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After a successful attempt to define and determine recently the compound nucleus (CN) fusion/ formation
probability Pcy within the dynamical cluster-decay model (DCM), we introduce and estimate here for the first
time the survival probability Py, of CN against fission, again within the DCM. Calculated as the dynamical
fragmentation process, Py, is defined as the ratio of the evaporation residue (ER) cross section ogg and the
sum of ogg and fusion-fission (ff) cross section oy, the CN formation cross section ocn, where each contributing
fragmentation cross section is determined in terms of its formation and barrier penetration probabilities P
and P. In DCM, the deformations up to hexadecapole and “compact” orientations for both in-plane (coplanar)
and out-of-plane (noncoplanar) configurations are allowed. Some 16 “hot” fusion reactions, forming a CN of
mass number Acy ~ 100 to superheavy nuclei, are analyzed for various different nuclear interaction potentials,
and the variation of Py, on CN excitation energy E*, fissility parameter x, CN mass Acy, and Coulomb
parameter Z, Z, is investigated. Interesting results are that three groups, namely, weakly fissioning, radioactive,
and strongly fissioning superheavy nuclei, are identified with P, respectively, ~1, ~107%, and ~10~'°. For
the weakly fissioning group (100 < Acny < 200), independent of the interaction potential, different isotopes and
for coplanar or noncoplanar collisions, Py, decreases from one to zero as E* increases, whereas, independent
of entrance channel effects, the same is surprisingly the reverse for the radioactive group (Acy ~ 200-250), i.e.,
Py, increases with the increase of E*. This is shown to be so due to the different relative magnitudes of ogg and
o and their variations with E* in the two cases. For the superheavy nuclei also Py, is a decreasing function
of E*. Furthermore, of particular interest are the cases of ' Ag*, isotopes of Pt*, and 2!*215-21Fr* nuclei — for
105A0* whereas the Pcy belongs to the strongly fissioning superheavy group, Py, belongs to weakly fissioning
nuclei; for Pt* isotopes, the inverse of all the compound systems studied, both Pcy and Py, decrease with the
increase of E*; for 21>21521"Fr* nuclei, though fissility y is nearly the same, Py, for 2!>2'7Fr* is of the same
order as for weakly fissioning nuclei, but that for 2">Fr* is of the order of radioactive nuclei. Apparently, further

calculations are called for.
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I. INTRODUCTION

In a very recent work [1,2], we determined the compound
nucleus (CN) fusion/formation probability Pcy within the
dynamical cluster decay model (DCM), defined as

OCN —1— OnCN , (1)

Oftusion

Pen =
Ofusion

where the (total) fusion cross section Ofysion = OCN + OnCN
with ocn as the CN formation cross section, given as the
sum of evaporation residue (ER) and fusion-fission (ff) cross
sections (ocN = Opr + 0f), and opcn as the noncompound
nucleus (nCN) cross section. Figure 1 in Ref. [1], illustrates
schematically the various components of CN decay/fusion
cross section, also called the CN production cross section,
or simply the (total) fusion cross section opysion if the nCN
component is included.

Another quantity of interest in heavy ion reactions, not fully
understood, is the CN survival probability Py, introduced
to account for the emission of light particles (LPs) or
neutrons with respect to the fusion-fission process. In other
words, Py, is the probability that the fused system will
de-excite by emission of neutrons or LPs (equivalently, the
evaporation residue ER) rather than fission, thereby defined
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as

Py = —, (2)

where ocn = ogr + 0%, as defined above. Apparently, for a
fissionless decay, Py = 1, i.e., the CN decays via neutrons
or LPs emission alone. On the other hand, if only fission
takes place, then Py, = 0, implying that no neutron’s (or
LPs) emission occur and there is a complete instability against
fission. It is evident from above that Pcy takes care of the nCN
effects, and Py, looks after the ff process. Then, from Eqs. (1)
and (2), the evaporation residue cross section ogg, with the
effects of both ff and nCN processes included, can be written as

OER = OCN Psurv = Ofusion PN Psurvs 3)

which gives the CN decay cross section ocy if Py = 1 (i€,
og = 0), and the total fusion cross section ofyjon if both Poy =
1 and P,y = 1 (i.e., oyen = Oas well as o = 0, respectively).
Apparently, the survival probability Py, of the CN, in its de-
excitation against fission, is a more crucial factor for producing
heavy and superheavy nuclei. However, the Pcy also becomes
equally important, if nCN effects, like the quasifission (qf),
deep-inelastic collisions/orbiting (DIC), incomplete fusion
(ICF) or pre-equilibrium decay, also comes in to play.
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In statistical models, the survival probability is formally

: T T,
written as Py = IT7_, ET.
i

x neutrons and the fission, with respective widths Fﬁl and I'g,
and can be estimated empirically by using experimental data,
as well as derived theoretically by using the classical formalism
of Vandenbosch and Huizenga [3] based on the standard
Fermi-gas level density formula with different expressions for
the level density parameter [4,5], and Kramers [6] dissipation
factor included or not included, mainly used for superheavy
nuclei formed in “cold” fusion reactions. As an alternative
prescription, here we define Py, for the first time, on the
basis of the dynamical cluster-decay model (DCM) of Gupta
and collaborators [7-26] for “hot” fusion reactions, whose first
report was made at a recent conference [27]. Here, we extend
this work to a larger number of reactions (about 16) having
nonzero og component, to more than one nuclear interaction,
and to a larger number of variables on which the Py, could
depend. Note that, in DCM, the CN fusion cross section
ocN depends not only on “barrier penetrability” P, but also
on fragment preformation factor Py. It may be recalled that
different combinations of the decay processes (ER, ff, and
nCN), or a single one of them as the dominant constituent,
come in to play in different mass regions of compound
nuclei.

In this paper, we consider an application of Eq. (2) to a set of
some 16 reactions with different target-projectile combinations
leading to different compound nuclei. The calculations are
made on the basis of systematic analysis of experimental data
using the DCM [13-25], which include the possible role of
deformations up to hexadecapole deformations (8,, B3, Ba),
with compact orientations 6.;,i = 1,2 [28], or up to only
quadrupole deformation (f8,;), with “optimum” orientations
Gi‘)pt' [29], of “hot” fusion process, for both the cases of coplanar
(azimuthal angle ® = 0°) and noncoplanar (® # 0°) nuclei,
using different nuclear interactions. The model is quite general,
describing completely both the ER and ff processes with in a
single parameter description, the neck length parameter AR,
which, for a given temperature, is allowed to take different
values for different processes. The aim of this work is to study
within the DCM, the effect of various reaction characteristics,
such as the CN excitation energy E*, fissility parameter
x (=(Z?/A)/48), CN mass number Acy and the Coulomb
interaction parameter Z; Z, on Pyyy.

The organization of the paper is as follows. Section II
gives a brief description of the dynamical cluster-decay model
(DCM). The calculations for survival probability Py, based
on DCM, are given in Sec. IIl. Finally, a summary and
conclusions are presented in Sec. IV.

for each successive emission of

II. DYNAMICAL CLUSTER-DECAY MODEL

The DCM, based on the well-known quantum mechanical
fragmentation theory (QMFT) of fission, heavy ion reactions,
and exotic cluster radioactivity (see, e.g., Refs. [7,29]), is
worked out in terms of the collective coordinates of mass
(and charge) asymmetries n = (A} — Az)/(A; + Ay) (and
nz = (Z1 — Z»)/(Z, + Z,)), and relative separation R, with
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multipole deformations 8;; (A = 2,3,4; i = 1,2, referring to
heavy and light fragments, respectively), and orientations 6;,
. In terms of these coordinates, for £ partial waves, we define
the compound nucleus decay/formation cross section for each
fragmentation (A, A,) as

T emax ZMEC.mA
OALA) = 73 Z(zz + DHPyP; k= >
i I

“

where Pj is preformation probability, referring to n motion
at a fixed R value and P, the penetrability, to R motion for
each n value, both dependent on angular momentum ¢ and
temperature 7. p is reduced mass with m as the nucleon
mass. fmax 1S the maximum angular momentum, defined
for light particle evaporation residue cross section ogg — O.
The temperature 7 (in MeV) is related to CN excitation
energy E* (=E.n. + O, with E_y, as the entrance channel
center-of-mass energy and Qj,, the corresponding Q value) as

E*=(A/a)T?—T,

with the level density parameter a = 9-11, depending on mass
A of the CN.

In QMFT, in general, the n and R motions are coupled,
but, as justified in Refs. [30-33], in the definition of Eq. (4)
above, these are apparently taken as decoupled. The stationary
Schrodinger equation for the coupled 1 and R coordinates
(with the n; coordinate minimized, hence kept fixed), is given
by

H(n, Ry (n,R) = E¥(n,R) ®)]
with the Hamiltonian constructed as
H(n,R)=E@m)+ E(R)+ E(n,R)
+Vm+ V(R)+ V(n,R), (6)

where E refers to the kinetic energy (expressed in terms of
mass parameters B;;; i,j = R,n [34-36]) and V(n,R,T),
the T -dependent collective potential energy, calculated as per
the Strutinsky renormalization procedure (B = Vipm + 8U),
using the T-dependent liquid drop model energy Vipm(T)
of Davidson et al. [37] with its constants at 7 = O refit-
ted [9,10,13] to give the experimental binding energies of
Audi et al. [38], and the “empirical” shell corrections U
of Myers and Swiatecki [39] for spherical nuclei, also made
T dependent to vanish exponentially, added to T-dependent
nuclear proximity Vp, Coulomb V¢, and £-dependent potential

V, for deformed, oriented nuclei. In V,(T) (= hzf,(f;)”), the
moment of inertia / is either in complete sticking limit / =
Is(T) = uR* + 2A\mR3 (e, T) + 2AomR3(a2, T) or, as for
experiments, in the nonsticking limit I = Iys = uR?. The
angles «;, i = 1,2, used to define the radius vectors R; of
deformed nuclei [see Eq. (9) below], are measured in the
clockwise direction from the symmetry axis. We find that the
use of sticking limit /g is more appropriate for the proximity
potential (nuclear surfaces <2 fm apart), which evidently has
consequences for the limiting ¢, value to be much larger.
For nuclear collisions, the use of the larger £,,x value due
to the relatively larger magnitude of Ig is shown [13,16]
to result in the reduction of the nuclear surface separation
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distance AR [defined in Eq. (8) below], and vice versa for
Ins. For Vp, we use the pocket formula of Blocki et al. [40]
and various Skyrme forces (SIII and GSkI) in Skyrme energy
density formalism (SEDF) [41-43]. For the kinetic energy
part, the mass parameters B, used are the smooth classical
hydrodynamical masses [34] though, in principle, the shell
corrected masses, like the cranking masses which depend on
the underlying shell model basis [35,36], should be used. In
QMFT, however, the shell effects in B;; do not play much of a
role [30,31].

To implement the decoupled approximation in Eq. (5), (i)
the kinetic energy coupling term E(n, R) (ocar?ﬁ) is neglected
since the coupled cranking masses Bg, and Bg,, [35,36] are
very small [30,31], such that the relations Bg, < (Bgr B,,,,)%
and Bg,, < (Bgr B,,Z,,Z)% hold good; (ii) the coupling term
of the potential V (5, R) is shown to be small [32,33], at least
for fission charge distributions [32] and «-particle transfer
resonances [33]. Then the Hamiltonian (6) for each ¢ value, on
using the Pauli-Podolsky prescription [44], takes the following
form

_ R a9 1 9 n? a 1 a
2,/3,7,7 877‘/377,] 37’] 2VBRR JR ’\/BRR oR
+ V(i) + V(R), @)

and then the Schrodinger equation (5) becomes separable in the
two coordinates 1 and R, whose solutions |1 (1)|* and | (R)|?
give, respectively, the probabilities Py and P of Eq. (4).
The Py(A;) is obtained at a fixed R = R,, the first turning
point(s) of the penetration path(s) for different £ values, and
the penetrability P, instead of solving the radial Schrodinger
equation in R, is given by the WKB integral, which is solved
analytically [45,46]. For more details, see Ref. [1].

For R,, in the decay of a hot CN, we use the postulate [§—10]

R,(T) = Ri(a;,T) + Ra(a2,T)+ AR(n,T),
= R/(o,n, T)+ AR(n,T), )

with radius vectors
&@ﬂ=h®%+2%ﬁ%ﬁ ©)
s

having temperature-dependent nuclear radii Ry;(7) for the
equivalent spherical nuclei [47]

Ro; = [1.284;”° = 0.76 +- 0.8A; (1 +0.000772). (10)

Thus, R, introduces a T-dependent parameter AR(T), the
neck-length parameter, which assimilates the deformation and
neck formation effects between two nuclei [48-50]. As the
£-value increases, the potential V(R,,£) increases, and hence
R, acts like a parameter through AR(n,T). We define R, same
for all £ values since we do not know how to add the ¢ effects in
binding energies. Furthermore, the parameter AR introduces
in DCM an in-built property of “barrier lowering” since, for
a best fit to the data, it allows us to relate in a simple way
the V(R,,?) to the top of the barrier Vz(£) for each ¢, by
defining their difference A Vg (¢) as the effective “lowering of
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the barrier”
AVp(l) = V(Ry,0) — Vp(L). (11)

Note, AVp for each £ is defined as a negative quantity since
the actually used barrier is effectively lowered [7,14].

Noting that the DCM equation (4) is defined in terms of the
exit/decay channels alone, i.e., both the formation P and then
the emission via barrier penetration P are calculated only for
decay channels (A, A»), it follows from Eq. (4) that

4015 4015
OER = Z O(A,4)) O = Z Oxn» (12)
A2=1 x=1
and
A2
or=2 Y O 13)
Ay=50rI6

giving ocn = ogRr + og. Equation (13) is also applicable to
intermediate mass fragments (IMFs) cross section opygs, with
the sum taken up to the maximum measured value of A, and
without the multiplying factor of 2. The same formula (4)
is also applied to the nCN decay process, calculated here as
the quasifission (qf) decay channel where Py = 1 since for qf
the incoming target and projectile nuclei can be considered to
have not yet lost their identity, and then P is calculated for the
incoming channel n;., as

Lmax

T
onen = 25 ) QL+ Dy, (14)
=0

known in the literature as the (¢ summed) extended-Wong
model formula [51]. Thus, the DCM predicts not only the total
fusion cross section, the sum of the constituents ER, ff, and
nCN, but also the cross sections of the constituents themselves.

III. CALCULATIONS AND RESULTS

In this section, we present the results of our calculations for
the CN survival probability Py, based on the calculations
made on the DCM for the chosen 16 reactions, giving
different compound nuclei, for all possible decay processes at
different center-of-mass energies E. ., . The chosen reactions,
their characteristic properties, and the calculated Py, and
Pcx on the DCM, including the Pcn from Ref. [1] for the
earlier studied 12 cases, are listed in Table I. The chosen
reactions span the excited compound systems from mass
number A ~ 100 to superheavy nuclei, i.e., from all the three
regions of stable, radioactive, and superheavy mass. Note that
the reactions involved are all “hot” fusion reactions. Best fits
to data were made for ogr, 0% (Or opvrs), and the measured or
empirically obtained oy (or opcn calculated as the gf process).
The empirical nCN component is estimated as

2 = Ofuston — Ofason- (15)
The possible effect of using different nuclear proximity
potentials, e.g., the pocket formula of Blocki et al. or nuclear
potentials due to different Skyrme forces in Skyrme energy
density formalism (SEDF), and different azimuthal angles
®, i.e., for coplanar (® = 0°) and noncoplanar (P # 0°)
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TABLE I. Characteristic properties of the 16 chosen reactions investigated on the DCM, using the pocket formula of Blocki et al. [40] and
Skyrme energy density formalism (SEDF) [19,20], for the compound nucleus excitation energy range E* = 22.92-84.2 MeV, arranged per
three groups of Py, decreasing (having a large or small value) or increasing (having a small value) with E*. The large Py, refers to small o

and vice versa.

Reactions (o} VA AcN E* YAVA X Pen Py Ref. No.
(deg.) (MeV) Ref. [1]
Blocki et al. Pocket formula
®Ni + 1Mo — 1¢4YDb* 0 70 164 30.6-66.5 1176  0.622  0.62-0.94 0.99-0.44 [14]
®Ni 4+ Mo — '%Yb* 0 70 164 30.6-66.5 1176  0.622 0.784-1 0.995-0.515 [19]
8Ca + 1%4Sm — 202pp” 0 82 202 44.5-65.3 1240 0.693  0.77-0.89 0.822-0.243 [15]
2C 4 %Nb — 1°5Ag* 0 47 105 40.95-54.06 246 0438 0.13-0.25 0.421-0.037 [21]
®Ni + 12Sp — 176pt* 0 78 176 22.92-61.42 1400 0.72 1-0.927 0.899-0.108 [18]
®4Ni + 18S§p — 182p* 0 78 182  33.215-70.465 1400 0.696 1-0.91 0.917-0.185 [18]
®4Ni + 124Sp — 188p* 0 78 188  44.337-77.487 1400 0.674 1-0.543 0.985-0.564 [18]
1328y 4 #Nj — 196p¢* 0 78 196 54.498-84.2 1400 0.646 1-0.696 0.852-0.466 [18]
9F 4 198pg 5 217Rp" 0 87 217  43.479-69.650 702  0.727 1 0.644-0.267 [24,25]
OF 4 194pg 5 235" 0 87 213 47.397-61.059 702  0.740 1 0.471-0.079 [24,25]
328 4+ 2Mo — #Ce” 0 58 124 46.5 672  0.565 0.88 0.58 [22]
48Ca + B8U — 26Cp” 0 112 286 33.1-40.78 1840 0091 0.005-02  2.20 x 10719-2.10 x 10~ [16]
24py 4 $Ca — 2R 0 114 292 35.51-36.73 1880 0.93 0.113-0.14 3.34 x 107192.72 x 10~1° [17]
N 4 B2y — 26Bk* 0 97 246 43-60.9 630 0.796 0.978-1 29 x 1077-4.2 x 1073 [13]
1B 4 235y _ 246B* 0 97 246 34.3-55.9 460  0.796 1-0.78 49 % 1078-8.0 x 1073 [13]
1B 4 204pp _y 215" 0 87 215 31.21-43.48 410  0.733 1 7.07 x 1077-3.66 x 1073 [23]
180 4+ 197 Au — 2I5F" 0 87 215 39.10-56.57 632 0.733 1 9.09 x 1077-1.46 x 10~ [23]
SEDF(SIII/ GSKI)
1328 + #Nj — 19%0pt”* 0 78 196 56.2-84.2 1400 0.646 1-0.41 0.644-0.378 [20]
®4Ni + 10Mo — 4YDb* 0 70 164 30.6-66.5 1176 0.622 0.94-1 0.495-0.999 [19]

nuclei, are also investigated. Except in the case of the “*Ca +
159 m reaction (where only spherical nuclei are considered),
deformed, oriented configurations are allowed in all other
above-stated works carried out on the DCM. Like for Pcyn
in Ref. [1], it is of interest to study the variation of Pgyy
with the CN excitation energy E*, the CN charge Z (or mass
A) number, the fissility parameter x (=(Z2/A)/48), and the
reaction entrance channels in terms of quantities such as the
Coulomb interaction parameter Z;Z,. Some of these results,
based on the DCM calculations, are presented in the following.

Figure 1 shows the variation of DCM-calculated Py, With
CN excitation energy E*, in Fig. 1(a) for five compound
systems (!9 Ag*, 164Yb*, 176pt*, 202pb*  and ?!"Fr*) formed
in reactions with coplanar (& = 0°) nuclei, and for '4Yb*,
also for the case of noncoplanar (® # 0°) nuclei; in Fig. 1(b)
for the ® = 0° case of different isotopes of Pt* and Fr*
(176:182,188,196p* apd 213.217Fr*) and in Fig. 1(c) for different
Skyrme forces (SIII, SSk, and GSkI) used for the ® = 0°
case of reactions forming '*Yb* and '"°Pt*. Interestingly, for
all the considered CN, independent of in-plane or out-of-plane
orientations of nuclei, their different isotopes and the choice of
different nuclear interaction potentials, the survival probability
Py of CN against fission decreases with increasing E*,
going from 1 to 0. This essentially means that the fission
becomes more prominent, i.e., the fusion-fission component
oy increases with the increase of E* [refer to oy in Fig. 4(b)
below, for 22Pb*; the same is true of other compound systems
in Fig. 1. Another point to note in Fig. 4(b) is that ogg and

oy are comparable at all E*’s, leading to the decrease of Pqyy
with the increase of E*]. In other words, the stability of these
nuclei against fission decreases with the increase of E*. Note
that none of these CN are radioactive, i.e., this is a group
of weakly fissioning nuclei, and that 2'3>2!7Fr* belong to this
group. Furthermore, Fig. 1(b) shows that 2!*Fr* is more fissile
(lower Py,y) as compared to 2I7Er* as expected [24]. Another
interesting point to note is that, except for Pt* isotopes, in all
other cases, the CN formation probability Pcy increases with
E* (see Fig. 4 in Ref. [1]), a behavior reverse of Py, with E*.
For Pt* isotopes, however, both Pcy and Py, decrease with the
increase of E*, which should have interesting consequences
for ogg [refer to Eq. (3)].

Similarly as above, for DCM-studied superheavy nuclei
ﬁgCn* [16] and ﬁiFl* [17], considered here, we know from
experiments that the fusion-fission component oy increases as
E* increases (see, Fig. 4 in Ref. [16] or Fig. 5 in Ref. [17]),
and hence Py, would decrease with the increase of E*, as
is depicted to be the case in Fig. 2. Since these are strongly
fissioning nuclei (o ~ mb relative to ogr ~ pb [16,17]), Psyry
is very small ~10~!°.! Note that the CN formation probability
Pcyn for these nuclei is also small (~0.1-0.2), as is the case
for 1%Ag* (see, Fig. 4 in Ref. [1]) whose Py is, however,
large (~0.42-0.04), as discussed in the last paragraph above
[Fig. 1(a)]. Thus, % Ag* actually belongs to weakly fissioning

'There is an error of order in Fig. 1(b) of Ref. [27]. It should be
1079 instead of 10~*.
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FIG. 1. The DCM-calculated Py, as a function of CN excitation energy E*, using for nuclear proximity potential, the Blocki et al. [40]
pocket formula, (a) for coplanar (® = 0°) case of different CN, compared to the noncoplanar (® # 0°) case of '%Yb*, (b) for different isotopes
176,182,188, 196 pt* and 213.217Fr* and (c) ® = 0° case of SEDF, using SIII, SSk, and GSKI forces in '*°Pt* [20] and '**Yb* [19].

nuclei, though its Pcn is of the same order as for strongly
fissioning superheavy nuclei.

Next, Fig. 3 shows the results of our DCM-calculated Pgy,y
as a function of E* for two radioactive nuclei (***Bk* [13] and
2I5Fr* [23]), each formed via two different incoming channels.
We notice that, independent of the entrance channel, instead
of decreasing, i.e., contrary to Figs. 1 and 2, the Py, increases
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FIG. 2. Same as for Fig. 1(a) (& = 0° case), but for superheavy
nuclei 2°Cn* and *?FI*.

with increasing E* for both the compound systems. This
happens because of the strongly differing relative magnitudes
of ogr and og and their variations with E*, in the two cases
(radioactive and weakly fissioning nuclei). This is illustrated

1 0-4 5 11B +235U_)245Bk*
. N +232Th—>246Bk*
ma 10-5é
2
= 6]
g 1073
Re) ]
e ]
~ 107+
C;* ]
E ) ] (a)
5 10
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°Q 10_4?*D*180+197Au—>215Fr* o—0
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o i
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o 1
1074 ©
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E (MeV)

FIG. 3. Same as Fig. 1(a) (& = 0° case), but for (a) >**Bk* and
(b) ZISFI'*.
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FIG. 4. The DCM-calculated ogr and oy plotted as a function of
E* for the radioactive >*Bk* and the weakly fissioning 2°*Pb* nuclei,
compared to the experimental data. For 2#Bk*, the experimental data
are only for ogssion (=0t = Otusion)» and ogg is for the DCM-predicted
numbers. Py, is also plotted in each case.

in Fig. 4 where the variations of DCM-calculated Py, Ogg,
and o with E* are plotted for the radioactive >*Bk* and
the weakly fissioning 2>Pb* nuclei, compared to the available
experimental data. The DCM-calculated cross sections fit the
experimental data very nicely. We further notice in Fig. 4(b)
that the opr and of are nearly of the similar magnitudes in
the case of weakly fissioning 2°*Pb*, whereas in Fig. 4(a)
for the radioactive 2*°Bk* nucleus, relative to of, the ogg is
negligibly small, such that the Py, is small ~1078-10"* and,
very similar to the variation of ogg, increases with increasing
E*. Note that, in the case of 2*°Bk*, the ogg is not a measured
quantity, and hence Pg, should be zero. However, in Fig. 4(a),
only the DCM predicted ogp is plotted, and in both 2>Pb* and
246Bk* nuclei, the ogr and oy increase with increasing E*. The
same is true of other weakly fissioning and radioactive nuclei
considered in Figs. 1 and 3, respectively. Another interesting
result of Fig. 3 is that 2'3Fr* behaves similarly to strongly
fissioning radioactive 2*°Bk*, whereas 2!'>2!7Fr* are shown
above to belong to the weakly fissioning group of nuclei. Note
that 2!5Fr in the ground state is known to be the least stable
isotope of the 34 known isotopes of Fr (1°°=232Fr).

Figure 5 shows the variation of Py, with fissility parameter
x = (Z?/A)/48 for all the 16 compound systems, studied at
various excitation energies E*. We notice that Py, approaches
unity for the ten systems belonging to lower fissility or the
weakly fissioning region, forming two groups: (i) Py ~
0.822-0.995 for '64Yb*, 176.182,188,192pg* and 202ph* with x
lying between 0.622-0.72, and (ii) for the other four compound
systems ' Ag*, 124Ce* and 2'7-23Fr*, Py, ~ 0.421-0.644 at
x = 0.44,0.565, 0.727, and 0.740. Interestingly, though the x
value for the three 217-215:23F¢* puclei are nearly identical,
25Fr* (with x = 0.733) belongs to the group of strongly
fissioning radioactive **Bk* with x = 0.796, both having
P very small ~1078-107%, increasing with E*. Note,
however, that Py, for the two superheavy systems 286Cn* and
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FIG. 5. Variation of Py, with the fissility parameter x for all the
reactions under consideration.

292F1* is further very small ~10~1°-10~!" at higher x = 0.914
and 0.927, respectively, decreasing with E*. Apparently, the
later two groups of CN (?'SFr*, 246Bk*, and two superheavy
B6Cn* and 2°?F1*) are least stable against fission, with the
variation of Py, with x for superheavy nuclei, similar to
that of Pcy with x (see Fig. 7 in Ref. [1]), and that Py
distinguishes ' Ag* from the superheavy nuclei, more clearly
than the Pcy.

Figure 6 shows the variation of Py, with CN mass number
Acn. Three groups are evident: one of lower CN mass region
100 < Acn < 200 with Pgyy — 1, another of ~200-250 with
Pory ~ 1078-107%, and the third one of superheavy nuclei
with Py ~1071°-10~"" Interestingly, 2!3>!"Fr* belong to the
first group of weakly fissioning nuclei, and '3 Fr* to the second
group of radioactive >**Bk* with almost no entrance channel
effects on Pyypy.

The above results are best presented in Fig. 7 where Pgyy
is plotted as a function of the Coulomb interaction parameter
Z,Z,, the product of target-projectile charge numbers of the
reaction forming CN. Interestingly, three clear groups are
formed: (i) Py — 1 for the ten compound nuclei ' Ag*,
124Ce* 164y 176-196pps  202pp* and 213.217R with the
Coulomb interaction parameter lying in the range 240 <
Z\Zy < 1400. (i) Py ~ 1078-10"* for the two strongly
fissioning 2Fr* and 2*Bk* nuclei, with 410 < Z;Z, < 632
strongly dependent on the entrance channel. Interestingly, the
limiting values of the product Z; Z, for one entrance channel
of 2I5Fr* is about the same as for another entrance channel
of 2*6Bk*. Noting that, compared to 2'°Fr* and 2*Bk*, the
Z1Z, for the target-projectile combination forming 2!7-213Fr*
is much larger (compare 702 to 410 and 632), possibly traces
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the reason for 2!3Fr* to belong to >*Bk* group of radioactive
nuclei. (iii) The region of superheavy nuclei 2%°Cn* and
22F1* with Z; Z, = 1840 and 1880, respectively, having much
smaller Py, ~ 10719-10~!!, apparently due to a much larger
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fusion-fission component. Comparing the results of group (i)
with group (iii), ' Ag* and superheavy nuclei belong to two
limiting Z;Z, values, as expected. Thus, like for Pcn, Pury
also depends strongly on Coulomb repulsion.

IV. SUMMARY AND CONCLUSION

Following our earlier work on defining and estimating
the CN fusion/formation probability Pcy on the basis of the
DCM [1,2], the present work introduces and determines for
the first time, on the same basis (the DCM), the probability
of survival Py, of CN against fission. Psyy (=0gr/0CN),
is the ratio of the fusion evaporation residue cross section
ogr to the CN formation cross section ocy, a sum of
ogr and fusion-fission cross section oy, each calculated
as the dynamical fragmentation process. The contributing
fragments for ER are the light particles A, < 4 or neutrons
(plus the complementary heavy fragments) and for ff the
near-symmetric and symmetric (A; = A, = A/2) fragments,
including the IMFs with 5 < A; < 20, 2 < Z; < 10, where
for each fragmentation (A, A;) the cross section is calculated
in terms of its formation and penetration probabilities P
and P.

Py, determined for some 16 “hot” fusion reactions at
various incident c.m. energies, covering the CN mass range
of A ~ 100 to superheavy nuclei, is analyzed on DCM for
various nuclear interaction potentials like the Blocki et al.
pocket formula and the SEDF-based ones due to Skyrme SIII,
SSk, and GSKI forces. Its variation with CN excitation energy
E*, fissility parameter y , CN mass number Acy, and Coulomb
interaction parameter Z,Z, is studied for both the in-plane
(coplanar) and out-of-plane (noncoplanar) collisions. One of
the interesting results is that the chosen 16 reactions fall in three
groups of weakly fissioning, radioactive, and highly fissioning
superheavy nuclei. For the weakly fissioning nuclei (of CN
mass region 100 < Acny <200 with Coulomb interaction
parameter of range 240 < Z;Z, < 1400), independent of the
choice of nuclear interaction potential, different isotopes of the
compound system, and their being coplanar or noncoplanar,
Py ~ 1 for lower E* values and decreases from 1 to O as
the excitation energy E* increases. This happens due to the
increasing ff component with increasing E*. Exactly the same
result is obtained for superheavy nuclei with Z;Z, ~ 1860 +
20, except that, in agreement with experimental estimates [52],
Pgurv ~ 10710 due to their being highly fissioning systems. On
the other hand, for the third group of radioactive nuclei (of CN
mass Acn ~ 200-250 with 410 < Z;Z, < 632), independent
of entrance channel effects, Py, has an intermediate value
of ~1078-10~* which, instead of decreasing, increases with
increasing E* due to the negligible small magnitude of
(predicted) ogr, relative to (measured) og. Another interesting
result is as follows: compared to 207Tgp* 23R is more fissile
(lower Py,y) and both 2!3217Fr* belong to the weakly fissioning
group of nuclei with Py, ~ 1. On the other hand, independent
of entrance channel, 2" Fr* is most fissile of all (lowest Psy)
that it belongs to the radioactive group of nuclei with ~10~%
Note that though the fissility parameter x for all the three
isotopes 217213 213Fr* is nearly the same, the Z; Z for 23217 Fr*
is larger compared to that for 2!3Fr*.
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From a relative comparison of the variations of Pcy and
Py, we notice that whereas for Pt* isotopes both Pcy and
Pgv decrease with the increase of E*, for all the other
compound systems considered here the variations of Pcn and
Py with E* are the reverse of each other, one increasing
and the other decreasing. Similarly, for '®Ag*, it belongs
to the superheavy region for the Pcn value, but to weakly
fissioning nuclei for Pg,. This result should have important
consequences for the product Pcn X Psury, and hence for the
ER cross sections [refer to Eq. (3)].

Finally, it will be interesting to extend these calculations to
more and more reactions, and also to “cold” fusion reactions

PHYSICAL REVIEW C 91, 034613 (2015)

to see if the above-noted results are kept the same or some new
trends emerge.
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