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The investigation of fusion reactions involving light neutron-rich exotic nuclei is of paramount significance
to understand nucleosynthesis in astrophysical scenarios. It is also estimated as a possible heat source to
ignite '2C + '2C reaction and production of x-ray superbursts from accreting neutron star. Recently, the fusion
of neutron-rich 2°Q with '2C target has been studied with measurement of fusion cross-section (oys). Bass
model under predicts the ogs and time-dependent Hartree-Fock model also fails to explain the experimental
data. To explicate the same, the investigation of 2°Q + '2C reaction at near barrier energies has been made
within quantum mechanical fragmentation-based dynamical cluster-decay model (DCM). Within DCM, the
fragmentation potential comprises temperature-dependent Coulomb, nuclear and centrifugal potentials, along
with temperature-dependent binding energies (T.B.E.) calculated within the macroscopic approach of Davidson
mass formula. Recently, we have explored the temperature-dependence of different nuclear properties and
nuclear symmetry energy within microscopic relativistic mean-field (RMF) theory [M. Kaur et al., Nucl. Phys. A
1000, 121871 (2020)]. In the present work, we inculcate the microscopic T.B.E. from RMF theory within DCM
and investigate the structure of fragmentation potential for *Si* formed in 2°Q 4 >C reaction, comparatively
for macroscopic (mac) and microscopic (mic) T.B.E. obtained from Davidson mass formula and RMF theory,
respectively. The structure and magnitude of fragmentation potential are found to change drastically/notably
along with a change in energetically favored/minimized fragments for both choices of T.B.E. The « particles
(*He, SHe) are favored at lower angular momenta in fragmentation profile for mic T.B.E. case only, which is in
the agreement with predictions of statistical model results. This change in the nuclear structure embodied via
fragmentation potential energy carries its imprints in the preformation probability P, of different fragments and
affects the contribution of individual light-charged particle (LCP) channel in the of,s. A comparison of the relative
cross-section of different LCP channels toward oy, is quite different for both cases of T.B.E. The cross-section
of ?H and “He LCP channels is relatively enhanced for mic T.B.E. compared to mac T.B.E. Among different
LCP channels, the *He channel is the major contributor in oy, which is in line with the results of the statistical

EVAPOR model. The DCM-calculated oy is in agreement with the experimental data.
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I. INTRODUCTION

The heavy-ion-induced fusion reactions with both stable
and unstable nuclei have captured the central attention both
experimentally and theoretically. Besides the production of
exotic nuclei toward the drip lines, the extension of peri-
odic table up to superheavy elements, and energy production,
these studies are crucial to unfold the origin of elements via
nucleosynthesis in the celestial laboratory [1-7]. The fusion
reactions of carbon and oxygen nuclei at near-barrier energies
are of immense importance in astrophysical scenarios. The
outer crust of an accreting neutron star offers a peculiar en-
vironment for the occurrence of nuclear reactions. The fusion
reactions involving neutron-rich light nuclei are anticipated
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as a viable heat source to stimulate '>C + '?C reaction and
production of x-ray superburst [6]. The radioactive ion beam
facilities open up the window to explore such possibilities.
Some studies have reported that fusion probability for
neutron-rich heavy beams is enhanced compared to B-stable
beams at below and near-barrier energies [2,3,7,8]. It has
been linked with the increased significance of neutron transfer
channels leading to effective lowering of the Coulomb barrier.
However, very limited data is available experimentally and/or
theoretically for fusion reactions involving light neutron-rich
nuclei. The fusion cross-section for 2°0 + '2C has been mea-
sured experimentally by Rudolph et al. [9], which shows an
enhancement compared to Bass model [10] predictions. Also,
the time-dependent Hartree Fock (TDHF) model was applied
to this reaction but could not explain the experimental data.
Therefore, it is intriguing to explore the dynamics of such
nuclear systems formed in neutron-rich projectile-induced
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reactions and to compare the fusion cross-section with the
experimental data.

Some theoretical approaches such as coupled channel
model, semiclassical transport theory, TDHF model, etc. have
been employed to study the fusion enhancement in sub and
near-barrier domain [11-13]. Dynamical cluster-decay model
(DCM) [14-17], based upon quantum mechanical fragmen-
tation theory (QMFT), has also been applied successfully to
explore the decay of hot nuclear systems formed in reactions
induced by stable and unstable projectiles. Within DCM, the
temperature evolution of clustering effects in light mass « and
non-o¢ conjugate systems and its subsequent effect on the de-
cay yield has been probed [15]. The dynamics of neutron-rich
light and mid mass compound systems have also been ex-
plored within DCM [18-20]. To study the excited state decay,
all the potentials within DCM are temperature-dependent and
the knowledge of temperature-dependent binding energies is
crucial. The binding energy of a nucleus at 7 temperature, one
of the fundamental ingredients of the DCM, is defined as the
sum of liquid drop energy V. pm(T) and shell correction within
the Strutinsky renormalization procedure [21]. So far, the
temperature-dependent liquid drop model binding energies
of Davidson formula [22] together with the shell corrections
by Myers-Swiatecki [23] have been used within DCM. It is
important to point out that the masses of known regimes at
T =0 MeV have been employed in the fitting of different mass
formulas and an obvious agreement with experimental data is
anticipated in these regions. However, the point of concern is
their divergence in the unknown regions where no common
trend or correlation is seen (see Fig. 4 of Ref. [24]) taking
one of the mass formula as a reference case [25,26]. This
divergence cast doubt upon the predictive efficacy of different
mass models. Therefore, any available mass formula cannot
be used as a reliable guide to get temperature-dependent bind-
ing energies.

Here, we address this issue by the inculcation of
temperature-dependent binding energies from the microscopic
relativistic mean-field (RMF) theory [27,28] within DCM.
Since it is well known that any theory expressed in the form of
differential equations, e.g., Schrodinger, Dirac equation, etc.,
has intrinsic predictive power. Within RMF theory, the inter-
action among nucleons is assumed to occur via the exchange
of isoscalar-scalar o, isovector-vector p, and isoscalar-vector
o mesons. Another, distinct advantage of RMF theory is
that it automatically takes account of spin-orbit interaction,
i.e., additional inclusion of shell corrections in the binding
energies is not required. The Dirac equation and Klein-
Gordon equations for nucleons and mesons, respectively, are
solved self-consistently which give different nuclear proper-
ties. Here, nuclear properties such as binding energies, radius,
etc. of only a few doubly magic nuclei are fitted at T =
0MeV with reference to experimental data and predictions
made for other thousands of nuclei are in consonance with
experimental data at T = 0 MeV. Therefore, the prediction
of temperature-dependent binding energies by RMF theory is
reliable. In recent work, two of us (MK and SKP) have studied
the temperature-dependence of different bulk properties of
rare earth nuclei within RMF theory and also investigated the
temperature-dependence of symmetry energy and its volume

and surface components using temperature-dependent RMF
densities [28].

In the view of the above discussions, it is interesting to
investigate the reaction involving light exotic nuclei, which is
of astrophysical significance. Also, it is quite important to ex-
plore the role of microscopic temperature-dependent binding
energies [27-29] upon the fragmentation process and different
variables involved in the fusion cross-section estimation of
low energy reactions. In the present work, we aim to probe
the dynamics of 32Si* nuclear system formed in 2°Q + '2C
reaction at near-barrier energies [9] together with the influence
of microscopic T-dependent binding energies upon the contri-
bution of different emission channels in fusion cross-section
within DCM. The theoretical frameworks of RMF theory and
DCM are discussed in Sec. II, and results are discussed in
Sec. III. The summary of the work is presented in Sec. IV.

II. THEORETICAL FORMALISMS
A. Relativistic mean-field (RMF) theory

RMF theory is one of the microscopic approaches to solve
many-body problems of the nuclear system. Within RMF
model, the nucleons are assumed to interact through the ex-
change of mesons. For the sake of completeness, here we
present the RMF formalism briefly. The details of the RMF
model can be found in Refs. [30,31]. The Lagrangian density
of nucleons with o, w, p mesons and photon A* fields within
RMF is given as

L =Y (iy"d, — M)y + 1(8"0d,0 — mlc?)
—1g0® — 1g0t — g Yyo
- ivﬂvva + %mz)wuwu - gw&yﬂwwu

- %Rﬁvﬁuu + %miﬁﬂﬁu - gpliyﬂ?wp_’p.

— JF"Fy — ey SSRIYA,, (1)
with
VI = ghpV — uwH, 2
R = 9"p” —avp", 3)
FHY = gHAY — JUA*, “4)

where V,,,, 13,“,, and F),, are the antisymmetric tensors cor-
responding to the vector fields w,,, p,, and A*, respectively.

Mg, My, and m, are the masses and gq, 8w, &p» % are the
coupling constants for o, w, p, and photon, respectively. The
equations of motion for the baryons and mesons (o, w, and
p) are obtained by solving Lagrangian density using the vari-
ational principle and applying the mean-field approximations.
These sets of coupled differential equations are solved self-
consistently by expanding the Boson and Fermion fields in
an axially deformed harmonic oscillator basis with By as the
initial deformation. After getting a convergent solution of the
fields, the densities and energy of a nucleus are obtained. The
total energy of a nucleus at finite temperature 7' is given by
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the expression [27-29,32,33]
E(T) = Z eini + Emes + Ec + Epair +E.m —AM, (5)

l

where ¢; is the single particle energy, n; is the occupation
probability and Es, Ec are the contributions of the mesons
and Coulomb field. Ecm= —3 x 41A7!/3 MeV, is the center
of mass energy correction obtained from the non-relativistic
approximation [34]. Ep,, 18 the pairing energy obtained from
the BCS formalism [27-29]
2

Epair =—-A ;uivi = _%’ (6)
where u? and v} are the probabilities of unoccupied and oc-
cupied states, respectively, and A is the pairing gap [35]. The
variational approach with respect to the occupation number n?
gives the BCS equation [36,37]:

26,’14,‘1),‘ — A(Mlz — Ulz) = O, (7)

with the pairing gap A =G ) ,_,, u;v;. The temperature comes
into the picture through the occupation number r; in the for-
malism given as [27-29]

ni=v?= 1[1 —~ Ef:[l - 2f(&, T)]}, ®)

where
1

(1 + expl€;/T])
is the Fermi Dirac distribution for the quasi particle energy é;
and & = /(¢; — 1A)* + A2, where is A the chemical potential.
It is noted that the pairing is important for the binding energy
of relatively heavy nuclei but not for light nuclei at T =0
[36]. The present work at finite temperature also involves a
negligible contribution of pairing energy in the total binding
energy.

The total binding energy E(T') is obtained by subtracting
the rest mass energy (AM) of the nucleus, where A is the mass
number and M is the nucleonic mass. Then we have used these
temperature-dependent binding energies for further calcula-
tions of fragmentation potential and preformation probability
of different fragments within the dynamical cluster-decay
model, discussed in the following subsection.

fé&.T)

B. Dynamical cluster-decay model (DCM)

The theoretical approach of DCM [14-17] is discussed
briefly here. It is founded upon the quantum mechanical frag-
mentation theory [38—40], which gives the unified description
of binary channels in fusion as well as the fission process. The
collective coordinates of the DCM are mass asymmetry n =
(A —A2)/(A; + Ay) and the relative separation R between
centres of two fragments. In terms of above defined collective
coordinates, the decay or fragment production cross-section
of the compound nucleus (CN), in terms of £ partial waves, is
[14-17]

T bunr 2UE.
0= > @t+DRP; k= h;'m'
=0

, €))

where Py is the preformation probability, refers to n motion,
which gives significant information related to nuclear struc-
ture, and P is the penetrability refers to R motion and £, is
the maximum angular momentum for which o p — 0. The
preformation probability is given as

2
Py(A;) = W(n(A,-))FE\/BM, (10)

where i = 1, 2, and B, denotes the hydrodynamical mass
parameter of Kroger and Scheid [41] based on the hydrody-
namical flow. It gives a simple analytical expression, whose
predictions are shown to compare nicely with the microscopic
cranking model calculations. For the B, mass we get,

AmR? 1
B,, = “~ wd+y) ] (11)
4 ve(1 + 82)
with
R, 1 R, 1 R,
V = |7 1 - + P 1 - 5 ’
2R| 1+ costhy R, 1+ cos v R,
(12)

8= %[(1 —cos P )(R1 — Re) + (1 — cos %2)(Rx — R,
13)

ve = TR’R, (14)

and v, = vy + v, is the total conserved volume. The ¢, and
¥, are the angles of the geometry of the model (see Fig. 1(b)
of Ref. [41]). R.( 0) is the radius of a cylinder of length R,
having a homogeneous flow in it; whose existence is assumed
for the mass transfer between the two spherical fragments.
This formalism has been generalized for deformed nuclei by
using the radii R; and R, for hot deformed nuclei, given by

Ri(e;, T) = Rol'(T)|:1 +y ﬂx,-YA(O)(at):|, (15)
A

where

Roi(T) = [1.284;° — 0.76 + 0.84;'/*](1 + 0.00077?),
(16)

and «; represents the angle that the radius vector R; of the
colliding nuclei makes with the symmetry axis in clockwise
direction.

The Py in Eq. (10) is given by the solution of stationary
Schrodinger equation in 7, at a fixed R = R,,

{_—___+‘/R(77 T)}'gﬁ”(n) = Evlﬂ (71)
(1;)

with v = 0, 1, 2, 3..., referring to ground-state (v = 0)
and excited-state solutions summed over as a Boltzmann-like
function

WI> =) 1Y Pexp(~E"/T). (18)

v=0
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The temperature-dependent fragmentation potential
Vr(n, T) in Eq. (17) is the potential energy for all possible
mass combinations A;, corresponding to the given charges Z;
minimized for each mass fragmentation coordinate n and is
defined as

2 2 TZ
Ve(n, T) =Y [Viom(Ai, Zi, T+ ) [wi]exp(—ﬁ)

i=1 i=1 0

—}—V((R, Zi, ﬂ)“‘., 9,‘, T) + VP(RvAi’ ﬁ)x,‘v Gi’ T)
+Vi(R. A, B, 6, T), (19)

where V), V., V; are temperature-dependent nuclear proxim-
ity, Coulomb, and angular momentum-dependent potentials,
respectively, for deformed and oriented nuclei with deforma-
tion B,,. The deformation parameters f8;, of the nuclei are
taken from the tables of Moller et al. [42], and the orienta-
tions 6; are the optimum [43] or compact orientations [44] of
the “hot” process. B; = Vipm(Ai, Z;, T) + 6U; (i = 1,2) are
the temperature-dependent binding energies of two nuclei.
Vipm(T) is the T-dependent liquid drop part of the binding
energy by Davidson et al. [22] with modified pairing strength
[45] and &U; are the empirical shell corrections of Myers-
Swiatecki [23]. Vipm(T) is taken from Davidson et al. [22],
based on the semiempirical mass formula of Seeger [46], as

Viom(A, Z, T)
n(TH\ (I? + 21
= a(T)A + B(T)A*? +(V(T) - W)( 1 >

72 | 0763 2.29

i R0<T>A‘/3< B [R0<T)Al/3]2)
f(Z,A)

+(T) =57 (20)

where
I =a,Z—N),a, = 1.0, @1

and f(Z,A) = (—1,0, 1), for even-even, even-odd, and odd-
odd nuclei, respectively. Temperature-dependent binding
energies are obtained from Ref. [22] with its constants at
T = 0 refitted [47,48] to give the ground state (T = 0) ex-
perimental binding energies [49], and, where the data is not
available, the theoretical binding energies are taken from
Ref. [42]. In the present work, we have inculcated the T'-
dependent RMF binding energies, with NL3 parameter set, by
replacing the Vipm(A;, Z;, T') + §U; terms of the fragmenta-
tion potential Vx(n, T') defined in Eq. (19). The fragmentation
potential Vz(n, T) used in Eq. (17) embodies the nuclear
structure effects and therefore, the preformation probability
Py carriers the nuclear structure imprints.

For R coordinate motion, at a fixed 7, the penetration prob-
ability is calculated by applying the WKB approximation as

_ 2 [ 172
P = exp % {2ulV(R) — Qe]} '7dR|,  (22)

R,

1(@)"0+7C > Si-> A +A, {(0)*0+7C > Si-> A +A,
] or ]
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FIG. 1. Fragmentation potential V (MeV) in the decay of *2Si at
T =0 MeV using (a) Davidson formula-based macroscopic (mac)
B.E. and (b) RMF theory-based microscopic (mic) B.E.

where V (R) is the scattering potential given by the addition of
the last three terms in Eq. (19). It is solved analytically [50],
with R, as the first turning point.

The cross-section of CN decay termed as CN production
cross section or fusion cross-section oy, is given as

Ofys = OLP + OIMF + OSMF, (23)

where orp, onvr, osmr are the cross-section for light parti-
cles (LP), intermediate mass fragments (IMF), and symmetric
mass fragments (SMF), respectively. The opp consists of the
contribution of neutron channels as well as light-charged par-
ticles (LCP). In the present work, the fusion cross-section
associated with emission of LCP (Z < 2; 2 < A < 6) is
determined in reference to experimental measurements [9].

III. CALCULATIONS AND DISCUSSION

In this section, we discuss the dynamical aspects of *2Si*
nuclear system formed in 2°0Q + '2C reaction and compare the
DCM-calculated fusion cross-section with the experimental
data. The fusion cross-section (ofs) is calculated via fragmen-
tation potential, pre-existence/preformation probability of
different fragments, and their subsequent penetration through
scattering potential. The fragmentation potential consists
of temperature-dependent Coulomb, proximity, and angular
momentum-dependent potentials and temperature-dependent
binding energies (T.B.E.) from Davidson mass formula
with the addition of empirical shell corrections of Myers-
Swaitecki. Here, we bring forth the significance of inculcation
of RMF theory-based microscopic (mic) T.B.E. within DCM,
to calculate the above-mentioned factors involved to evaluate
the oy, compared to the use of macroscopic (mac) T.B.E.
from Davidson mass formula.

First, we investigate the fragmentation potential profile
using mac and mic binding energies (B.E.) at T =0 MeV
comparatively, as presented in Fig. 1. Among light particles
(LP), In, 2n, *H, and *>%He are noted in the fragmen-
tation path. The structure of fragmentation potential and
minimized/favored fragments essentially remains unchanged
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FIG. 2. Mass-dependence of fragmentation potential V (MeV) in
the decay of *>Si* formed at T = 3.09 MeV at £ = 0 /i (left panel)
and f,x value (right panel) using (a, ¢) Davidson formula-based
macroscopic T.B.E. and (b, d) RMF theory-based microscopic T.B.E.

with a small change in the magnitude for mac and mic B.E.
cases. It is due to the fact that both mac and mic B.E. us-
ing Davidson mass formula and RMF theory, respectively,
are nearly similar and well compared with the experimental
binding energy data at T = 0 MeV. However, the difference
in B.E. at higher temperature is anticipated depending upon
the method (mass formula or theory) involved to calculate the
T.B.E. To elucidate the impact of mac and mic T.B.E., calcu-
lated from Davidson formula and RMF theory comparatively,
upon the fragmentation process the fragmentation potential
[Eq. (19)] of *2Si* nuclear system is shown in Fig. 2. The
left panel [Figs. 2(a) and 2(b)] presents the fragmentation
potential at £ = Ok and right panel [Figs. 2(c) and 2(d)]
presents the fragmentation potential at £ = £, for mac and
mic T.B.E. cases. At a lower £-value, it is clear that LP or
equivalently evaporation residues (ER) are favored energeti-
cally for both the cases of T.B.E. [Figs. 2(a) and 2(b)]. For
the mac T.B.E. case, the neutrons (1n-5n) are the most prob-
able exit channels in the decay process [Fig. 2(a)]. However,
for mic T.B.E. case, in addition to neutron channels, the o
channels (*He, He) with complementary **Mg, >"Mg (or
xn-xa, x is an integer) channels also come into the picture
[Fig. 2(b)]. This observation is in accordance with predictions
of the statistical EVAPOR model [9] giving He as one of
the probable light particle emission channels. Other «-like
fragments (®Be, 2*Ne) are also more favored energetically for
mic T.B.E. compared to mac T.B.E. case. It is also noted that
a higher value of fragmentation potential for LP (or ER) for

0 A=10 20p A=l o
= -40} '405
S -sof ooF
5 601 -80F
/M r ¥

T =3.09 MeV

—( )—mac B.E.
\1\ ;\% mic B.E.

L 1 L n
8 10 12 14 8 10 12 14
Fragment charge Z Fragment charge Z

FIG. 3. The macroscopic and microscopic binding energies
(B.E.) for some isobars with mass number A = 10, 14, 18, 22, 26,
30 at T = 0 MeV and 3.09 MeV obtained using Davidson formula
and RMF theory, respectively.

the mic T.B.E. case than the mac T.B.E. dictates that **Si*
becomes more prone/unstable with respect to the emission of
LP. The structure of symmetric mass fragments (SMF) also
gets changed with the inculcation of mic T.B.E.

At £ax-value, among LP, in addition to neutron channels,
the tritium, «, and He exit channels with complementary
P Al Mg, and Mg, respectively, are seen due to change in
Z-distribution for mac T.B.E. [Fig. 2(c)]. Whereas, the ‘He,
SHe seen at £,,x-value are also preformed at lower £-value for
mic T.B.E. case. At £,x-value, the symmetric mass fragments
(SMF) are energetically minimized compared to LP. The in-
termediate mass fragments (IMF) are also in competition with
SMF. Quite interestingly, the shape of the potential energy sur-
face changes significantly for light particles and SMF window
(Acn/2+5) for mic T.B.E. case.

It is inferred from Fig. 2 that structure and magnitude
of fragmentation potential change significantly along with
some changes in Z-distribution by taking into account the mic
T.B.E. In other words, T.B.E. governs the shape of the po-
tential energy surface. The mic B.E., calculated within RMF
theory, of some isobars with A = 10, 14, 18, 22, 26, and 30
at T =0 MeV and 3.09 MeV are shown along with David-
son mass formula-based mac B.E. in Fig. 3. At T = 0MeV,
there is a negligible difference in the magnitude of mac and
mic B.E. However at higher temperature 7 = 3.09 MeV, the
magnitude as well as the shape of binding energy parabola
is quite different for theory and mass formula computed
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FIG. 4. Preformation probability P, of different fragments in the
decay of *Si* formed at T =3.09 MeV at £ = 0 % (left panel)
and £, value (right panel) using (a, ¢) Davidson formula-based
macroscopic T.B.E. and (b, d) RMF theory-based microscopic T.B.E.

T.B.E. The mic T.B.E. vary smoothly compared to mac T.B.E.
at T =3.09 MeV for all shown isobars. It is important to
mention here that the Davidson formula-based mac B.E. are
calculated via empirical fitting of constants in reference to
available experimental data at 7 = 0 MeV. But the divergence
of results using mass formulas in unknown regions with no
common trend is noted by considering one of the available
mass reference cases, which raises the question about their
predictive power [25,26], as also discussed in the introduction
part. However, RMF theory-based mic B.E. are fitted for only
a few doubly magic nuclei in reference to experimental data
at T = 0 MeV and predictions made for thousands of nuclei
agree with experimental data. It portrays the intrinsic predic-
tive efficacy of RMF theory and therefore RMF theory-based
mic T.B.E. are much reliable.

Further, we will explore the nuclear structure effects in the
decay of 32Si* via preformation probability P, calculations
within the collective clusterization approach of DCM. The
fragmentation potential being an essential input in the pre-
formation probability calculations [see Eq. (17)] encompass
the nuclear structure imprints in the preformation probability
Py of different fragments. The energetically minimized frag-
ments in the fragmentation profile are stable and therefore
will be highly preformed. Figure 4 presents the preformation
probability of different fragments for two different choices of
T.B.E. at T = 3.09 MeV. The preformation profile evolves
from an asymmetric [Figs. 4(a) and 4(b)] to a symmetric
[Figs. 4(c) and 4(d)] one while moving from lower to higher
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FIG. 5. Same as Fig. 4 but for replaced light-charged particles
(LCP).

£-value for both cases of T.B.E. At £ = Oh, neutrons are
the most probable LP channels for mac T.B.E. [Fig. 4(a)],
whereas o channels (*He, He) with complimentary xn-xo
channels (®*Mg, 2’Mg) are also preformed among LP for mic
T.B.E. case [Fig. 4(b)], as discussed earlier. It is noted that
Py of 2n is more than 1n for mac T.B.E. whereas the 1n is
having highest Py value for mic T.B.E. At £ = {;,,x, SMF
are highly preformed and IMF are also competing with SMF.
Among LP, 2n channel competes with IMF and SMF even
at higher ¢-value for mac T.B.E. case [Fig. 4(c)]. The Py
value of o channels (*He, He) is more for mic T.B.E. case
[Fig. 4(d)] compared to mac T.B.E case [Fig. 4(c)]. The shape
of preformation profile changes notably for light particles and
SMF window by consideration of mic T.B.E [Fig. 4(d)].

The nuclear system *2Si* undergo de-excitation via emis-
sion of neutron, proton, and « particles resulting in ER.
Although, the major fraction of ER is formed via the neutron
emission channels but a significant proportion of ER is formed
via emission of LCPs. It is important to note that experimen-
tally measured fusion cross-section involve contributions of
LCP (Z <€ 2,2 < A < 6) only [9], therefore fusion cross-
section is evaluated by the addition of contribution of each
LCP channel. To calculate fusion cross-section of LCP (o),
we have chosen in the fragmentation potential profile the 2H,
3H, “He, He, °He LCP in place of 2n, 3n, 4n, 5n, Li for
mac T.B.E. case and 2H, *H, and ®*He LCP instead of 2n, 3n,
and °Li for mic T.B.E. case. The preformation profile for mac
and mic T.B.E. cases at T = 3.09 MeV with replaced LCP is
shown in Fig. 5.
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FIG. 6. Angular momentum dependence of preformation proba-
bility Py of LCP for *2Si* nuclear system formed at T = 3.09 MeV
for (a) mac T.B.E. and (b) mic T.B.E. case.

The variation of Py, with angular momentum for chosen
LCP channels is shown in Fig. 6 for both T.B.E. cases. For >H,
the Py decreases with an increase in ¢-value, while for other
LCP channels the Py rises up to £ =18-20 7/ and decreases
afterward for both T.B.E. cases. For mic T.B.E. case, the P,
of *He is more than *H compared to mac T.B.E. case. “He
LCP channel has also a higher value of Py for mic T.B.E. than
in mac T.B.E. case. Another important factor in the fusion
cross-section calculations is the penetrability of LCP through
scattering potential. Figure 7 presents the scattering poten-
tial for 3H, *He, "He with 2°Al, 2®Mg, ?’Mg complimentary
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FIG. 7. Scattering potential for the emission of *H, “He, >He with
complimentary 2° Al, Mg, *’Mg channels, respectively, in the decay
of *2Si* nuclear system at T = 3.09 MeV.
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FIG. 8. (a) Summed up preformation probability X P, and
(b) summed up cross-section o of different LCP channels in the
decay of **Si* nuclear system formed at T = 3.09 using mac and mic
T.B.E.

channels, respectively, at £,,,x value. R, and R, present the
first and second turning points. It is noted that the barrier is
lowest for "He compared to *H, “He channels. It may be due to
the centrifugal effect, since the angular momentum-dependent
potential is high for lighter *H and “He channels. Among
“He and °He channels, the Coulomb barrier is reduced for
n-rich *He.

It is noted that we have performed calculations using the
collective clusterization approach of the DCM, which means
that the relative contribution of all possible binary fragments
in the decay channel is accounted via preformation probability
(Py). Here, the relative fragmentation is analyzed in terms
of preformation probability, which encompasses the structure
effects at the compound nucleus level. The barrier penetration,
however, contributes only toward the magnitude of the cross-
section. Therefore, one-dimensional WKB approximation is
employed to estimate penetrability. It is relevant to note that
WKB penetrability gives a reasonable account of the tunnel-
ing process, as evident from Ref. [51].

Further, the effect of change in the structure of
fragmentation/preformation profile, with the inclusion of mi-
croscopic T.B.E., upon fusion cross-section calculations is
speculated. Figure 8(a) presents the summed up preformation
probability £Py of LCP. The P, of *He is considerably
larger in case of mic T.B.E. compared to mac T.B.E. case,
whereas for "He and ®He the value of %P, is approximately
the same for both cases of T.B.E. These preformed LCP
contributes toward cross-section and their summed up cross-
section X o is shown in Fig. 8(b) for mic and mac T.B.E cases.
It is noted that *He is the major contributor in o for both
mac and mic T.B.E. cases. It is probably due to the low barrier
for He leading to higher penetrability through the interaction
barrier (Fig. 7) although its preformation probability Py is less
compared to other LCP channels. This result is in line with
statistical EVAPOR model calculations [9] depicting the more
percentage contribution of >He channels among different LCP
channels. For mic T.B.E case, the contribution of 2H and *He
channels is relatively enhanced while that of 3H channel is

054608-7



KAUR, SINGH, AND PATRA

PHYSICAL REVIEW C 103, 054608 (2021)

TABLE 1. The fusion cross-section associated with light-charged particles (LCP) in 2°Q + '2C reaction calculated within DCM using
macroscopic (mac) and microscopic (mic) 7 -dependent binding energies (T.B.E.) from Davidson formula and using RMF theory, respectively,
along with a comparison with other model results and experimental data [9].

mac T.B.E. mic T.B.E.
Ecm. T Comax o(A;) abem Cinax o(A)) oM o o DHF UEZPI
MeV) (MeV) (n) (mb) (mb) (n (mb) (mb) (mb) (mb) (mb)
ooy = 0.28 oy = 5.96
O34y = 19.48 O34y = 5.87
7.35 3.09 28 Oape = 3.70 84.2 27 Oupe = 16.72 86.5 1.8 242 82.3+ 26
ospe = 60.0 ospe = 57.35
OgHe = 0.78 O6He = 0.58
Oy = 0.30 Oy = 1.96
o3u = 39.56 o3y = 12.88
9.29 3.18 28 oape = 4.20 127.6 27 Oane = 26.81 119.6 59 92.2 133.4 £ 37
O5He = 82.31 O5He = 77.31
oene = 0.82 oene = 0. 96

low compared to the case of mac T.B.E. The values of P
(not shown here) are nearly similar for both cases of T.B.E.
for each LCP channel. Therefore, it is evident that the trend in
Yo is due to X Py signifying that nuclear structure information
is carried by Py and the cross-sections follow the trend of
Py for mic and mac T.B.E. choices. These results are also
shown in Table I, which presents the DCM-calculated fusion
cross-section associated with LCP (o2M) using mac and
mic T.B.E. from Davidson formula and using RMF theory,
respectively. With an increase in E. , , the oy, associated with
LCP emission increases. At higher E. ,,, the contribution of
the 2H channel decreases than at E,, = 7.35 MeV while the
contribution of the *H channel increases at higher E.,, in
accordance with statistical EVAPOR model results [9]. The
inculcation of mic T.B.E. within DCM shows a significant
contribution of the o particle (*He) in the oy associated
with LCP at both energies. The results of the standard fusion
Bass model and DC-TDHF model are also shown, which
underpredict the oy, at both energies. Whereas the experi-
mentally measured oy, for neutron-rich 200 4+ 12¢ system is
reproduced well within the collective clusterization approach
of DCM.

IV. SUMMARY

We have investigated the reaction involving neutron-rich
20 nucleus, which is of considerable importance in the

astrophysical environment. The role of microscopic (mic)
temperature-dependent binding energies (T.B.E.) upon the
different factors involved in the fusion cross-section calcu-
lations of neutron-rich 2°0Q 4 '?C system has been explored
within the quantum mechanical fragmentation theory-based
dynamical cluster-decay model (DCM). The fragmentation
potential, used to estimate the nuclear structure effects via
preformation probability of different fragments, involves
temperature-dependent nuclear, Coulomb, centrifugal poten-
tials together with T.B.E. With the inculcation of RMF
theory-based mic T.B.E, a considerable change in the
minimized/favored fragments and structure of fragmentation
potential is noted compared to macroscopic (mac) T.B.E.
calculated using Davidson mass formula. The o and a-like
fragment (*He) are favored energetically at all £-values for the
mic T.B.E. case in line with statistical EVAPOR model results
whereas only neutrons are preformed at lower ¢-values for
mac T.B.E case. Subsequently, it affects the preformation pro-
file of different fragments and the contribution of individual
LCP channels in the fusion cross-section (o). The inculca-
tion of mic T.B.E. predict/give a significant contribution of
the « particle (*He) in oy, associated with LCP and “He is the
dominant LCP channel contributing in oy,s. The Bass model
and DC-TDHF model underpredict the fusion cross-section
associated with LCP emission whereas DCM-calculated oy,
are in good agreement with the available experimental data.
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