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The quantum mechanical fragmentation theory—based three cluster model is employed to investigate the
ground-state ternary fission of two Fm isotopes nuclei having atomic mass Ap = 242 and 258. The mass
asymmetry coordinate and the relative separation among the decaying fragments play a crucial role for the
estimation of the fragmentation structure and related barrier penetration process. First, the choice of third
fragment (A3) is fixed by minimizing the probable A; fragments having different proton neutron configurations.
Further, the fission fragment combinations (A; + A, + A3) are identified for the fixed third fragments by selecting
the channel of lower ternary fragmentation potential and higher relative fission yield. Two type of tripartition of
radioactive nuclei are considered such as equatorial cluster tripartition (ECT) and collinear cluster tripartition
(CCT). A comparative analysis of ternary fragmentation potential and relative fission yield within ECT and CCT
geometrical arrangement is carried out for different choices of third fragment, i.e., A3 = 1 to Ap/3. The choice
of most probable fragments suggest that the proton and neutron magic shell closures play essential role in the
ternary mass division. Finally, a relative analysis of binary and ternary fragmentation is worked out for better

insight of dynamics involved.
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I. INTRODUCTION

A branch of nuclear physics, which explores the sponta-
neous emission of mass and energy from an unstable nucleus,
is known as radioactivity [1]. Generally, radioactivity involves
the alpha- («), beta- (8), and gamma- (y) decay processes.
However, there may be a possibility of cluster radioactivity,
heavy-particle radioactivity, and spontaneous fission (SF) de-
cay channels depending on the shape, size, and internucleon
forces of the radioactive element [2—4]. Among the aforemen-
tioned decay channels, SF is considered as a powerful tool
that determines the stability of heavy and superheavy nuclei
together with related structure aspects.

The SF process of actinides is expected to provide further
insight of stability and dynamical evolution of radioactive
nuclei [5-7]. Various studies suggest that nuclei belonging
to actinide mass region generally exhibit asymmetric fission.
However, the experimental analysis of Refs. [8,9] show that
the isotopes of Fm exhibit a transition from asymmetric to
symmetric fission in region of mass A = 256 to 258. In ref-
erence to this observation, recently, we have explored [10]
the binary fission of 2*>72°Fm isotopes with the inclusion
of deformation and orientation effects in the framework of
preformed cluster model (PCM). It was observed that poten-
tial energy surfaces and fission fragment mass distributions
significantly depend on the mass of fissioning nuclei. In
continuation of this work, here we intend to explore the
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ternary fission (TF) of Fm isotopes of extreme masses such as
A =242 and 258. Usually, a binary fission mode comprises
the emergence of two fragments of comparable masses, but
some findings [11-13] give the idea of splitting of a radioac-
tive nucleus into three fragments and the process is termed
TF. This was first observed by Alvarez et al. [11] in 1947
where long-range o particles were observed in the company
of two fission fragments. The literature indicate that the ac-
tinides and transactinidies may decay spontaneously into three
partitions. However, the disintegration occurs mainly through
light-particle accompanied fission (LPF) in which the mass of
third particle is much smaller than other two fission fragments.
The analysis of LPF mostly includes “He as a third fragment
due to its high stability [14—17]. Apart from this, the other nu-
clei like 23Y, ®8He, 7891, and *'°Be have been observed
in the spontaneous TF [18-20]. Besides LPF, there is also a
possibility of true ternary fission (TTF), i.e., the partitioning
of nucleus into three fragments of comparable masses [21,22].
It is to be noted here that spontaneous TTF have not been ob-
served experimentally but some relevant predictions has been
made in past. On the other hand, a experimental signature of
TTF exists in the induced reactions where isotopes of C, N,
O, F, Ne, Na, Mg, S, Al, Si, Ca, Mn, and Ni were measured as
a heavier third fragment [23-27].

In the ternary fission, a fissioning nucleus may divide into
three parts by following equatorial cluster tripartition (ECT)
or collinear cluster tripartition (CCT). The process in which
third fragment emission happens in a direction perpendicu-
lar to the fission axis is termed as equatorial or orthogonal
emission as shown in Fig. 1(a). On the other hand, the
configuration where the third fragment emits in the direc-
tion of fission axis is known as collinear or polar emission,
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(a) Equatorial cluster tripartition (ECT)
A3Ca

Fission
axis

(b) Collinear cluster tripartition (CCT)

FIG. 1. (a) ECT and (b) CCT configurations of three spherical nuclei in the ternary fission decay. R;; (=R; + R; + s;;) is the distance
between the center of two nuclei and s;; is the surface separation distance between two nuclei. Here i = 1, 2 and j = 2, 3, where 1, 2, 3
correspond to the first, second, and third decay fragments, see Refs. [28,29].

see Fig. 1(b) [28,29]. Previously, some findings concluded
that ECT is suited for the light-particle-accompanied fission,
whereas CCT mode is better for the emission of heavier third
fragment [29]. This work is devoted to analyze the ternary
fragmentation behavior of 2*>28Fm radioactive nuclei involv-
ing wide range of light and heavy mass third fragments by
employing ECT and CCT configurations.

In view of the above discussion, the present manuscript
is devoted to fulfill the following objectives within the quan-
tum mechanical theory—based (QMFT) [30-32] cluster decay
models [10,15,29,33,34]: (i) the selection of third fragment
by minimizing all possibilities of third fragments with re-
spect to their charge numbers for 2*>2¥Fm parent nuclei;
(i1) the impact of equatorial and collinear tripartition modes
will be analyzed by studying the valleys of ternary frag-
mentation potential and peaks of relative fission yield; (iii)
the identification of most probable nascent fission fragments,
i.e., A + A, 4+ Az; and (iv) a relative analysis of binary and
ternary fission mass distributions.

(a) ECT B T v

(b) CCT

FIG. 2. A pictorial representation depicting the direction of the
decay fragments in (a) ECT and (b) CCT configurations.

The overview of this manuscript is as follows. Section II
describes the methodology. The QMFT-based PCM and three-
cluster model (TCM) are employed to analyze the binary and
ternary decay processes. The behavior of fragmentation po-
tential and fission yield is studied in Sec. III using equatorial
and collinear configuration. Note that all the calculations have
been made using spherical choice of fragments only. Finally,
the summary of the observed results is concluded in Sec. I'V.

II. METHODOLOGY

The binary and ternary fission analysis is carried out
within the framework of quantum mechanical fragmentation
theory—based [30-32] PCM [10,34] and TCM [15,29,33].
This methodology is worked out in terms of the mass and
charge asymmetry coordinates which represent the mass and
charge flow, and read as

Al —A 21— 7
A = 1 z(an 1 2>‘ )

= d =
A+ A 2 Z+7,

In the above equation, the subscripts 1 and 2 denote the light
and heavy fragments. In case of ternary fission, the third
fragment represented by Aj is kept fixed, and hence the mass
and charge asymmetry is minimized in reference to A; and A,
fragments. In addition to these coordinates, the model relies
on the relative separation (R) between the decaying fragments.
A brief description of PCM and TCM is given in the next
sections.

A. Preformed cluster model

In PCM [10,34], the decaying fragment is supposed to be
performed inside the radioactive nucleus and this formulation
successfully addresses various spontaneous decay phenom-
ena. The estimation of most probable decaying fragments in
PCM is given by fragmentation potential and cluster prefor-
mation probability. The two-body fragmentation potential in
PCM is given as

2
Ve(n) =Y B(AiL Z)+ Ve + V), )
i=1
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FIG. 3. Ternary fragmentation potential V (A,) is calculated for
different third fragments with mass number A; = 4, 48, and 80 for
22Fm radioactive nucleus using [(a)-(c)] ECT and [(d)-(f)] CCT
emission modes.

where B;, V., and V, represent the binding energies, Coulomb
potential, and nuclear potential; for details see Ref. [10]. In
this model, the preformation probability is the solution of
mass asymmetry-dependent Schrédinger equation, and pene-
trability is calculated using WKB approximation, for detailed
description please refer to Refs. [10,34].

B. Three cluster model

TCM is an extension of PCM, where three-body decay phe-
nomenon is studied in terms of 1 and R coordinates [29,33].
Using these coordinates, the three-body fragmentation poten-
tial Vi reads as

303
Vit = ZzBi + Veij + Vpij. 3
i=1 j>i
The first term B; represents the binding energy of fragments
and calculated by the summation of macroscopic liquid drop
model term Vi py and the microscopic shell correction term
38U, taken from the experimental findings of Audi and Wapstra

[35] or the theoretical estimates of Moller et al. [36] when-
ever not available in Ref. [35]. The Coulomb interaction V¢;;
among three fragments is calculated using following relation
[33]:

ZiZjez

Veij = =~
ij

“
The interfragment distance R;; or the relative separation
among the fragments depends on the opted mode of the
configuration such as equatorial or collinear [29], which is
explained in the further discussion. The third term Vp in the
fragmentation potential Vi is the nuclear attractive proximity
potential. In present work proximity 2000 (called as prox00)
[37,38] potential is used for the calculations, where nuclear
radii and the surface charge coefficients are given using the
well-known droplet model concept:

Vp = 47RybD(£). &)
The matter radius C; reads as
Ci = ci + (N;/AD, (6)

where ¢; denotes half-density radii of the charge distribution
and #; represents the neutron skin of the mother nucleus. The
nuclear charge radius Ry (fm) be given as

5
Rooi = \/; <12 @)

1.646 A —27;
= 1.2404}°( 1+ —— —0.191—/——"). (8)
! A, A;
The half-density radius ¢; can be obtained from the relation
[37]
Roo, (1 T + 9)
¢i=Ropl|l—z5———F+... ]
o 2Ry, 8 R},

The neutron skin #; is given as [37]

3 JI— SezAr
_r —_—_—m

i = 0 —
i 2 q+%JAil/3

(10)

where ry = 1.4 fm, the energy constant J = 32.65 MeV, the
constant ¢; = (3/5)(e?/ry) = 0.757895 MeV, and the neu-
tron skin stiffness coefficient ¢ = 35.4 MeV. The nuclear
surface energy coefficient y in terms of neutron skin can be
written as

1 12+ 12
= ——]18.63 MeV) — g1—2 |, 11
)/47”3[ (e)qz%} (11)
where #; and #, can be calculated using Eq. (10), and the
universal function can be written as
—0.1353 + Y7 ;-5 (2.5 — £)*!
for0 < £<2.5

2.75—
—0.09551exp[32=5]
for & > 2.5

o) = , (12)

where & =R —C;—C;. The values of the constants
¢, are as follows: ¢y=—0.1886, «c¢; =—0.2628,
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FIG. 4. Ternary fragmentation potential V (MeV) as a function of fragment mass A, for identified choices of third fragments for [(a) and
(¢)] **Fm and [(b) and (d)] **Fm nuclei using ECT and CCT configuration modes.

¢, = —0.15216,

c3 = —0.04562, ¢4 =0.069136, and as
¢s = —0.011454. The penetration probability of three-body 2 [%
decay channel to cross the potential barrier is estimated P = exp[— 7 f {2ulV(R) — Q]}l/zds]. (13)
3001 242 ECT (2) 300+ CCT %)
Fm ‘wvw‘hﬁ"wv‘
2 270 S 2701 LT
: 2 vl LT
o 240 > 240 vws‘vww f\w"w'
210 210 v
TP
120 rf'gr'\rn Hﬂxr i TN e 120
z R y ~ rzg
S 04 L §90- - #wﬂf"w'ﬁﬁ x
: e iR R
60 |1 60+ /\ S 7
0 20 40 60 80 0 20 40 60 80

Fragment mass number A,

Fragment mass number A,

FIG. 5. The ternary fragmentation potential as a function of third fragment mass A; for 2Fm using (a) equatorial and (b) collinear

configuration modes.
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FIG. 6. The calculated scattering potential V (MeV) as a function of surface separation distance (s) for fixed third fragments such as (a) '*C,
(b) ¥*Ca, and (c) *Se of 2*Fm for both ECT and CCT emission modes.

s1 and s; are the first and second turning point satisfying the
V(s2) = Q condition [can be seen in (Fig. 6)].

The @ value is assumed to be shared between three
fragments (Q = E| + E, + E3) and is obtained as Q = M —
Z?:] m;. In CCT mode, most of the Q value is assumed to be
shared between first and the second fragments and moving in
opposite directions among the three decay products where as
the third fragment is considered with negligible kinetic energy
[39-41] and taken as rest [29]. A pictorial presentation depict-
ing the direction of emitted fragments in ECT and CCT mode
can be seen in Fig. 2. Initially, the fragments are considered
to be in touching stage and than starts moving with common
surface separation s. In Eq. (13), w is the reduced mass of
three fragments,

“ _( 1243 )m
123 =|——-|m
iz + As

where (1, = A1A3 /(A1 + A;) and m is the nucleon mass.

The relative yields for all the fragmentation channels for
both binary [33] and ternary decay [29] processes are cal-
culated as the ratio between the penetration probability of a
given fragment over the sum of penetration probabilities of all
possible fragmentation as

(14)

P(A;, Z;)

YA,Z)= ————.
( ) XPAi, Z)

s)

The configuration mode where the third fragment emission
happens orthogonally to the fission axis is known as equatorial
configuration arrangement [29]. The pictorial representation

of equatorial configuration is given in Fig. 1(a). In this case,
the relative separation in between the fragments is taken as
[29]

Ri2 =R + Ry + 512, (16)
Ro3 = Ry + R3 + 523, 17)
R31 = R3 + Ry + s31. (18)

Here R;, R,, and Rj represent the radius vector of three frag-
ments, and the surface separation considered as
S12 = $23 = $31 = 5. (19)

On the other hand, the configuration mode where the third
fragment emission happens along with the the fission axis is
known as collinear configuration arrangement, see Fig. 1(b).

The relative distance in between the center of fragments is
taken as

Rip = Ry + Ry + 512, (20)
Ryz = Ry + R3 + 523, (21)
R31 = R + Ry + s531. (22)
Here for collinear emission the surface separation
s =2(R3+5), s$23=153=S5. (23)
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emission modes.

Note that in the present work, we have considered common
surface separation s = 0.4 fm for which the barrier penetra-
tion works.

III. CALCULATIONS AND DISCUSSIONS

First, the third fragment (A3) is selected by minimizing
all possible third fragments with respect to their charge (Z)
numbers. The TCM-calculated three-body fragmentation po-
tential of 2**Fm fissioning nucleus for fixed mass numbers of
third fragment Az =4, 48, and 80 is plotted in Figs. 3(a)—
3(c) and Figs. 3(d)-3(f) for ECT and CCT configurations,
respectively. These choices are taken to examine the behavior
of fragmentation potential for lighter to heavier mass third
fragments. For example, the fragment mass A; = 4 has three
possibilities such as 4H, “He, and “Li, leaving the remaining
system as 2*%Es, 2*8Cf, and 2*Bk, respectively, whose binary
fragmentation (A| + A) is properly minimized in the charge
or mass asymmetry (1)z) coordinate. Using these choices, the
ternary fragmentation potential is calculated for the ***Fm
nucleus, see Figs. 3(a) and 3(d), and the lowest among these
three is the most favorable As fragment, i.e., “He for both
ECT and CCT choices. We have 12 possible choices of charge
number for both A3 = 48 and 80 fragments such as (Z = 16
to 27) and (Z = 29 to 40). However, the ternary fragmentation
potential is represented for the limited cases just for the clarity.
It is noticed from figure that 4He, *8Ca, and ¥ Ge are the most

preferred choices among their competing fragments due to
the lower fragmentation potential independent of the choice
of cluster tripartition configurations. Moreover, the magnitude
and structure of fragmentation potential is significantly mod-
ified when one shifts from the ECT to CCT configuration. A
similar analysis is carried out for the 258Fm nucleus, but not
shown here to avoid repetition, and it is observed that “He,
#8Ca, and 86Se are the most favorable choices for the third
fragment.

Further, the deepest minima in the fission region of the
ternary fragmentation potential of the most favorable A3 frag-
ment are also marked with vertical line in Figs. 3(a)-3(f) for
all considered cases. Interestingly, the choice of third frag-
ment Az remains the same and independent of the type of
the cluster tripartition; however, the most preferred A; + A,
fragments can be different for ECT/CCT approaches.

Note that the deep valley of the fragmentation potential
gives the most probable fission fragment combination as they
are more stable than the neighboring decay fragments. It is ob-
served that such kind of minima in the fragmentation structure
is mainly due to the influence of shell closure effects of the
fragment combination. As a consequence, lowest magnitude
of fragmentation potential is observed for those fragments
which have either magic proton/neutron numbers or lying
in the neighborhood of magic shell closures. Therefore, the
magic nuclide is observed as one or two of the decay frag-
ments.

From Fig. 3, the identified most probable fission
fragment combinations (A} + A +A3) for ECT mode
are 38Ba(Z = 56, N = 82)+ '"Mo(N = 58, Z = 42)+
‘He(Z =2,N =2), 138Ba(Z = 56, N = 82)+°Cr(Z =
24, N =32)+%Ca(Zz =20,N =28), ¥Kr(Z=34,N=
48)+%0Se(Z = 34, N = 46)+¥Ge(Z = 32, N = 48), and
for CCT partition the fragment combination is same
for A3 =“*He and %°Ge but different for A; = *Ca as:
18RU(Z = 44, N = 64)+ ¥Kr(Z = 36, N = 50)+ *¥Ca(Z =
20, N = 28). This may happen because of the contribution of
Coulomb potential, which reduces in the CCT configuration
due to the large interfragment distance between A; and A, see
Fig. 1(b), and this impact is high for heavier A3 fragment.

Following the same procedure, the most preferred choices
for third fragment from mass A3 = 1 to Ap/3 are identified
and listed in Tables I and II for *?Fm and **Fm parent
nuclei, respectively. Here Ap is the mass of parent nuclei.
The fragment combinations (A; + A, + A3) having the lowest
value in the ternary fission region are also shown in the tables.
Note that, a condition of A; > A, > Az is imposed in the
calculations to avoid the repetition of fragment combination.
It is observed that the choice of third fragment A3 remains
same and independent of the choice of tripartition, and in
agreement with the results of Fig. 3. However, the most pre-
ferred A 4+ A, fragments get changed for many cases as listed
Tables I and II. The proton and neutron numbers are also
mentioned along with the fragment combination. The proton
(Z = 2,8, 20, 28, and 50) and neutron (N = 2, 8, 20, 28, 50,
and 82) shell closures of all fragments are marked with the
bold letters. It is important to mention that except for few
cases, the fragment combinations associate themselves with
the magic shell at least for one fragment of tripartition. This
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TABLE 1. The most preferred ternary fission fragment combination (A; 4+ A,) along with fixed third fragment (A3) for ECT and CCT
configuration of 2**Fm parent nucleus. The corresponding proton (Z) and neutron (N) number are also listed.

ECT CCT
(N1, Z))+(N,, Z2)+(N3, Z3)

Fragment combination Fragment combination (N1, Z)+(NVa, Z2)+ (N3, Z3)

12190 4 12080 4 'n
1388, 1 104 4 21
139 4 4 10Mo 4 3

(71,50)+(70,50)+(1,0)
(82,56)+(61,43)+(1,1)
(82,57)+(58,42)+(2,1)

138Ba + Mo + “He (82,56)+(58,42)+(2,2)

133Ba + %Mo + *He (82,56)+(57,42)+(3,2)

13¥Ba + %Mo + ®He (82,56)+(56,42)+(4,2)

138Ba 4+ “'Nb + 'Li (82,56)+(56,41)+(4,3)

138Ba 4+ %7r + Be (82,56)+(56,40)+(4,4)

133Ba 4+ »Zr + °Be (82,56)+(55,40)+(5,4)

138Ba + %7Zr + Be (82,56)+(55,40)+(6,4)

141Ba 4+ 0y 4 'Be (83,58)+(52,38)+(7,4) 138Ba + %7r 4+ 'Be (82,56)+(53,40)+(7,4)
199Ce 4 9°Sr 4 ’Be (82,58)+(52,38)+(8,4)

138Ba +%1Sr 4 (82,56)+(53,38)+(7,6)

38Ba 4+ %Sr + 4C (82,56)+(52,38)+(8,6)

138Ba +8Sr 4+ 5 (82,56)+(51,38)+(9,6)

138Ba + 8881 4 '°C (82,56)+(50,38)+(10,6)

¥La 4+ 8Kr + "N (82,57)+(50,36)+(10,7) B7Cs +88r+ N (82,55)+(50,38)+(10,7)
138Ba 4+ 3Kr + 130 (82,56)+(50,36)+(10,8)

37Ba + %Kr + °0 (81,56)+(50,36)+(11,8)

136Ba + %Kr + 200 (80,56)+(50,36)+(12,8)

133%e 4+ 8Sr+210 (79,54)+(50,38)+(1(3,8)

132Xe +8Sr+220 (78,54)+(50,38)+(14,8)

1317 4 88gr 4 2R (78,53)+(50,38)+(14,9)

132X e + 8Kr 4+ **Ne (78,54)+(50,36)+(14,10) 132Te + 8Sr + 2*Ne (80,52)+(50,38)+(14,10)
129Te 4 88Sr + 2 Ne (77,52)+(50,38)+(15,10)

128Te 4+ 88Sr + 2°Ne (76,52)+(50,38)+(16,10)

1291 4 8Ky 4+ 2"Na (76,53)+(50,36)+(16,11) 127Sb + %Sr 4+ ’Na (76,51)+(50,38)+(16,11)
128Te + %6Kr + Mg (76,52)+(50,36)+(16,12)

127Te 4 36Kr 4- Mg (75,52)+(50,36)+(17,12) 1248n +88r 4 ¥ Mg (74,50)+(51,38)+(17,12)
126Te 4 86Kr 4- Mg (74,52)+(50,36)+(18,12) 12450 4 8Sr 4+ 0Mg (74,50)+(50,38)+(18,12)
1238n + 88sr 4-3'Mg (73,50)+(50,38)+(19,12)

1251 4 8Sr + Mg (72,50)4(50,38)+(20,12)

12380 + 3Kr + *3Si (73,50)+(50,36)+(19,14)

140Ce + %8Ni + 3si (82,58)+(40,28)+(20,14) 1228n 4 80Kr 4 3*Si (72,50)+(50,36)+(20,14)
140Ce + 97Ni + Si (82,58)+(39,28)+(21,14) 12150 4 86Kr 4 3°Si (71,50)+(50,36)+(21,14)
H40Ce 4 %Ni + 36Si (82,58)+(38,28)+(22,14) 1209n 4 86Kr 4 30Si (70,50)+(50,36)+(22,14)
39La 4+ %°Ni 4 ¥p (82,57)+(38,28)+(22,15) WIn 4 86Kr +37p (70,49)+(50,36)+(22,15)
138Ba + %Nj + 35 (82,56)+(38,28)+(22,16) 12280 4 $2Se 4 385 (72,50)+(48,34)+(22,16)
137Ba 4 %Ni + s (81,56)+(38,28)+(23,16) 219n 4+ 828e + ¥3 (71,50)+(48,34)+(23,16)
136Ba 4 Nj 4 40s (80,56)+(38,28)+(24,16) 1208n + #Se 4 40g (70,50)+(48,34)+(24,16)
140Ce 4-1Fe + 415 (82,58)+(35,26)+(25,16) 5cd 4 8Kr 4413 (67,48)+(50,36)+(25,16)
1397¢ 4 OFe 4425 (82,58)+(34,26)+(26,16) 14cq 4 Ky 4+ 42g (66,48)+(50,36)+(26,16)
1L a 4 ©Fe +4Cl1 (82,57)+(34,26)+(26,17) 13 Ag +8Kr 4+ 4C1 (66,47)+(50,36)+(26,17)
138Ba + OFe 4+ “Ar (82,56)+(34,26)+(26,18) 12pq 4 86Ky 4+ “Ar (66,46)+(50,36)+(26,18)
137Ba + “Fe + ¥ Ar (81,56)+(34,26)+(27,18) 1pg 4 80K 4+ Ar (65,46)+(50,36)+(27,18)
140Ce 4+ 3°Cr 4“0 Ar (82,58)+(32,24)+(28,18) 10pq 4 86K 4 46Ar (64,46)+(50,36)+(28,18)
1398 43Cr + 4K (82,57)+(32,24)+(28,19) 19Rh 4+ 3Kr 4+ YK (64,45)+(50,36)+(28,19)
138Ba +%Cr 4+ *Ca (82,56)+(32,24)+(28,20) 108Ru + 8Kr + *8Ca (64,44)+(50,36)+(28,20)
141Ce 4 32Ti +*Ca (83,58)+(30,22)+(29,20) 07Ru + 8Kr + *“Ca (63,44)+(50,36)+(29,20)
19Ce 4 32Ti 4+ °Ca (82,58)+(30,22)+(30,20) 106Ru + 8 Kr +Ca (62,44)+(50,36)+(30,20)
140Ce +3'Ti4+°'Ca (82,58)+(29,22)+(31,20) 105Ru + %Kr +>'Ca (61,44)+(50,36)+(31,20)
124Te 4 %Ni 4+ >2Ca (72,52)+(38,28)+(32,20) 105Ru + 8Kr + 2Ca (61,44)+(50,36)+(32,20)
123Sb 4 %Ni + 3Sc (72,51)+(38,28)+(32,21) 1037 4 86Ky 4 538c (61,43)+(50,36)+(32,21)
12281 4 %Ni 4 >*Ti (72,50)+(38,28)+(32,22) 12Mo + Kr +>*Ti (60,42)+(50,36)+(32,22)
1219 4 65Ni 4 3Ti (71,50)+(38,28)+(32,22) 0Mo + 3Kr +>°Ti (59,42)+(50,36)+(32,22)
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TABLE 1. (Continued.)

ECT CCT
Fragment combination (N1, Z))+(N>, Z,)+ (N5, Z3) Fragment combination (N1, Z))+(N>, Z,)+ (N3, Z3)
1208 + %Ni + 36T (70,50)+(38,28)+(34,22) 100Mo + 3Kr + °Ti (58,42)+(50,36)+(34,22)
1980 + %Ni 4+ >'Ti (69,50)+(38,28)+(35,22) Mo + 80Kr +Ti (57,42)+(50,36)+(35,22)
11880 4 %Nj 4 38Tj (68,50)+(38,28)+(36,22) %Mo + 3Kr + 3 Ti (56,42)4(50,36)+(36,22)
7 4 Nj 4 v (68,49)+(38,28)+(36,23) 9TNb + ¥Kr 4+ v (56,41)+(50,38)+(37,23)
%7r +8Kr +°Cr (56,40)+(50,36)+(36,24)
NS+ 28r + °'Cr (53,38)+(52,38)+(37,24)
0Sr +%8r + 2Cr (52,38)+(52,38)+(38,24)
08r +Sr + SMn (52,38)+(52,38)+(39,24)
0Gr 4 88Ky 4 *Fe (52,38)4(50,38)+(38,24)
NSr + 8K + Fe (53,38)+(50,36)+(39,26)
1Sr + 8Kr 4 SFe (53,38)+(50,36)+(39,26)
0Sr + 3Kr + 5Fe (52,38)+(50,36)+(40,26)
8981 4 8K + 7Fe (51,38)4(50,36)+(41,26)
88Sr + 8Kr + ®Fe (50,38)-+(50,36)+(42,26)
87Rb + 3Kr + ®Co (50,37)+(50,36)+(42,27)
80Kt + 80Kr + °Ni (50,36)-+(50,36)+(42,28)
SKr 4+ 3Kr + 'Ni (49,36)+(50,36)+(43,28)
88Sr + $2Se 4+ *Ni (50,38)+(48,34)+(44,28)
88Sr 4 82Se 4+ >Ni (50,38)+(48,34)+(44,28)
8Sr 4+ 8'Se + °Ni (50,38)+(47,34)+(45,28)
88Sr + %0Se 4+ "Ni (50,38)+(46,34)+(46,28)
$Rb + %Se + °Cu (50,37)+(46,34)+(46,29)
80Ky 4 80Se + 7Zn (50,36)+(46,34)+(46,30)
8Kr +39Se +77Zn (49,36)+(46,34)+(47,30)
8Kr +%Se + Zn (48,36)+(46,34)+(48,30)
BKr +%Se +°Zn (47,36)+(46,34)+(49,30)
82Kr +3°Se +%Ge (48,34)4(46,34)+(48,32)
**Fm—A +A,+A, (ECT)
.20 .15
00sf(@) A =He ) ArC " A="Ca " A Ge
1000 16 138, 0.12 90g,. 1383 ols 6Cr 1383,
0.02 0.10
0.08 0.10
0.05
E 0.01 0.04 0.05 8OSC SZSe
2
z 80 100 120 140 160 0.00 80 100 120 140 160 60 80 100 '120 140 - 50 60 70 80 90 100110
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0.00014
2 0@ ATHe e |® A" wal®  A="Ca sonopal (B A="Ge
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012 03 0.00010 8OGe 9851.
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0.02 0.04 o1 0.00004
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Fragment mass A, and A,

FIG. 8. The calculated relative fission yield as a function of fragment masses A; and A, for (a)—(d) >**Fm and (e)—(h) >*Fm for fixed A;
fragments such as *He, '*C, *Ca, and 3°Ge for ECT approach.
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TABLE II. The most preferred ternary fission fragment combination (A; 4+ A,) along with fixed third fragment (A3) for ECT and CCT
configuration of >*Fm parent nucleus. The corresponding proton (Z) and neutron (N) number are also listed.

ECT CCT
(N1, Z))+(N,, Z2)+(N3, Z3)

Fragment combination Fragment combination (N1, Z)+(NVa, Z2)+ (N3, Z3)

12980 + 128Sn + 'n
130G 4 1261 1 2p
130G 4 1251 1+ 3

(79,50)+(78,50)+(1,0)
(80,50)+(77,49)+(1,1)
(80,50)+(76,49)+(2,1)

13081 + 1?*In + *He (80,50)+(76,48)+(2,2)
13lgy 4 12204 4+ SHe (81,50)+(74,48)+(3,2)
1309y + 122Cd 4 *He (80,50)+(74,48)+(4,2)
13280 4+ " Ag 4+ "Li (82,50)+(72,47)+(4.,3)
132Gy 4 118pq 4 8Be (82,50)+(72,46)+(4,4)
131§ 4 18pq 4 9Be (81,50)+(72,46)+(5.4)
132G 4 116pg 4 10B¢ (82,50)+(70,46)+(6,4)
131gy 4 116pq 4 11Be (81,50)+(70,46)+(7.4)
130§ 4 116pq 4 12Be (80,50)+(70,46)+(8.,4)
13280 + "BRu + 13C (82,50)+(72,44)+(7,6)
132G 4 2Ry 4 M (82,50)+(72,44)+(8,6)

1315n+ 112Ru+ 15C
]34Te+ 108M0+ 16C

(81,50)+(68,44)+(9,6)
(82,52)+(66,42)4-(10,6)

1338b + %Mo 4+ N (82,51)+(66,42)+(10,7)
1328n + %Mo + ¥0 (82,50)+(66,42)4(10,8)
1328n 4+ Mo + °0 (82,50)+(65,42)+(11,8)
1328n 4+ %Mo + 200 (82,50)+(64,42)+(12,8)
B34Te +1837r 4210 (82,52)+(63,40)+(13,8) B31Sn + %Mo 4 2'0 (81,50)+(64,42)+(13,8)
34Te 4+ 1027r + 20 (82,52)+(62,40)+(14,8)
1338b + 1271 + BF (82,51)+(62,40)+(14,9)

132G 4 1027, 4 24N
]32Sn+ ]()]Zr +25Ne
13280 4 1907y 4 2Ne

(82,50)+(62,40)+(14,10)
(82,50)4(61,40)+(15,10)
(82,50)+(60,40)4-(16,10)

1338n + %8Sr +?Na (82,50)+(60,38)+(16,11) 13280 +9Y +?'Na (82,50)+(60,39)+(16,11)
1328n + %Sr 4+ Mg (82,50)+(60,38)+(16,12)
13280 4-7Sr + Mg (82,50)4-(59,38)+(17,12)
1328n +%Sr 4+ Mg (82,50)+(58,38)+(18,12)
131Sn 4 %Sr 4+ 3'Mg (81,50)+(58,38)+(19,12)
134Te 4+ 2Kr 4 ¥Mg (82,52)4(56,36)+(20,12) 13280 4-%4Sr 4+ Mg (82.50)4(56,38)+(20,12)
1328n + BKr + ¥8i (82,50)+(57,36)+(19,14)
13281 4+ 2Kr 4 3Si (82,50)+(56,36)+(20,14)
13280 + 'K + ¥Si (82,50)+(55,36)+(21,14)
134Te 4 88Se +30Si (82,52)+(54,34)+(22,14) 1328n + PKr 4 ¥Si (82,50)+(54,36)+(22,14)
1338b + 8Se 4+ 37p (82,51)+(54,34)+(22,15) 1328n + ¥Br +¥p (82,50)+(54,35)+(22,15)
1328 + 8Se + 389 (82,50)+(54,34)+(22,16)
13281 4 87Se 4 35 (82,50)+(53,34)+(23,16)
13281 + 86Se 4+ 409 (82,50)+(52,34)+(24,16)
34Te 4+ 83Ge +4''s (82,52)+(51,32)+(25,16) 13281 4 83Se 4415 (82,50)+(51,34)+(25,16)
34Te 4+ 32Ge 4+ 425 (82,52)+(50,32)+(26,16) 13280 4 84Se 4 25 (82,50)+(50,34)+(26,16)
138b 4+ 82Ge + 1 (82,51)+(50,32)+(26,17) 13280 4+ 8 As +4Cl (82,50)+(50,33)+(26,17)
1328n 4+ 82Ge + “Ar (82,50)+(50,32)+(26,18)
BISn +32Ge +“ Ar (81,50)+(50,32)+(27,18)
B34Te +8Zn +* Ar (82,52)+(48,30)+(28,18) 1328n 4+ 8Zn + “Ar (82,50)+(48,30)+(28,18)
1338b 4+ 8Zn + 4K (82,51)+(48,30)+(28,19) 328n +"”Ga+ 4K (82,50)+(57,32)+(28,19)
1328n 4+ #Zn + *Ca (82,50)+(48,30)+(28,20)
B31Sn 4+ Zn+*Ca (81,50)+(48,30)+(29,20)
1328n +7%Zn +°Ca (82,50)+(46,30)+(30,20)
131Sn +7%Zn +°'Ca (81,50)+(46,30)+(31,20)
134Te + ?Ni+2Ca (82,52)+(44,28)+(32,20) 13081 4+ 7°Zn +32Ca (80,50)+(46,30)+(32,20)
133Sb + 7>Ni + *3Sc (82,51)+(44,28)+(32,21) 1328n 4+ BCu +>Sc (82,50)+(44,29)+(32,21)
13280 + 2Ni 4+ *Ti (82,50)+(44,28)+(32,22)

13lsn + 72Ni + 55Ti

(81,50)+(44,28)+(33,22)
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TABLE II. (Continued.)

ECT

Fragment combination (N1, Z1)+(Na, Z2)+(N3, Z3)

CCT

Fragment combination (N1, Z1)+(Na, Z3)+(N3, Z3)

1328n + ONi 4+ >°Ti (82,50)+(42,28)+(34,22)
131Sn + Ni+"Ti (81,50)+(42,28)+(35,22)
13081 + 7ONi + 3¥Tj (80,50)+(42,28)+(36,22)
1338 4 %Fe 4+ ¥y (82,51)+(40,26)+(36,23)
1328n + %Fe 4+ °Cr (82,50)+(40,26)+(36,24)
13181 4 %Fe + °'Cr (81,50)+(40,26)+(37,24)
1308 + %°Fe + 2Cr (80,50)+(40,26)+(38,24)
1328n + %Mn + %Mn (82,50)+(38,25)+(38,25)
132Cd 4 %Fe + %Fe (84,48)+(40,26)+(38,26)
127Cd + %Fe 4 ®Fe (79,48)4(40,26)+(39,26)
126Cd + %Fe + %Fe (78,48)4(40,26)+(40,26)
124Cd 4 Fe + " Fe (76,48)+(41,26)+(41,26)
12Cd 4 %8Fe + ®Fe (74,48)+(42,26)+(42,26)
1%8Mo +8'Ga+%“Co (66,42)4-(49,32)+(42,27)
10Mo 4+ 78Zn + °Ni (58,42)+(48,30)+(42,28)
1Mo + ®Zn + "'Ni (57,42)+(48,30)+(43,28)
10471 + 82Ge + ’Ni (64,40)+(50,32)+(44,28)
1037 4+ 8Ge 4+ *Ni (63,40)+(50,32)+(45,28)
1027 +82Ge 4+ ™Ni (62,40)4-(50,32)+-(46,28)
1027 +31Ga+Cu (62,40)+(50,31)+(46,29)
1027 4 8070 +7%Zn (62,40)4(50,30)+(46,30)
10370 4+ B7Zn+7Zn (63,40)+(48,30)+(47,30)
1027 4 B7Zn+8Zn (62,40)+(48,30)+(48,30)
7Sr +82Ge 4+ °Zn (59,38)+(50,32)+(49,30)
BSr+827n +3Ge (60,38)+(52,30)+(48,32)
SKr +¥Ge + ¥ Ge (59,36)+(50,32)+(49,32)
MKr +¥Ge + ¥2Ge (58,36)+(50,32)+(50,32)
2Kr +3Ge + ¥3Ge (56,36)+(51,32)+(51,32)
88Se 4+ 39Se + HGe (54,34)+(52,34)+(52,32)
87Se +3Ge + *°Se (53,34)+(54,32)+(51,34)
8Se + 3Ge + ¥Se (52,34)+(54,32)+(52,34)

1328n 4+ 7Co + v

13280 4 “Fe 4 “Cr

109M0 +82Ge +67Fe
IOSMO +82Ge+68Fe
107Nb+820a+()9c0
106Zr+ 82Ge+70Ni
1052r+82Ge+7]Ni

0ly 4 8Ge +Cu

99Sr+82Ge+77Zn
98Sr+82Ge+7SZn

96KI‘—|—82G6+80G€

(82,50)+(40,27)4-(36,23)

(82,50)+(38,26)+(38,24)

(67,42)4+(50,32)+(41,26)
(66,42)+(50,32+(42,26)
(66,41)+(50,32)+(42,27)
(66,40)4(50,32)+(42,28)
(65,40)4-(50,32)+(43,28)

(62,39)+(50,32)4-(46,29)

(61,38)4-(50,32)+(47,30)
(60,38)+(50,32)+-(48,30)

(60,36)4-(50,32)+(48,32)

result is in agreement with reference [42,43]. Interestingly,
some of the predicted third fragments A3 in Tables I and II are
either observed or predicted in cluster radioactivity studies or
in induced ternary fission [23-27,44,45].

CCT mode is observed experimentally for 2>2Cf nucleus by
Pyaktov et al. in 2010 [46] using the missing mass method. In
this experiment **~3Ca is reported as the third fragment along
with heavy Sn (Z = 50 magicity) as one of the fragment. In
the present calculations, ¥752Ca are emerged as third frag-
ment in ECT as well as CCT mode for 2*>2¥Fm isotopes.
The remaining fragments (fragment 1 and/or fragment 2) are
reinforced via Z = 50 or N = 82 magicity as evident from
Table I and II. Henceforth, the present calculations are in
reasonable agreement with the experiment data [46].

Previous experimental studies of ternary fission have
pointed out that the third light fragment will emit in the
perpendicular direction to the fission axis [14—17]. However, a
collinear emission of three fragments of comparable masses is
also identified [23-27] in many studies and called as collinear
tripartition. To estimate the most preferred A3 fragment among
all above predicted possibilities of >**>Fm nuclei for ECT
and CCT modes of emission, the ternary fragmentation poten-
tial V (A,) is plotted for A3 = 4, 30, and 80 (or 86) fragments

in Figs. 4(a)—4(d) for both equatorial and collinear cluster
tripartition. Here the ternary fragmentation potential is rep-
resented only for limited cases just for the clarity; However,
the trend remains same after inclusion of in between third
fragment choices. One can clearly see from Figs. 4(a) and 4(b)
that the ternary fragmentation potential has smaller magnitude
for A3 = “He case for ECT mode. The magnitude of frag-
mentation potential increases with increment in mass of third
fragment, and hence one may conclude that the emergence of
lightest third fragment is most favorable at equatorial partition
of the parent nuclei. However, for CCT case, the heavier
third fragments start competing the lighter ones as shown in
Figs. 4(c) and 4(d) for both parent nuclei.

For further analysis, Figs. 5(a) and 5(b) represent the de-
cay Q value (triangles) and ternary fragmentation potential
V (MeV) (squares) corresponding to fragment combinations
as listed in Table I of >*Fm parent nucleus as a function
of third fragment mass A3 for ECT and CCT ternary emis-
sion modes. The dotted lines are used to label the minimum
of potential and maximum of Q values. It is observed that
the A3 fragments like “He, ®Be, '“C, '80, **Ne, 28Mg, s,
B8g, “Ar, ¥Ca, 7*Ti, OCr, “Fe, Fe, °Ni, 7°Zn, and %°Ge
have maxima in Q value and minima in the fragmenta-
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FIG. 9. The calculated relative fission yield as a function of fragment masses A; and A, for (a, b, ¢) 2*Fm and (d, e, f) ***Fm for fixed A;

fragments such as '*C, **Ca, and ¥ Ge for the CCT approach.

tion potential. Interestingly, the systematics of Q value and
potential energy support the emission of even-mass third
particles strongly. The fragmentation potential has higher
magnitude for equatorial emission than the collinear mode
particularly for heavier third fragments, for instance, it is
around 40 MeV for TTF, i.e., 32Kr + 8Se + 3°Ge, indicating
that heavier third fragments have more possibility in collinear
emission. The compelling reason behind this difference is the
Coulomb potential because it reduces in the CCT configura-
tion due to the large interfragment distance between A; and
A, fragments, see Fig. 1(b). Moreover, this effect is large
for heavy fragments due to higher charge and mass numbers.
Therefore, one can say that heavy fragments and true (sym-
metric) ternary fission prefer the CCT emission as observed in
various studies [23-27]. A deeper look of Fig. 5 supports that
“He is the most preferred third fragment for both equatorial
and collinear configurations. Similar result is observed in the
experiment study of 2®2’Fm isotopes [47]. However, the
potential energy of heavier fragments in CCT mode is much
lower than the ECT mode, see the shaded area in the figure.
This indicates that heavier third fragment starts competing the
lighter third fragment in CCT mode. It is to be noted here that
the 2>Fm has shown the same behavior as we noticed for the
22Fm nucleus for both CCT and ECT configurations.

Figures 6(a)-6(c) depict the scattering potential which is
calculated using V = V¢, + Vp, relation as a function of sep-
aration distance (s) for three choices of third fragments such
as A3 = '“C, ¥Ca, and 3%Se. The scattering potential denotes
the interaction between the fragments by increasing value of
the surface separation s as in Eqgs. (19) and (23) for ECT and
CCT modes. Here in present case, we have varied the surface
separation distance uniformly in ECT and CCT mode keeping
the radius of corresponding fragments unchanged. The idea is
to visualize the impact of variation in magnitude of surface
separation distance on the barrier characteristics and also the
penetration probability of the fragments emerged in these two
configurations.

In the present calculations, the first turning point s; = 0.4
fm is common for all choices of third fragment for better
comparison and for which the barrier penetration works. It
is observed that the magnitude of barrier height is lower for
CCT configuration as compared to the ECT one for each
shown case. This indicates that collinear division of parent
nuclei seems more preferred than the equatorial emission for
the considered cases. Further, the penetrability P and relative
fission yield Y (A;, Z;) are calculated using Eqs. (13) and (15),
to analyze the ternary fission fragment mass distributions of
242.258Em parent nuclei.
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FIG. 10. The binary fragmentation potential [(a) and (b)] as a
function of fragment mass A, and relative yield [(c) and (d)] as
a function of fragment masses A; and A, using PCM for ***Fm

and *Fm nuclei. The most probable binary fission channel is also
shown.

A relative study of barrier penetration is carried out by
plotting TCM-calculated penetrability P as a function of frag-
ment mass A; (i = 1,2) for ECT and CCT emission modes
in Fig. 7 for the A3 = *8Ca fragment of the >>Fm nucleus.
The penetration probability is higher for collinear decay mode
as compared to equatorial one, because the barrier height for
CCT mode is much lower than the ECT (see Fig. 6). However,
in both configurations the choice of most favorable fragment
combination remain same ('32Sn + ®Zn 4 *¥Ca) having max-
imum penetrability.

Figures 8(a)-8(d) and Figs. 8(e)-8(h) represent the relative
ternary fission yield of >*?Fm and >**Fm nuclei as a function
of fragment masses A; and A, for a few selected third frag-
ments for ECT configuration. The considered Az fragments
such as *He, '*C, *®Ca, and ¥Ge leaving the remaining sys-
tem (Ap-Az) as 23Cf, 228Pu, ""*Hg, '°Er for **Fm parent
nucleus, and 2*Cf, 2**Pu, 2'°Hg, '"®Er, for »*Fm nucleus.
The lower limit of mass distribution is decided by taking
0.55 fraction of (Ap-A3)/2, and higher limit is the related
complementary element for each case of A; fragment. One
may notice that the ternary fission mass distribution changes
from becomes more asymmetric for heavier third fragment.
However, overall distribution remains asymmetric in nature.
The most probable fission fragments A; 4+ A, are also marked
in the figure which are same as observed across minima of
fragmentation potential. Interestingly, the nature of ternary
fission mass yield of these remaining nuclei, i.e., asymmetric,
remain same as the binary fission mass distributions of such
nuclei studied in Refs. [48-51]. Similar kind of results are
observed for the CCT case as plotted in Figs. 9(a)-9(c) and

Figs. 9(d)-9(f), respectively, for >2Fm and **Fm nuclei. The
choice of A| and A, fragments may change as one shift from
ECT to CCT configuration. Note that, the relative yield for
the case of A3 = *He is not shown in Fig. 9 for CCT case,
because the barrier potential V(s) is much lower than Q value
of the “He decay, and hence the barrier penetration is not
possible.

In our previous work of binary fission of Fm isotopes [10],
it was observed that mass distributions modify with increase
in mass of Fm isotopes from Ap = 242 to 260, irrespective
of deformation effects. Figures 10(a) and 10(b) represent the
binary fragmentation potential for >*?Fm and >>Fm, respec-
tively. It is depicted from figures that for the spherical choice
of fission fragments, symmetric fission is prominent for both
fissioning nuclei. However, the symmetric valley becomes
deeper for 2Fm as compared to >**Fm. Further, the relative
yield of both nuclei is represented in Figs. 10(c) and 10(d),
and it represents the similar result as fragmentation potential
suggests. That means, the broader symmetric peak of >*Fm
becomes sharper for 2>Fm nucleus. Therefore, one can say
that the binary fission prefers the symmetric distribution for
considered Fm isotopes, whereas asymmetric behavior of rel-
ative mass yield is observed for the case of ternary fission.
Further for the relevant discussion of binary fission, one may
refer our recent paper [10], which also suggests that defor-
mation and orientation effects play important role in binary
division. In view of this, it would be of high interest to employ
the deformation and orientation effect in ternary fragmenta-
tion of fissioning nuclei.

IV. SUMMARY

Summarizing, the ternary fission analysis of **’Fm and
238Fm isotopes is carried out within CCT and ECT configu-
rations. Three-body fragmentation potential is used to fix the
third fragment (A3) among various possibilities. The system-
atics of Q value and ternary fragmentation potential support
the emission of even-mass third fragments. The most proba-
ble fission channels (A; + A, + A3) are identified for a wide
range of light and heavy mass third fragments (1 to Ap/3),
where Ap is mass of parent nucleus. It is observed that at least
one among the three probable ternary fission fragments, asso-
ciate with the neutron or proton closed shell. A relative study
of equatorial and collinear emission in context of ternary frag-
mentation potential reveals that the light mass third fragments
are equally probable for both ECT and CCT modes. How-
ever, heavier mass third fragments start competing the lighter
one in collinear mode due to large interfragment distance
and have lower magnitude of Coulomb potential. Further,
the barrier height and barrier penetrability P are analyzed
for both ECT and CCT configurations. The barrier height is
observed to be lower and barrier penetrability P is higher for
the CCT as compared to ECT configuration, indicating that
collinear emission may be preferred over the equatorial one.
Finally, a relative comparison of binary and ternary fission
has been carried out in reference to fragmentation structure
and relative yield. It may be of further interest to include
deformation effects in the ternary fragmentation of fissioning
nuclei.
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