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The dynamical cluster decay model is employed to investigate the decay of 2°Db* and 2’ Db* nuclei, formed in
the 7 Al + 2**U, '80 + 2Bk, and '°F + ***Cm hot fusion reactions at energies around the Coulomb barrier. First,
the fission dynamics of the ” Al + 233U reaction is explored by investigating the fragmentation and preformation
yield of the reaction. The symmetric mass distribution of the fission fragments is observed for 2Db* nucleus, when
static B,; deformations are used within hot optimum orientation approach. However, the mass split gets broaden for
the use of B,;-dynamical hot configuration of the fragments and becomes clearly asymmetric for the cold-static-
deformed approach. Within the application of cold orientations of fragments, a new fission channel is observed
at mass asymmetry 1 = 0.29. In addition to 2*®U-induced reaction, the work is carried out to address the fission
and neutron evaporation cross sections of 2’Db* nucleus formed via "°F 4 >**Cm and 80 4 2*Bk reactions,
besides a comprehensive analysis of fusion and capture processes. Higher fusion cross sections and compound
nucleus formation probabilities (Pcy) are obtained for the 20 4 ***Bk reaction, as larger mass asymmetry in
the entrance channel leads to reduced Coulomb factor. Finally, the role of sticking (/s) and nonsticking (Ixs)

moments of inertia is analyzed for the 4n and 5n channels of *’Db* nuclear system.

DOLI: 10.1103/PhysRevC.97.054602

I. INTRODUCTION

The investigation of the reaction dynamics involving the
evolution of odd-Z superheavy nuclei is essential to examine
the unexplored region of the nuclear chart. The existence of
unpaired nucleons in the odd-Z nuclei effect the structure
and reaction dynamics to a reasonable extent, which could
be investigated through the dynamical study of the superheavy
nuclei [1]. Therefore, an attempt is made to investigate the
decay paths of dubnium (Z = 105) nucleus formed in different
hot fusion reactions. This nucleus has been of great interest
for past few decades and its first signature was reported by
the Joint Institute for Nuclear Research in the analysis of the
22Ne + 2*3 Am reaction [2]. Subsequently, various isotopes of
Db were synthesized in hot and cold fusion reactions. The
excitation functions for the 1n and 2n exit channels of the
28pp(3ly, xn)»°~*Db and 2Bi(*°Ti, xn)>~*Db reactions
were measured at Lawrence Berkeley National Laboratory [3].
In addition to this, the capture and fusion processes were also
obtained for 2°Db* and 2°>Db* nuclear systems, respectively
formed in the *°Ti + 2*Bi [4] and %’ Al + 238U [5] reactions.
To have a comprehensive knowledge about the decay of Db
nuclei, recently the >Cm(*°F, xn)?’~*Db and ***Bk('%0,
xn)**’~*Db reactions were compared by Haba et al. [6] for
the production of Db isotopes through 4n and 5n emissions,
and the same are tested here in the framework of the dynamical
cluster decay model (DCM) [7-12]. The individual excitation
functions for Db and 2°’Db nuclei are evaluated across
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the Coulomb barrier energies. The channel cross sections
are calculated for both sticking and nonsticking moments of
inertia (/s and Iys, respectively), by including the quadrupole
(B2;) deformations and “hot-optimum” orientations. The 4n
channel could be addressed via I and Ins approaches, whereas
nonsticking (Ins) approach seems favorable to address the 5n
cross sections, particularly for the %0 + 2*Bk reaction.

In addition to the addressal of the evaporation residue
cross sections, the separation between the capture and fusion
events is the main quest to handle the superheavy reaction
dynamics. The origin of the noncompound nuclear processes,
such as quasifission, quasielastic, and deep-inelastic events,
always hinder the superheavy compound nucleus formation
[13], hence the fusion cross sections generally have lower
magnitude as compare to the capture cross sections. The reason
lies in the fact that the fusion of two heavy nuclei is governed
through various factors such as excitation energy, Coulomb
interactions, entrance channel mass asymmetry, deformation
parameters, and barrier characteristics of the reaction partners,
etc. Keeping this in mind, the fusion mechanism of the
PF 4+ 28Cm — 2Db* and 130 + >’Bk — 2’Db* reactions
is analyzed through the Wong model [14], using the barrier
characteristics such as barrier height (Vp), barrier position
(Rp), curvature (iiw), etc. In addition to the above reactions,
the uranium-induced hot fusion reaction leading to 2%>Db*
nucleus is also investigated within the framework of the DCM
model [7—12]. Within this methodology, the symmetric mass
distribution of the fission fragments is governed through the
hot-optimum orientations of the fragments, suggesting that
fusion-fission is a main decay mode for 2°Db* and 2*’Db*
nuclei. However, the contribution of the symmetric fission
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fragments gets significantly suppressed for the use of cold-
elongated configurations of the fragments, subsequently giving
rise to new fission valley with mass asymmetry n = 0.29. It
is relevant to mention that the compact configuration of the
composite system is achieved usually at the energies higher
than Coulomb barrier, where the probability of the head-on
interaction is prominent. On the other hand, elongated config-
uration of the nuclear system is perceived at the sub-barrier
region exhibiting higher interaction radius and lower barrier
height [15]. However, in the present work, the interaction
and decay analysis is observed near the Coulomb barrier,
where both configurations may compete, and their barrier
properties may help to distinguish between different events
for the '°F + 2*%Cm, 80 + 2*Bk, and 2’ Al 4 2*8U reactions.

In view of the above discussion, the paper is organized as
follows: Section II gives a brief overview of the methodology,
which includes the introduction of the Wong and the DCM
models. Various parameters of the models are briefly discussed
in this section. Subsequent to this, the details of calculations
and results are discussed in Sec. III. Finally, the summary and
conclusions are presented in Sec. IV.

II. METHODOLOGY

This section comprises two subsections, Sec. IIA and
Sec. IIB. Capture and fusion cross sections, in addition to
compound nucleus formation probability (Pcy), studied in the
present work are discussed in Sec. II A. A brief description of
the DCM model is given in Sec. II B.

A. Capture and fusion cross sections

The capture cross section (ocap), in terms of angular-
momentum (£) partial waves, for two deformed and oriented
nuclei (with orientation angles 6;), lying in the same planes
and colliding with center-of-mass energy E. , , is

o0 T o0
Ocap(Eem 0) =Y jov =15 QL+ DP (D
£=0 £=0

with k =
mission coefficient for each £ which describes the penetrability
of total interaction barrier VT‘ (R). This potential barrier for de-
formed and oriented nuclei is the sum of Coulomb, proximity,
and angular-momentum potentials [V;Z(R) =Vec+ Vp+ V]
[10,11].

The penetrability Py, used in Eq. (1), is defined as

¢ -1
PZ:{HW[M]} o

\/7 2,4}1# and p is the reduced mass, Py is the trans-

Fla)g

In Eq. (2), Hill Wheeler approximation [16] is applied
to calculate the penetrability. In such an approximation, the
dependance of transmission probability is worked out in terms
of fusion barrier height Vé and curvature hAw, (Ecm.,0;).
There are alternative methods, such as the Wentzel-Kramers-
Brillouin (WKB) method [17], where the integration over
the whole barrier is taken. In the recent past, one of us and
collaborators made a comparison of both the approximations,

i.e., Hill Wheeler and WKB in Ref. [18], and found that either
of the two methods may be applied for the addressal of the
fusion barrier. In penetrability expression, /iw, is evaluated at
the barrier position R = RY corresponding to barrier height
Vlg and is given as

hou(Ecm.6) = K[| VIR/AR |, /u] (3)

with R% obtained from the condition |dV/(R)/dR)| RR, =
0. Instead of solving Eq. (1) explicitly, which requires the
complete £-dependent potentials V}z (R, Ecm., 6;), Wong [14]
carried out the £ summation approximately under specific

. . .. 2 .
conditions: (i) fiw; & hap and (i) V5 ~ V3 + ﬁzﬁ(lijzl),whlch
B

means to assume Rg ~ R% also. Using these approximations
and replacing the £ summation in Eq. (1) by an integral gives
the ¢ = 0 barrier-based Wong formula

Rl 2
O'Cap(Ecm.’ei) = —50 In {H—exp |:h_(Ec.m. - Vl(i))] }
wo
4

In above expression, ocap(Ecm.,0;) is calculated for each
orientation and then integrated over angle 6; (i = 1,2) to a
given final capture cross section as

c.m.

/2

GCap(Ec.m.) = / 0 (Ecm.,0;)sin6,1d0; sin 6,d6,. )

6,=0

The fusion cross section for superheavy nuclei constitutes
only a part of the capture cross section, so the fusion cross
section is always equal to or less than the capture cross section
and is expressed as

oo
T
Otusion(Eem01) = 15 ) (2 + D P Pex. 6)
£=0

In above equation, Pcy is the compound nucleus formation
probability. The mean fissility parameter- (x,,) dependent for-
mation probability (Pcy) is defined as the linear combination
of the effective fissility parameter x.¢r and compound nucleus
fissility parameter xcn. The mean fissility parameter is defined
as [19]

Xm = 0.75xe + 0.25xcN. 7

The compound nucleus fissility parameter xcy is the ratio
of competing Coulomb and nuclear forces for compact shapes
and is given by [20]

(2%/A) (Z%/A)
XN = 5 = o ®)
(Z°/A)eiv  50.883[1 — 1.78261°]
where [ = (A —2Z)/A is the relative neutron excess of
compound nucleus. The effective fissility parameter x.¢ which
includes the effect of mass and charge asymmetry is as follows
[20]:

42, 2:/[A)° A" (A + A7)
50.883[1 — 1.782612]

(€))

Xeff =

The value of PgN, which is the “asymptotic” fusion proba-
bility, was proposed by Zagrebaev and Greiner [21]. It depends
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on the above parameters of the colliding nuclei by the relation

1
0

Fov = 1 4 exp(x, — &)/t (10)
The parameters of Eq. (10), giving better agreement with the
estimated values of PQy for reactions with actinides targets,
are defined as T = 0.0226 and & = 0.721 [19]. The energy
dependence of fusion probability can be approximated by
simple relation as [21]

Péx
1 +expl(E} — E&N)/A]

Pon(E™,0) = an

Here E7 is the excitation energy of compound nucleus equal

to bass barrier, E¢y is the excitation energy, and A is the
adjustable parameter of about 4 MeV.

B. The DCM

The DCM [7-12] is based on quantum mechanical fragmen-
tation theory (QMFT) [22,23], which uses two-center shell
model (TCSM) by the authors of Ref. [24]. It provides a
suitable platform for the study of microscopic effects when
two spherical asymmetric nuclei combine from two different
states to one or vice versa. This model is further modified
by Gherghescu [25] in which instead of spherical, two el-
lipsoidal deformed nuclei are taken into account for more
realistic calculations of two interacting nuclei. QMFT in binary
fragmentation is based on collective coordinates of mass (and
charge) asymmetries n4 = (A; — A2)/(A1 + A) (1 and 2
stand, respectively, for heavy and light fragments), the relative
separation R, multipole deformations §;; (A = 2, 3, 4), and
orientations 6; (i = 1,2) of two nuclei or fragments. In terms
of these coordinates the decay or fragment’s production cross
section for £-partial waves is given by

4 4
max jT max 2 E m

o= oi=152 QU+ DAP k=] “h;' . (12)
=0

=0

where u = [A1A2/(A] 4+ Aj)]m is the reduced mass and €.«
is the maximum angular momentum, decided at a point where
neutron evaporation cross section becomes negligibly small,
ogr — 0. Using this equation, DCM calculates the cross
sections for different constituents (ogr, o4 etc.) as

4or5 A/2
OFR = Z 0(A1,A) and oy =2 Z o(A1,Az).
A1 Ar=(A/2)-20
(13)

In Eq. (12), Py is the probability with which the cluster or
fragment is preformed before it comes out of composite system
by penetrating the potential barrier. It is a relative quantity i.e.,
a slight change in the potential for any one of the fragment
leads to redistribution of Py among all the fragments. This
probability is defined as

> 2
Po=>) W (ADIV By 7—exp(=E*/T). (14)

v=0

Itrefers to n motion and is obtained by solving the stationary
Schrodinger equation in mass fragmentation coordinates (1) at
fixed R = R,. The mass parameters B,,, used in Eq. (14), are
the smooth hydrodynamical masses [26]. Alternatively, one
may use the shell corrected cranking masses which are based
on shell model [27]. The cranking masses are about one order of
magnitude smaller than the classical hydrodynamical masses
[28], and hence the magnitude of preformation probability
reduces accordingly. Malik et al. [29] suggested that the
hydrodynamical masses on average give reasonable agreement
with microscopic cranking calculations with slight modifi-
cation in magnitude. Therefore, the hydrodynamical masses
are used in the present work for the sake of simplicity. The
fragmentation potential Vg(n,T) used to solve Schrodinger
equation is defined as

2 2
Ve(.T) =Y Viom(An.Zi.T)+ Y 8Usexp(—T?/Ty)

i=1 i=1
+VC(szi5ﬁ)\i’9iaT) + VP(RvAivﬂ)LiaQiaT)
+Vi(R,A;,B3i.0:,T). (15)

Here V¢, Vp, and V; are, respectively, the T dependent,
Coulomb, nuclear proximity, and centrifugal potentials for
deformed, oriented nuclei. The binding energies in the above
equation are calculated as the Strutinsky macromicroscopic
method and divided into two components, i.e., Vi pm and §U.
Vipm is the T-dependent liquid drop energy of Davidson
et al. [30], based on the semiempirical mass formula of
Seeger [31]. The microscopic shell corrections §U are the
“empirical” estimates of Myers and Swiatecki [32], which are
taken as T dependent. It is relevant to mention that alternative
approaches like two-center shell model, Strutinsky method,
etc., are also available in the literature for the calculations of
shell effects. In TCSM [24], shell corrections are derived from
the single-particle potential with two-center level scheme and
in its updated version, i.e., deformed two-center shell model
[25]; the shape parameters are also included in calculations
of microscopic effects. Strutinsky method-based shell-model
calculations are derived from inhomogeneous distribution of
nucleons as a function of deformations and their energy effects
[33]. It will be of interest to explore the role of the above-
mentioned shell corrections in the framework of DCM in the
near future. The sum of macromicroscopic components is used
to calculate the experimental binding energies of Audi et al.
[34] or the one of Moller et al. [35] wherever the same are not
available. The centrifugal potential of the nucleus mentioned
above in Eq. (15) is given by

B0 + 1)
21

Note that I is the moment of inertia and can be cal-
culated by various methods, but in the present work we
use two approaches as (i) the sticking limit in which indi-
vidual masses/charges are included in addition to reduced
masses and is given by I = Iy = WR? + %Allez(al,T) +
%Azm R%(az,T) and (ii) within nonsticking limit, the moment
of inertia is given by I = Iys = #R?. It is relevant to mention
here that the values of angular momentum extracted exper-

Vi(R,A;,B5i,6;,T) = (16)
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imentally are generally based on moment of inertia in the  For more details, we refer the reader to Refs. [7—12]. The first
nonsticking limit. The Coulomb potential for a multipole- turning point (R, ) in the penetration path is defined as
multipole interactions and two nonoverlapping charge

distributions [14,36] is given by Ra = Ri(1.T) + Ry(z.T) + AR

2 = R,/(x,T)+ AR (19)
9 _ Zl Z2€ 3 2
Ve(R.Zi, B3 01, T) = R +321Z5e with radius vectors
3 K Ri(er.T) = Ru(D[1+ Y ¥ @] 20)
=, @+ DR A
4 The Ry;(T) is T-dependent nuclear radii of the equivalent
x Y. }EO) (9,<)[,8M + 5,3% Y)EO) (95)]. spherical nuclei, taken from [40] as
(17)  Ro(T) = [1.284}7 = 0.76 +- 0.84;"*](1 + 0.0007T2).
Here Y(AO)(Gi) are the spherical harmonic functions; the 2y
orientation angle 6; is the angle between the nuclear symmetry
axis and the collision Z axis, measured in the counter clockwise III. CALCULATIONS AND DISCUSSIONS

direction from the axis of collision; and angle «; is the
angle between the symmetry axis and the radius vector of
the colliding nucleus, measured in the clockwise direction
from the symmetry axis. The orientations are the “optimum”
orientations of the “hot” and “cold” processes [37] and the
deformation parameters (8;;) of the nuclei are taken from the
tables of Moller et al. [35]. Further, the temperature-dependent
deformations [38] are also introduced via relation 8,;(T) =

The work carried out in the present analysis is based on the
prescription given in Sec. II and is divided into two subparts. In
Sec. IIT A, the dynamics of the 2’ Al + 2*8U reaction leading to
265Db* superheavy nucleus is examined, and fusion-fission (ff)
cross sections are calculated at near barrier energies. In view
of earlier work on DCM [8], the magic numbers in superheavy
region are takenas Z = 120 and N = 184 to address the fission

exp(—T/ To)Byi (0). Here B, (0) are the static deformations and cross sections. The fragmentation potentials and preformation

Ty is the temperature of the nucleus at which shell effects start %fgab 1(111tles dare an'alyz;d ltlo a(.idres; thg fra%rlr;egltanon of tﬁe
to vanish (here Ty = 1.5 MeV)). -induced reaction. Following this, Sec. presents the

evolution of 2’Db* nuclear system formed in the '°F + 2**Cm
(n = 0.857) and 180 4 2498k (n = 0.865) reactions, and an
attempt is made to predict the capture and fusion-fission cross
Vplso(T)] = 4w Ry b(T)®[so(T)], (18) sections. In addition to this, the neutron evaporation residue

o . cross sections are also investigated for the same nucleus, to
where b (1) = 0.99(1 +0.0097) is the nuclear su.rface thick- - 1 .vea comprehensive idea of the dynamics involved.
ness, y is the surface energy constant, and R(T') is the mean
curvature radius. @ is a universal function which is independent
of the shapes of nuclei or the geometry of the nuclear system
but depends on minimum separation distance so(7"). In order to explore the dynamics of the %Al +*#¥U —
The penetration probability P in Eq. (12) refers to R 265Db* reaction, the fragmentation potential for the 2®>Db*
motion and is the quantum mechanical tunneling probability of =~ nucleus is plotted in Fig. 1(b) by including f,;-static de-

The T-dependent nuclear proximity potential [39] for de-
formed, orientated nuclei is given by

A. The fission dynamics of the >Db* nucleus

outgoing fragments. It is calculated by using the WKB integral. formations and hot optimum orientations. Figure 1(b) is
e N 3. *
2 150 MU —2RE —=A A, i AU 2 Dble A HA, h Uity —2sgTm A HA A
= —0— AR=1.025 fm, {,_=135h % —0— AR=1.022 fm, /=135 ﬁ 3 —0— AR=1.029fn, /=134 §
> 140+ 2 B 5 i ? 206, 9
= @ M 3 (b) g LR iy ol 8
= O\ 95 190, T ) g g 170 g % 8
g 1304 @ @ 3 Y oele 1 & e ' 2 Ho o 8 - 3 :
& : )
o ]
£ ® & % 8 3
5 1207 11 10| ¥y 2 '
= 54 Cr 195 ~
= Ti gy 9 @9 179 1 e % 8 Os
= 33 Tm “ % o
= 1104 . 3 . g
g Hot orientations é§ ) 1 ) ) 13 s X Hot orientations —= Symmetric
en 1004 B -deformed L — Symrr_letnc Hot orientations Q@ —= ymn_letnc B, -deformed fission
S B ) fission 7 p,-deformed fission
LL‘ T T T T T T T
T T T T T T T T T T T T T T T
50 100 150 200 50 100 150 200 50 100 150 200

Fragment mass A; ¢=1,2)

FIG. 1. (a) Fragmentation potential V (17, R) plotted as a function of fragment mass for the decay of (a) 2**Rf*, (b) 2°Db*, and (c) 2%3Sg*
nuclei formed in the 2*®U-induced reaction at fixed neck-length parameter (A R) and angular momentum (¢,,,x) values, for static-8,;-deformed
cases.
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plotted for the wide mass range, in which symmetric mass
division of the fission fragments is observed. Though some
local minima’s at *3Cr, °Cu, and %>Sr nuclei are observed,
along with their complementary (A; = A — A,) fragments,
but the dominance of the symmetric fragmentation depicts that
symmetric fission is the main contributor in the dynamics of
265Db* nucleus, when hot-compact deformed fragmentation
is employed. Figures 1(a) and 1(c) are also plotted here to
observe the fragmentation behavior of the neighboring 2*Rf*
and 2°8Sg* nuclei, so that a comparative analysis be carried
out to address the decay of light superheavy mass nuclei. It
is important to mention that these fragmentation potentials
are plotted at energies around the barrier. The decay of
268g g* nucleus at center-of-mass energy E.,, = 144 MeV was
studied in the previous work [10], but Fig. 1(c) is plotted here
to compare its fragmentation behavior with 6*Rf* and ®>Db*
nuclei, as mentioned above. Similar results are observed from
Figs. 1(a) and 1(c), favoring symmetric mass fragmentation as
the dominant decay channels. Hence one may conclude that
for the light superheavy mass range, symmetric distribution
of fragmentation is preferred for the hot compact orientations,
which becomes highly asymmetric for the heavier superheavy
nuclei such as Z =115 and 117 [9]. The magnitude of
the neck-length parameter (AR) and maximum value of the
angular momentum (£y,,x) remains almost constant for the
decay of these nuclei. It is important to mention that the
decay fragments may vary while going from Z = 104 to
Z =106, such as >*Ti, ¥Cr, and ®*Fe fragments appear at
first valley, respectively, for 264Rf* 205Db*, and 268Sg* nuclei.
In concurrence to this, different isotopes of lead (Pb) as their
complementary fragments are also mentioned in Fig. 1, which
may be related to the possible occurrence of the quasifission
process.

In the present analysis, mainly two set of orientation
approaches are employed in Figs. 2(a) and 2(b) and then
Fig. 2(c), respectively, for hot and cold configurations. The

hot orientations of the fragments lead to compact structures
with the lowest radius and a higher barrier. On the other hand,
elongated configurations with a lower barrier and higher radius
are perceived for the cold-oriented nuclei. In Fig. 2(a), we
started with the preformation probability (Py), plotted for the
static-deformed and hot orientations of the fragments. The
result of this figure may be correlated with the one plotted in
Fig. 1(b) for fragmentation potential. In this figure, the decay of
25Db* compound nucleus clearly shows the symmetric mass
division of the fission fragments, as analyzed in Fig. 1(b).
The appearance of Pb peaks in the decay path is generally
associated with the phenomenon of the quasifission, but here
the contribution of Pb valley is quite small as the preformation
probability for this region is negligible as compared to the
symmetric fragments. Similarly, the preformation probability

r SSr and its complementary fragment '"°Ho is larger
than the Pb valley but still negligibly small as compared to
the preformation factor for the fission region of the ®>Db*
nucleus. Hence the decay of the 2°Db* nucleus is mainly
characterized by the fusion-fission process while including
static hot-compact orientations of the decay fragments.

In Fig. 2(b) the decay structure is significantly modified
after the inclusion of dynamical (T dependent) 8, deformations
within hot orientation approach for the 2°>Db* nucleus (see
Sec. II). More fragments start contributing and relatively
broader peak is observed for the fission fragments with % + 25,

which otherwise remains % = 15 for the previous case (static
B> deformations). Broadly speaking, the symmetric yield starts
broadening when the static 8, deformations are replaced by
dynamic 8, deformations in the fragmentation analysis. Inter-
estingly, the peaks around *>Sr and '"°Ho, having negligible
contribution as depicted in Fig. 2(a), start contributing signif-
icantly towards fission cross sections when a dynamical hot-
fragmentation approach is applied. It is important to illustrate
that majority of the minimized fragments near **Sr and '"Ho

peaks, ranging A, = 85—110 (and the complementary nuclei)

10" B,-static deformed ‘ 1077 10° ';Cold orientations B, -static
] Hot orientations ——~ Symmetric ER) my deformed
i 5 g fission S 3 |
- £ % 10"
o, = = E (C)
o | = = E
2z 5 A (a) El 10" 3
= . o] 2 E\ -10 ] 2
B 107" 4 = E 10 1 = i
E ¥ : a 1073 :
5 QSSr 5 5 170H0 1 = E
. - - 1 2 35 3 —8—AR=0.90 fm, £ =108%
A ] e 5 - 1 2 10 E
g = a0 i = B,,-dynamic -] 3 0 ﬁ # T
. — i 4 -45 7 .
< 107 *Cr 27pp | 102 ] deformed % 10 35 Z ;\ig’ i!a; ?? =
07 ] ¥ 3 ; E
e ] E ] :E EE 55 3 % 10° ? 3
294 = 1] = E\ 10 £ I B,-dynamic 1
o = ®E ] 5 TAU Db - A +A, B £ E deformed 1*
~ ] = = 2% 1094 £ Cold orientations
i —=— AR=1.022 fm, /_ =135h E B —=— AR=0.889 fm, (=142} ® E - g —=— AR=0.90 fn, nw—mxh%
107 L , . . —d 10 — — 107 E : “‘10' 75 e 35 s s
50 100 150 200 50 100 150 200 50 100 150 200

Fragment mass A (i=1,2)

FIG. 2. Preformation probability (Py), plotted as a function of fragment mass for the decay of > Db* nucleus using (a) hot static-deformed,
(b) hot dynamic-deformed, and (c) cold static-deformed approaches. The figures are useful to extract the knowledge about different decay
mechanisms and further used to calculate the fusion-fission cross sections. The inset of panel (c) is same as that of the remaining figures but

plotted for the cold dynamic deformations of the nuclei.
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FIG. 3. Variation of the (a) Coulomb (V(), (b) proximity (Vp, Prox-1977), and (c) centrifugal (V,) potentials for the fragments lying in range
A, = 85—110 by including the static and dynamic hot-deformed configurations, along with static cold orientations of the decay fragments.

are prolate deformed. The interaction of prolate-prolate nuclei
leads to the compact shape at minimum possible magnitude
of the R (fm). At this R (fm), the Coulomb, proximity, and
centrifugal potentials are calculated as shown in Figs. 3(a),
3(b) and 3(c), respectively for A, = 85—110 fragments. It may
be noticed that, the centrifugal and Coulomb potentials vary
inversely with R (fm), given by Eqgs. (16) and (17), respectively.
However, the proximity part of the total potential has direct
dependance on the radius, i.e., Vp o« R. The comparison of
Figs. 2(a) and 2(b) can be carried out by arguing the fact
that the R (fm), which is fixed for the static-deformed case,
starts increasing for the dynamic case as the deformations
start diminishing with temperature. With increase in the radius
parameters, given by Eq. (20) in Sec. II, the V¢ and V; starts
decreasing, as shown in Figs. 3(a) and 3(c), respectively.
However, Fig. 3(b) shows that Vp increases in the magnitude
as compared to the static-deformed case. The decrease in the
magnitude of V¢ and V, is relatively larger and compensates
for the increased magnitude of the proximity potential. Hence
the overall fragmentation (V¢ + Vp + Vi + BE) of A; =
85—110 nuclei decreases, and the preformation factor shows
increment for the hot dynamic deformation of the nuclei,
which otherwise shows a low preformation factor for the
static-deformed case.

A purely asymmetric distribution of fragments is observed
in Fig. 2(c) when the calculations are done using static cold ori-
entations. The preformation yield of the symmetric fragments
% =+ 15 reduces significantly for cold-orientated nuclei, which
otherwise shows dominance in Fig. 2(a), plotted for the static
hot orientations of the decaying fragments. The contribution of
the asymmetric cold oriented fragments corresponds the fission
peaks with mass asymmetry n = (Ayg — AL)/(Ag + AL) =
0.29. Such a fission region is also observed in the decay of
the 2°Sg* nucleus [15], which follows the decay trajectory
near n = 0.33. It is relevant to mention that, usually two
fission trajectories are followed by the superheavy composite
system, one near the symmetric fission region with n =0
(fusion-fission) and the other drags the formed nucleus towards
the Pb region with n ~ 0.4, sometimes associated with the
asymmetric quasifission process. The signatures of symmetric
quasifission can also be observed around the Sn region [12].

For the decay of the ®°Db* nucleus, the potential energy
surface (PES), plotted as Fig. 2(c), shows that the fission
channel leading to the Pb region diminishes but a new fission
channel with mass asymmetry n = 0.29 opens up, possibly
due to the deformation and orientation effects of decaying
fragments. The prominent peaks in the mass distribution of
25Db* can be explained further through the contribution
of V¢, Vp, and V, from Fig. 3 plotted at relatively larger
radius for the cold orientation approach. The implications
of the cold optimum orientation favors interaction of nuclei
at further higher values of the radius parameter R (fm), as
shown pictorially in Fig. 2(c). For such a configuration, the
proximity potential is further enhanced with respect to the
dynamic hot-deformed approach, to a significant extent, as
depicted in Fig. 3(b). In addition to this, the Coulomb and
centrifugal potentials decrease significantly, which drags the
fragmentation potential of nuclei to lowest magnitude, leading
to the highest preformation yield for asymmetric mass split
around the *>Sr and '"°Ho fragments. The role of dynamic
deformations is also explored for the cold-deformed approach
and the preformation yield for the same is shown in the inset
of Fig. 2(c). With the inclusion of cold-dynamic deformations,
the preformation structure gets modified. Although the peaks
around the **Sr and '’Ho fragments remain intact with a
slight modification in magnitude, the symmetric region starts
contributing, which is suppressed in the cold-static case.
Conclusively, the origin of the symmetric mass split occurs for
all the mentioned cases except for the cold-static configurations
of the fragments, where the dominance of the fragments around
%Sr and '"°Ho nuclei seems evident. Hence from the above
discussion, one may conclude that the mass distribution of
the fragments is highly dependent on the deformations and
orientations of the decay fragments, which is symmetric for
the hot fragmentation approach and becomes asymmetric for
the cold orientations of the fragments.

B. Evaporation residues and fission cross sections
for the 2’Db* nucleus

The decay analysis of the 2**U-induced reactions is carried
out in Sec. IIT A to address the fusion-fission cross sections
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[5] of the 2Db* nucleus. In the recent analysis [6], the
experiment was performed for the Z = 105 nucleus by using
different actinide targets such as >**Cm and *Bk, and the
neutron evaporation residue cross sections were measured.
The above-mentioned cross sections are addressed in the
framework of the DCM model by using the only parameter
of the model, known as neck-length parameter (AR). In the
fixed neck-length range, the role of the sticking (Ig) and
nonsticking (/ns) moments of inertia is analyzed in reference to
4n- and 5n-decay cross sections of the >’ Db* nucleus. In order
to understand this, first the comprehensive dynamics of the
F 4 2%8Cm and '*0O + 2*Bk reactions is worked out in terms
of the capture and fusion of the interacting nuclei and, further,
the mass fragmentation of possible decay channels is explored.
Elaborating this, primilarly the quantities such as capture
cross sections, fusion cross sections, and compound nucleus
formation probabilities (Pcyn) are compared for the MCm-
and 2*Bk-induced reactions, followed by the comparison of
fission and neutron evaporation of 2’ Db* nucleus. It is relevant
to mention that the fission events for 2°Db* nucleus are
experimentally measured [5] which are addressed through the
DCM framework in the preceding section. However, the fission
measurements for 2°’Db* are not experimentally reported;
hence the Wong calculated fusion cross sections are first
addressed, so that the oyi0n be estimated, as ofusion and Ofission
are related by the relation ofysion = Ofission + OEVR-

Following the above discussion the scattering potential is
plotted in Fig. 4 and the barrier characteristics Vg, Rp, and
hiw are extracted. The barrier characteristics have significant
influence on the interaction cross sections of the nuclei, as a
small change in the Coulomb barrier and distance between
colliding nuclei effects the equilibrium between attractive and
repulsive forces. Figure 4(a) is plotted to show the barrier
characteristics of the 2’Db* nuclear system, in which the
Coulomb barrier and fusion pockets are depicted for the 80 +
2Bk (7 = 0.865) and "°F +2*¥Cm (5 = 0.857) reactions.
Additionally, the variation of barrier height with energy for the
above reactions is plotted in Fig. 4(b) to have a better idea of the
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FIG. 4. (a) Total interaction potential (V) as a function of range
(R) for the *’Db* nuclear system formed via two incoming channels,
i.e.,”F 4+ 2*Cm and '30 + >**Bk. (b) Barrier heights (V) plotted for
the above reactions at different excitation energies (E&y).
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FIG. 5. Compound nucleus formation probability (Pcy) for
27Db* nucleus formed in the '*0 + 2*Bk and '°F + 2**Cm reactions
as a function of excitation energy (E&y).

barrier characteristics as a function of excitation energy. Lesser
barrier height is depicted for the reaction having larger mass
asymmetry (n = 0.865) as the Coulomb factor Z;*Z, = 776
is relatively lower for the **’Bk-induced reaction compared
to Z,*Z, = 864 for the '°F + 2*3Cm reaction. This indicates
larger fusion probability for the 130 4 2*’Bk reaction, leading
to higher fusion cross sections. Similar results are depicted in
Fig. 4(b), indicating a lower barrier height for the '80 4 *Bk
reaction over a wide energy range. It is important to mention
that the barrier height (V) is slightly modified with an increase
in energy across the barrier.

Beside barrier characteristics, the compound nucleus for-
mation probability (Pcyn) is an equally important parameter
to address the fusion possibility of the interacting nuclei. As
evident from Ref. [41], the Pcy can be calculated as the ratio
of CN fission and capture cross sections. The uncertainties in
the measurements of capture cross sections are higher for the
superheavy region because the separation of the elastic and
quasielastic processes is difficult in the capture events. Also

200 500
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FIG. 6. The Wong predicted capture and fusion cross sections
for the reactions (a) "’F + 2*3Cm and (b) *0 + ?*Bk leading to the
27Db* nuclear system at energies near the Coulomb barrier.

054602-7



KAUR, SANDHU, KAUR, AND SHARMA

PHYSICAL REVIEW C 97, 054602 (2018)

TABLE 1. DCM fitted fusion-fission cross sections (o ;) of the 25Db* and 2’Db* nuclei formed, respectively, in the Al + 2*U and
(*F 4 2%Cm, 180 + 2¥Bk) reactions by using hot compact configurations. The experimentally and theoretically predicted (using Wong model)
fusion-fission and capture cross sections are also shown. The contributions of the fusion-fission cross sections to the capture cross sections are

also tabulated in percentage form.

EEN T AR Ug]éM ¢ max UéZp. O-Vj\f/{:ung G]icxag U\sfzﬁg oy / Ocap
(MeV) (MeV) (fm) (mb) (n) (mb) (mb) (mb) (mb) (%)
27A1 4 238U N 265Db*

49.5 1.45 1.022 83.40 135 85 £ 30 - 160 £ 25 - 53.1%
61.5 1.62 1.040 156.40 140 155 £ 50 - 330 £ 20 - 46.9%
19F + 248Cm N 267Db*

42.0 1.34 0.978 3.50 114 - 343 - 16.17 21.2%
47.0 1.41 1.021 68.20 134 - 70.11 - 145.17 48.3%
180 + 249Bk N 267Db*

42.0 1.34 1.038 65.80 127 - 66.35 - 141.78 46.8%
47.0 1.41 1.059 292.00 135 - 292.94 - 388.51 75.4%

the contribution of the quasifission process is often unknown.
To avoid such uncertainties, the value of PgN is estimated
by introducing the idea in Ref. [21]. In addition to this, the
energy-dependent Pcy is calculated using Eq. (11), and the
same are plotted in Fig. 5 for the '°F 4 2*8Cm and 80 + >*Bk
reactions. The energy range chosen for the calculation of Pcn
is across the barrier. From this figure it is clearly evident that
Pcx for 2"Db* is larger for relatively asymmetric reaction
180 + 2498k, and it varies from 0.468 to 0.797. However, for
the 'F 4 2*8Cm reaction the magnitude of Pcy lies in the range
0.212 to 0.545. This confirms that the fusion probability is
much higher for the 80 + ?**Bk interacting pair as compared
to the 'F 4 2*8Cm reaction. It is also important to note that
the compound nucleus formation probability increases with an
increase in energy for both reactions, concluding the fact that
the nCN processes are more dominant in the sub-barrier region.

Figure 6 shows the calculated capture and fusion cross
sections for the °’Db* nucleus formed in the '°F 4 2*5Cm
and 80 + 2Bk reactions. The Wong model works nicely
near and above the Coulomb barrier, hence the cross sections
are calculated for the near barrier energy range Efy = 42—48
MeV. The figure clearly shows higher capture cross sections
than fusion for both reactions, indicating the occurrence
of noncompound nuclear processes in the formation of the
27Db* nucleus. The chances of the nCN processes such as

quasifission (symmetric or asymmetric) are relatively higher
for the '°F + 2*Cm reaction due to less fusion probability
(see Fig. 5) and lower cross sections [see Fig. 6(a)] for this
reaction. On the other hand, the fusion probability for the
130 + 2Bk interacting pair is quite high, leading to higher
fusion cross sections. Hence the fusion dynamics is nicely
elaborated using the Wong methodology, and the same is
subsequently analyzed within DCM by assuming that oysion =
Ofission + Ogvr. The contributions of the fission fragments
for the '°F + 2**Cm and "0 + 2*Bk reactions come mainly
through the symmetric mass distribution lying in the range
% + 15, the same as observed for the >’ Al 4+ 23U reaction
[5]. The mass distribution of the fragments for the 267pp*
nucleus, formed in the '°F 4+ 2*%Cm and 80 + 2*’Bk reactions
is not shown here to avoid repetition. On the other hand, the
contribution of the evaporation residues is feeble towards the
total fusion cross sections, as they are measured in the nb range.
Following the above discussion on the fission and evaporation
processes, DCM and Wong fitted cross sections are tabulated
in Table I for the 23U-, >**Cm-, and ?*Bk-induced reactions.
The data in Table I are estimated at near-barrier energies, along
with the magnitudes of the neck-length parameters.

Finally, the evaporation residue cross sections (nb) of
the 267Db* nuclear system, formed in the F 4 28Cm and
180 + 2¥Bk reactions are calculated at near-barrier energies,

TABLEII. Comparison of experimental [6] and DCM calculated 4n- and 5n-decay cross sections of the 2’Db* nuclear system by including

sticking (/s) and nonsticking (Iys) moment of inertia.

E¢y Channel I Ins OExpt.
(MeV) AR (fm) opem (nb) Linax (1) AR (fm) opem (nb) Linax (1) (nb)
42+1 YF 4+ 28Cm (4n) 1.730 0.133 121 1.228 0.127 24 0.127
180 + 2Bk (4n) 2.471 9.940 102 1.282 9.890 24 10.00
YF + 2%Cm (5n) 2.188 0.222 101 1.288 0.226 25 0.223
80 4 2Bk (5n) - - - 1.303 1.320 25 1.300
47 + 1 YF 4 28Cm (4n) 1.676 0.064 122 1.200 0.062 24 0.064
1830 4 2Bk (4n) 1.968 2.030 116 1.249 1.920 25 2.030
YF 4+ 2%Cm (5n) 2419 2.020 116 1.288 1.970 26 2.020
80 + 2Bk (5n) - - - 1.316 5.770 26 6.010
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FIG. 7. Fragmentation potential for 2’ Db* nuclear system plotted
as a function of light fragment mass A, using sticking (/s) and
nonsticking (Iys) limits of moments of inertia.

using sticking (/) and nonsticking (Iys) moments of inertia.
Within the I approach, 4n cross sections are addressed nicely
as shown in Table II, but the 51 channel of the 80 + 2**Bk
reaction could not be fitted even at the maximum possible
magnitude of the neck-length parameter (A R). To address this
discrepancy, the fragmentation potential V(MeV) is modified
by including the nonsticking (Ins) approach of the moment
of inertia, as shown in Fig. 7 and Table II. The fragmentation
potentials, plotted in Fig. 7, are presented at the neck-length
parameters (AR) of the 4n clusters of the 267Db* nucleus to
obtain the idea about the decay structure. The overview of this
figure reveals the fact that structure is significantly modified for
the neutron evaporation region, whereas the intermediate mass,

heavy mass, and fission regions give a similar fragmentation
structure for the Iy as well as the Ixs approaches. Broadly
speaking, for the use of sticking moment of inertia (/s), 1n,
2n, and 3n emissions seem more probable as compare to 4n
and 5n decays. But the exactly opposite trend is observed
for the nonsticking (Ins) approach for which the 4n and 5n
channels seems more probable as compared to lighter neutron
clusters. Due to the lower fragmentation potential, the 5x cross
sections are achieved at lower neck-length parameters within
the use of the Ins approach. The same is true for the 4n-decay
channel. Within the Iys approach, the neck-length parameters
(AR) and £« values are reduced significantly. It is to be
noted here that, within the Ing limit of moment of inertia, an
unexpected minimum is observed for the !B fragment which is
possibly because of the higher deformation (8, = —0.398) of
boron. However, when the /g limit of the moment of inertia
is considered, the fragment at A, = 17 is replaced by 'O
(B2 = 0.107) and hence no such dip is observed here.

Figure 8 is plotted to compare the fragmentation potential,
preformation probability (FPp), and penetrability (P) for the
80 4 2Bk and "F + ***Cm reactions. The comparison is
made to better understand the decay scenario, especially for the
4n and 5n clusters of the 2’ Db* nuclear system. It is relevant to
mention here that Figs. 8(a)-8(c) are plotted for the 4n decay of
the 2°’Db* compound system and the inset shows the same for
5n emission at same energy. Figure 8(a) is presented to obtain
the variation of fragmentation potential with a wide range of
angular-momentum states for both >*’Bk- and ***Cm-induced
reactions, and it gives a lower magnitude for the '*0 4 2*Bk
reaction, leading to the fact that at same excitation energy,
the probability of neutron emission (4n or 5n) is relatively
more prompt for this interacting pair. This result is further
supported by Figs. 8(b) and 8(c) which show a larger magnitude
of preformation (Py) and penetration (P) probabilities for the
180 4+ 2Bk reaction. Also, among 4n or 5n emission, the
probability of 5n decay is relatively larger. The magnitude of
the neck-length parameters reported in Table II supports the

110 - 0= 3 — 10" ¥
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- 1l —— "0 + *Bk 100> 107 5 R 4 280m E
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£ 70 . 5 1] z SR -
“-E) E o 42 £ 1 MeV L0610 E s & S 3 E 10
) a‘: | sn-deacy § g'_" 10 1 H Sn-deacy
E YR 1 280 |0 4 2opk m“‘g E g 10’ R,
[ 60+ s o | "F 4 2cm _v% E g PR e
° O+7"Bk Qe 260 & 1 S "
T T T v v 15 s 3 A 16 18 20 22 24 26
T T T T T 10 T T T L R 10" — i ——————
0 5 10 15 20 25 16 18 20 22 24 26 14 16 18 20 22 24 26

Angular momentum ¢ (%)

FIG. 8. Variation of the (a) fragmentation potential V(MeV), (b) preformation probability (P,), and (c) penetration probability (P) for 2’ Db*
nucleus formed in the '°F + 2*Cm and 80 + ?*’Bk reactions, plotted as a function of angular momentum for 4n and 5n decays.
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above result as higher magnitude of the neck-length parameters
are reported for the 5n emission within the Ins approach. A
larger neck leads to easier splitting of the cluster from the
excited nucleus. Hence one may conclude that the probability
of neutron emission is higher for the nucleus formed in the
180 + 2%BKk reaction and out of 4n and 51 emission, 5n decay
is relatively more prompt.

IV. SUMMARY

In the present work, the fragmentation potential and prefor-
mation yields are calculated for the 2° Db* nucleus. Symmetric
mass distribution of the fission fragments is observed for the
static-hot optimum orientation approach, leading to the fact
that fusion-fission is the dominant decay mode for the 2*>Db*
compound nucleus. Further the PES of the 2%°Db* nuclear
system is compared with neighboring nuclei such as **Rf* and
2685¢*, resulting in similar symmetric fragmentation behavior.

The peaks around the Pb region in the preformation yield do
not significantly contribute towards the total cross sections,
and hence the chances of the quasifission channels are small
when the hot orientation approach is used. The dynamical hot
orientations are also applied to study the preformation yield
of 29Db* nucleus, and relatively broad fission distribution
is observed with fragments lying in the range % +25. The
small preformation probability of the peaks around A, =
95 in the hot-static case gets significantly enhanced for the
dynamical approach, which could be explained on the basis
of the interplay between various attractive/repulsive forces
contributing towards fragmentation potential. Finally, asym-
metric preformation distribution is obtained for the static-cold
approach at mass asymmetry n = 0.29, resulting in a new fis-
sion region which is different from the traditional superheavy

decay of fusion-fission (n ~ 0) and quasifission ( ~ 0.4).
The dynamical deformations are also tested within the cold
orientation approach, which gives a modified preformation
structure, where the contribution of symmetric fragments again
dominates.

The fission and evaporation decay channels are also in-
vestigated for 2°’Db* nuclear system formed in the 'F +
28Cm and '80 + 2*Bk reactions. To compare the entrance
channel relevance, the barrier characteristics are calculated
for both reactions, resulting in smaller barrier height for the
180 4+ 249Bk reaction. The capture and fusion cross sections are
calculated using the Wong model. Higher fusion cross sections
are obtained for the 80 4 ?*’Bk channel as compared to
198 1 28Cm, due to smaller Coulomb repulsion in the entrance
channel. The compound nucleus formation probability (Pcn)
for the 180 + 2*’Bk reaction is relatively larger as compared to
F 4+ 2Cm. Finally, the 4n and 51 evaporation residue cross
sections are calculated for the '°F + 2*3Cm and '*0 + **Bk
reactions using sticking (/s) and nonsticking (Ins) approaches
of the moments of inertia. The 4n cross sections for both re-
actions are addressed nicely within the /g and Ins approaches,
whereas only the nonsticking moment of inertia could address
the 5n cross sections of the 20 + **Bk reaction. Further, the
fragmentation analysis of the 4n and 5n decays support prompt
emission of 5n clusters.
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