 1047 0B 8 60x1072  6.67x10°2¢  7.75x1072  LATXIU 6.45x1017  2.15x1071%  143x10
B0 180 [0+ 19Be  540x1072  6.96x107%%  1.20x107* 5.35x10717 1.08%107 %
BT 10805+ 10Be  3.20x107%  8.26x107%%  2.58x10% 3.13x10717  1.30x107 13
B0+ M0Ru+19Be  3.80x107%  9.25%x107%%  243x107% 3221077 6.99x1071
BG4+ 12Ru+1%Be  1.50x1072  1.12x107%7  7.44x107% 2.98x107Y7  3.60x107 M

MO a0 350x1070 7.15%107% 2.04x107%° 1961072 1.84x107%

I8N +100G - 140 440x107*  9.54x107% 2.17x107% 1.89x107%  1.22x10°%

BTt 1270140 6.90x107F 0.73x107% 1.41x107* g 285x107F 0 731x107% ”
BApe 17, 1400 300x1078 1.45x107%  3.73x1073  460x1077 935.90725  341x10728  6.54x107
BG4 1060\ o+ 14C 4.00x1072  1.25x107%*  3.13x107°7 LOSX107%  2.45x107%

P0G 1080\ [o+14C 2.70%107%  1.56x1073%  5.78x 10736 0.08x107%  285%107 2%

19



JESBSP volume 1, issue 2, pp 1-23, year 2024

4. Conclusion

The collinear cluster tripartition kinematics were utilized to investigate the preformation probability of the
light clusters “°He, 1°Be, and *C released in the accompanied ternary fission channels of 2°2Cf. The
estimated preformation probabilities are compared to those obtained by the previously used equatorial
configuration. The light nucleus in collinear configuration is most likely grouped with a specified
preformation probability inside the intermediate compound nucleus Acnzz. The probability of formation of
the light nucleus was assessed by dividing the computed relative yield by the measured experimental yield.
According to the calculations, the optimal excitation energy of the heaviest nucleus participating in the
ternary fission reaction that contains a-particle is around three and four MeV. The predicted preformation
probability of a-particles in their accompanied ternary fission channels spans from 10 to 10° and from
10 to 107 based on collinear and equatorial configurations respectively. It has been discovered that raising
the excitation energy E* reduces the predicted relative yields and hence implying a lower preformation
probability. Raising the excitation energy of the preceding step (1) E* by a value of 1 MeV reduces the
predicted mean preformation probability by almost one order of magnitude. the predicted preformation
probability of the released light clusters heavier than a-particles falls in an exponential way as the mass
number increases. According to the achieved results, a qualitative equation for calculating the preformation
probability of a particular released nucleus as a function of its mass number As is proposed for collinear
configuration. This equation will aid in the estimation and analysis of the possible heavy and superheavy
nuclei ternary fission channels. In general, the collinear configuration produces a lower estimated yield and
a lower probability of formation as compared to the equatorial arrangement. The collinear arrangement
implies hindrance in both predicted yield and preformation probability as compared to the corresponding
equatorial arrangement. The collinear configuration is more preferred for ternary fission accompanying
heavy third fragments.
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