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From the past few years, increasing experimental evidence has shown that clusters (multiple of « particles)
of intermediate mass are emitted with quite large cross sections at forward angles in heavy-ion reactions. In the
present work a theoretical investigation has been made to explore the role of a-clustering in '*12C + 2C reactions
populating »***Mg* compound nuclei (CN), which results in the enhanced cross sections of intermediate mass
fragments (IMFs) within the collective clusterization framework of the dynamical cluster decay model (DCM).
With in the formalism the experimental cross sections are reproduced using the spherical as well as deformed
configurations effects included up to quadruple deformations (8,;) for two nuclei having optimum orientations
/°Pt. The ratio of the calculated (fission-like) yields of each isotopic fragment %’Li, 73Be obtained in the two
reactions has been compared with the experimental and statistical model predictions also. The DCM calculated
result is in little better comparison to the statistical models due to the inclusion of structure effects in the
calculations. In the present calculations, the dynamical yields count for the preformation probability (Py) of
the IMFs within the collective clusterization process of DCM, before penetrating the scattering potential barrier.
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DOI: 10.1103/PhysRevC.101.034614

I. INTRODUCTION

Clustering process appears to play a crucial role in the
formation of galaxies as well as in the decay of heavy nuclei
into lighter nuclei, and can be treated as extreme examples
occurring in nature. Within an atomic nucleus, nucleon clus-
terization process which treats the nucleons as a cluster rather
than free nucleons has been extensively used to explain a
number of nuclear phenomena. In one of the earliest studies,
the nucleus was viewed as a collection of « particles [1]
and well-known examples of such nuclear clustering are the
tightly bound o particle and Hoyle state of '>C. The famous
Ikeda diagrams have also suggested the structure of various o
conjugate nuclei depending on their excitation energy. Thus,
both theoretical as well as experimental [2—-10] efforts are
being devoted to the study of clustering phenomena in nuclei
in ground state decay and as well as in the dissipative decay
of excited/hot composites systems populated through the
reactions involving excitation energies <100 MeV.

Low-energy heavy ion collisions leading to the decay prod-
ucts of the very-light-mass composite systems (A = 20—40)
have been studied extensively, specifically for the composite
systems in which neutron and proton numbers differ or are
equal [11-13]. In this mass region the cluster structures have
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been studied experimentally in °Be, 1°B, 80, ?’Ne, 4’Ca,
etc., [14,15]. Moreover, in the reactions involving «-cluster
nuclei a large enhancement in yield and a resonance-like
excitation function in a few outgoing channels have been
noticed, for which the deep-inelastic orbiting mechanism
(DIO)/quasimolecular resonance phenomena have been found
to be in competition with the fusion-fission (FF) mechanism
[16]. Recently, Manna et al. have investigated the role of
a-clustering in the binary complex fragment decay of fully
energy-relaxed composite systems 2>?*Mg*, populated in
13.12¢ 4 12C reactions. The cross section of the emitted frag-
ments *’Li and "3°Be have been measured and the ratio of
the obtained yields, respectively, in the case where two reac-
tions are compared with the corresponding statistical models
prediction of the same. For the set of reactions the observed
enhancement in the measured yields of 7-%°Be fragments has
been quoted to the « clusterization in the complementary
binary fragment nuclei '6!718Q [17]. Recently, Bailey et al.
have also shown the a-clustering in 8E nucleus [18].
Theoretically, Buck et al. have also investigated the «-
particle cluster structure in '8!°F and 80 [19]. Magda et al.
have investigated that the forward emission of clusters with
2 < Z < 4 at energies lower than 10 MeV /nucleon can be
accounted for mainly due to the projectile break-up mecha-
nism [20]. For a description of clustering in unstable nuclei,
a powerful approach of antisymmetrized molecular dynamics
(AMD) successfully describes clustering and deformations of
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light unstable nuclei [10]. The clusterization phenomenon has
been very well explained within the DCM [8,9] studies as
well.

Clusterization phenomenon makes an interesting case to
study a few more composite nuclei in this mass region within
the collective clusterization process of DCM to develop a
system. With this motivation, we intend to investigate frag-
ments emission from composite nuclei (CN) 25*24Mg* formed
in the reactions '>'2C + 2C at E* &~ 53.9MeV [17], within
DCM to give a dynamical description of the mechanism
in the low-energy domain. The structure information of the
fragments with respect to the specific exit channels containing
the complementary binary fragment as «-cluster or neighbor-
ing nuclei has been explored using their higher preformation
probabilities within the clusterization approach of the model.
The DCM calculated results have been compared with the
available experimental data [17]. Section II briefly describes
the model used. The details of the calculations and discussions
are mentioned in Sec. III and the results are concluded in
Sec. IV.

II. THE DYNAMICAL CLUSTER-DECAY MODEL FOR
HOT AND ROTATING COMPOUND SYSTEM

The theoretical calculations have been performed using
the DCM developed by Gupta and collaborators [8,9,21—
28]. The model takes into account all possible decay modes
of the CN via emission of light particles (LPs), A < 4 (re-
sults in evaporation residues), intermediate mass fragments
(IMFs), 5 < A < 20, and symmetric fission fragments (SFs)
or near symmetric fission fragments (nSFs), A/2 (corresponds
to fission). The model, based on the quantum mechanical
fragmentation theory (QMFT) [25,29], defines the CN decay
cross section or the fragment production cross section for
different ¢ partial waves as

crit jT crit 2/,;LE m.
o=) o= k_22(2z+ HPP; k= h; , (D
£=0 £=0

where the preformation probability Py that gives significant
information related to nuclear structure refers to n motion
(mass asymmetry/charge asymmetry) and the penetrability P
refers to R motion (the relative separation coordinate R be-
tween two nuclei or in general between two fragments), which
further depends on angular momentum ¢ and temperature 7.
InEq. (1), u (= A‘?‘sz m) is referred as reduced mass, where
m is the nucleon mass.
The preformation probability Py(A;) = [Yr(n(A)|?
B,y /% is given by the solution of the stationary Schrodinger
wave equation in 7, at fixed R = R,,

/\/____\/E ) ”s ” ’

with v =0,1,2,3... referring to ground state (v = 0) and
excited states (v = 1,2,3...) solutions and i =1 or 2, for
the heavy and light fragment, respectively, and assuming the

Boltzmann-like occupation of excited states

WP =) [y exp(—E"/T). 3)

v=0

Here, for deformed and oriented reaction products, R,, which
is defined as

Ry =Ri(a1, T)+ Rz, T) + AR(T), (€]

is the first turning point of the penetration path. AR is the
temperature dependant neck length parameter. In Eq. (2) the
mass parameters B, are the classical hydrodynamical masses
[30]. The formalism is generalized for deformed and oriented
nuclei by using the radii R; and R, given by

Ri(e;, T) = RO[(T)[l +y m,-Y;(”(a,»)]. )
A

Here, angle «; is the angle between the symmetry axis and
the radius vector of the colliding nucleus, measured in the
clockwise direction with respect to the symmetry axis. The
temperature dependent nuclear radii Ry;(7) for equivalent
spherical nuclei is defined as Ro;(T) = [1.284" — 0.76 +
0.84;'1(1 4 0.0007T2) [31], and T (in MeV) related to
Eiy = %AT2 — T = E.n. + Oin Where Oy, is the Q value of
the incoming channel.

The preformation probability Py, presented in Fig. 2, con-
tains the structure information of the CN which enters via
the minimized fragmentation potential shown in Fig. 1 for
different CN chosen, and is defined as the fragmentation
potential Vgr(n, €, T):

2
Ve(n, €, T) =Y [Viom(Ai, Z;, T)]

i=1

2
+ ) [8U;]exp (—T?/13)

i1
+VeR, Z;, Bi, 6:, T) + Vp(R, Ay, Bis 6:, T)
+Ve(R, Ay, Biy 0;, T). (6)

Here, V.pym is the T-dependent liquid drop model energy from
Davidson et al. [32] and §U (T) are the empirical shell correc-
tion from Myers and Swiatecki [33], also made T -dependent
to vanish exponentially with 7o = 1.5MeV [34]. V¢, Vp, and
Vi are, respectively, the T-dependent Coulomb potential, the
nuclear proximity potential [35], and angular momentum part
of the interaction as given in [25]. The deformation parameters
of the nuclei B,; are taken from the tables of Moller et al. [36],
for B,;, the orientations 6; are the ‘optimum’ orientations of
the ‘hot’ fusion processes which can also refer to a compact
configuration, which means the interaction radius is smallest
but barrier is highest.

The penetrability P or the tunneling probability in Eq. (1)
is calculated as the WKB tunneling probability,

-2 Ry
P=exp[7 / Jzu[V(R)—V(RandR] (7
R,

solved analytically [37] with R, and R;, as the first and second
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FIG. 1. The variation of fragmentation potential with fragment
mass using spherical and quadruple deformations (8,;) for the decay
of compound nuclei ***Mg* at E* ~ 53.9 MeV, at extreme £ values
(¢ =0 and £, = 21 for *Mg* and £ = 0 and £, = 22 for ®Mg").

turning point, satisfying
V(Rs) =V (Rp) = Qesr = TKE(T). ®)

The potential V(R,) can be looked upon as the effective,
positive Q value, Q.(T, £)[= TKE(T)], for the decay of a
hot compound nucleus, like Q, in the case of spontaneous
(T = 0) cluster decay [21]. As we do not know how to add
£ effects in the binding energies, the ¢ dependency of R, is
defined by V(R,) = Qe (T, £ = 0), which means that R, is
the same for all £ values and that Qe (T, £) = V(R,, £). As
the value of angular momentum ¢ increases, the Q¢ increases,
hence V (R,, £) increases. So, R, defined by Eq. (4) acts like
a parameter through AR, the neck length parameter, which
assimilates the deformation, and neck formation effects. The
dynamics of the neck region generally are quite different when
the two nuclei approach and rebound from each other. Here,
in the present work, the variation of the neck-length parameter
for the rebound state is sensitive to the compound nucleus
mass and its excitation energy, inclusion of shape parameters,
etc., AR vary smoothly from above barrier to below-barrier
energies, always remaining within the range of proximity
potential (2 fm). Now, using Eq. (8), Ry(£) is given by the
£ dependent scattering potential at fixed 7,

VR, T, 0) = [ZuZpe* /R(T)] + Ve(T) + Vi(T),  (9)

which is normalized to the exit channel binding energy. The
choice of R, [equivalently, AR in Eq. (4)] allows us to define,
equivalently, the barrier lowering parameter, AVg, which sim-
ply relates V (R, £) and the top of the barrier Vz(£), for each
£, as shown in Fig. 3:

AVg =V (R4, £) — Vp(£). (10)

Here, V(R,, £) represents the actual barrier used for the pene-
tration and V(£) corresponds to the top barrier position. Note
that AVp appears as a negative quantity, V (R,, £) being always
smaller than Vg(£), implying that the barrier actually used to
reproduce the cross sections is effectively lowered. The barrier
lowering AVjp, associated with hindrance phenomenon, is
contained in fitted AR values.

III. CALCULATIONS AND DISCUSSIONS

The analysis of low energy heavy ion induced reactions
dynamics has been performed within the dynamical cluster
decay model for the reactions '>'>C + >C. The calculations
are performed for spherical and quadruple deformed nuclei
having hot compact configurations. The experimental cross
sections of reactions populating >>?*Mg* have been repro-
duced, using neck length parameter (AR) as only free pa-
rameter, at E&y =~ 53.9 MeV. The cross sections are obtained
from the model using fragmentation potential, preformation
probability, scattering potential, and penetration probability,
calculated from different codes of the DCM. This section
describes the role of the above-mentioned variables to obtain
the cross sections and the involved dynamics.

The first important step of the model is the fragmentation
potential calculation. The interaction potential as mentioned
earlier also is comprised of T-dependent liquid drop model
energy, empirical shell correction and Coulomb potential, the
nuclear proximity potential, and angular momentum part. The
fragmentation process as a function of fragment mass A of the
decaying >Mg* nuclei is shown in Figs. 1(a) and 1(b) using
spherical and quadruple deformation (8,;) configurations at
extreme angular momentum values and similarly for >*Mg* as
shown in Figs. 1(c) and 1(d). It can be noticed that, in case of
Z’Mg* at £ = O/ the LPs are more minimized in comparison to
IMFs but with the increasing ¢ values the trend changes and
now the IMFs are more pronounced in comparison to LPs.
But the LPs from neutron rich compound nucleus >>Mg* are
competing even at higher ¢ values with the other fragments.
Also, with the inclusion of deformation effects the potential
energy surfaces of the LPs or their complimentary fragments
are more affected at (i.e., less minimized) higher ¢ value,
while the other IMFs are less affected. Similar observations
are noticed for the case of 2*Mg* but at higher angular
momenta the LPs do not compete with IMFs which is in
contrast to the observations of >Mg*. It can be noticed here
that the decay for both the systems is asymmetric.

Now, among the interested exit channels or IMFs, i.e.,
67Li and 7-*9Be, the fragments 67Li in the exit channel of
the BC+2C - »Mg* — ®7Li+ "18F reaction leads to
1918F as complimentary fragments, while the '>C +'2C —
XMg* — ®7Li+ '8 17F reaction leads to '*!"F as complimen-
tary fragments. It can be observed that °Li is more minimized
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in the case of **Mg* in comparison to Mg*, while for the
"Li case it is more minimized in >>Mg* than "Li of **Mg*. It
can be noticed that in the case of Mg* the complimentary
fragments '*!8F are competing with each other and are
highly minimized especially for higher angular momenta
values. Whereas the fragment '’F in the case of **Mg* is not
minimized at all in comparison to '>!8F. This may be due to
the absence of a-cluster structure in the case of 'F.

In the exit channel for the IMF "Be for reactions
13120 4 120 5 25240\ g* s TBe 4 18170, 18170 are the com-
plimentary fragments and ’Be is more favored for >*Mg* hav-
ing lower fragmentation potential than for Mg*. Also, the
"Be fragments in both compound nuclei are not as minimized
as for the case of "Li. Hence, the fragments will be preformed
accordingly in the further decay process.

Among the isotopes of Be, ®Be in the case of ’C + 1>C —
BMg* — ®Be+ 70 is less favored in comparison to ®Be in
the case of 1>C 4 '2C — **Mg* — ®Be + '°0 as in the former
case the exit channel is 'O while it is '°0Q for the latter
compound nucleus. Among these the exit channels of **Mg*
i.e., *Be and '°0Q both are well-known a-cluster nuclei. Hence,
they are more pronounced. Similarly, for the exit channel
of BC+'2C - PMg* — °Be+ '°0 with one of outgoing
fragment °Be having a corresponding complementary frag-
ment as '°0 has a relatively lesser fragmentation potential
in contrast to >C 4+ '2C — **Mg* — °Be + >0 which has
150 as a complementary fragment, which may be again due to
the presence of an a-cluster nucleus in '°Q. These results are
further reflected through the preformation probability graph as
shown in Figs. 2(a)-2(d). It can be observed that the fragments
with a 4a-cluster nucleus in the exit channel have decent
preformation probabilities.

The next step is the calculation of the scattering potentials
of the preformed fragments. The scattering potentials for both
compound nuclei, decaying through the °Be exit channel at
extreme ¢ values, is shown in Figs. 3(a)-3(d). The in-built
property of barrier modification is depicted for the extreme
values of angular momenta for both the used configurations.
R, and R, correspond to the first and second turning points,
for the respective exit channels. It is seen that the lowering
of the barrier (AVp) decreases with an increase in £ values,
thus the penetration of the fragment is affected accordingly.
Figures 4(a) and 4(b) shows AVp as a function of fragment
mass. The barrier lowering for different exit channels decides
the penetration probability (P) of the respective fragments
and is quite evident from X P of fragments in Figs. 5(c) and
5(d) where it can be observed that the inverse trend of AVj is
followed by TP. As in the case of 'Be the AV is less so its
> P is more, etc.

As discussed in Figs. 1(a)-1(d) and 2(a)-2(d) that the
minimized fragments have higher preformation probability,
Figs. 5(a) and 5(b) presents the calculated ¢-summed up
preformation probability, £ Py as a function of A, also shows
the same trend. The effect of deformations is quite small on
the magnitude of the values of X P but the pattern behavior for
the different fragments remains the same as for the spherical
case as shown in Fig. 5(a). It is to be noted that in fission of
light systems the scission point closely resembles the saddle
point [38]. It is evident from figure Figs. 5(a) and 5(b) that
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FIG. 2. The variation of preformation with fragment mass using
spherical and quadruple deformations (B,;) for the decay of com-
pound nuclei >**Mg* at E* ~ 53.9 MeV, at extreme £ values (£ = 0
and £, = 21 for *Mg* and £ = 0 and £, = 22 for ®Mg").

the P, of 'Li and °Be is greater in the case of Mg* in
comparison to **Mg*, where as, the P, of fragments °Li,
"Be, and ®Be is greater in the case of **Mg* in comparison
to 2Mg*. These respective higher values of the X P, result
in the larger cross sections values of respective fragments,
as the cross sections follow the behavior of X P, that is, the
highly preformed fragment contributes a maximum towards
the cross section as shown in Figs. 5(e) and 5(f). Thus, the
trend in experimental data is due to XP,. Figures 5(c) and
5(d) represents the P of various fragments for both the
chosen configurations. Here, it can be noticed again that the
deformations have little effect on the X P of the fragments.
Moreover, the values of X P are more or less similar for both
the compound systems under study except for 'Li, thereby
indicating that the necessary nuclear structure information is
contained in Py not in P and, hence, the cross sections also
follow the behavior of P.

Finally, Fig. 6 shows the ratio of total cross sections of the
decay of CN Mg* and **Mg* formed in the '>'2C +'2C
reactions, respectively. The advantage of considering the ratio
rather than the absolute cross section for comparison is that
the effects of major experimental and computational biases are
totally eliminated in the process and it brings out the physics
issues more unequivocally to the forefront [17]. In this plot,
the solid triangle represents the experimental data, open and
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solid circles represent the DCM calculations whereas the open
square and open triangle depicts the statistical model calcu-
lations. The calculated ratios are in fair agreement with the
experimental one and is clearly evident from Table I, where
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sections o [shown in (e), (f)] as a function of fragment mass number
(A;) calculated for different values of ¢ for the compound nuclei
MBMg* at E* ~ 53.9MeV.

the AR used in both the spherical and deformed configurations
in fitting the yield and their ratio of decaying CN *Mg* and
2Mg* are mentioned.
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FIG. 6. The ratio of cross sections ¢ of the compound nucleus
BMg* with respect to compound nucleus **Mg*, also the DCM cal-
culated cross sections are compared with experimental and statistical
models.
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TABLE I. The experimental and DCM-calculated IMFs cross section (opygs) ratios of a Mg* and >*Mg* compound system considering

the spherical and deformed fragmentation path.

Boy 20 2e4 120 U}iﬁg*/aﬁﬁg*

5 * 24 *

BMg* — Ay + A, HMg* — A + A, s JopmE

AR(fm) AR(fm) DCM
IMFs Sph. Def. Sph. Def. Sph. Def. Exp.
oLj 0.74 0.97 0.65 0.81 0.900 0.905 0.901
Li 0.68 0.705 1.68 1.72 1.5 1.56 1.513
"Be 1.78 1.86 1.76 1.78 6.0 6.3 6.316
$Be 1.47 1.48 1.45 1.46 0.51 0.51 0.5

°Be 1.6 1.68 1.85 1.9 4.9 5.5 5.737

For the SLi fragment emission in reactions '>C + >C —
24Mg* N 6L1 + ISF and 13C + 12C N ZSMg* - 6L1 + l9F the
Y P, of SLi in the case of >*Mg* is higher in comparison to the
Y Py of °Li in the case of 25Mg*, so its yield is expected to
be higher, also its counterpart, i.e., X P is low so their ratio as
shown in Fig. 7 (for all the fragments results) leads to the ratio
of o near to 1. The complimentary fragment '°F is a cluster
of 2n + p + 4a, whereas '8F is n + p + 4a the possibility of
the presence of two unpaired nucleons in case '*F may have
also influenced the yield. In the case of "Li emission the trend
of ¥ Py and X P is just opposite and hence the cross section
yields are affected accordingly.

The X P, of the fragment 'Be in the case of the exit channel
of 2C+"2C - *Mg* — "Be+'70 is more than »Mg*
hence, its cross section value is more. The complimentary
fragment in the case of **Mg* is 'O which is a cluster of
n + 4a, whereas for Mg* it is 80 which has 21 4 4« clus-
terization, hence the presence of only an unpaired neutron in
170 may have resulted in a higher yield. Further for ®Be frag-
ments emission, '2C+ >C — **Mg* — °Be + '°0, the *Be
and its complimentary fragment are ®*Be(2«) and '°O(4«),
which is a well-known cluster nucleus, which may result in
an enhancement in the measured yield, while for Mg* the
complementary fragment is 'O, which is a clear signature of
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FIG. 7. The ratio of ¥P and P, of IMFs of the compound

nucleus 2Mg* with respect to compound nucleus >*Mg*.

the dominant role played by the cluster structure. Moreover,
the higher © P, of the fragments in the case of >*Mg* leads to
more yield. Similarly, it can be conjectured for the emission
of the *Be fragment also for which complimentary fragments
are reversed. Here, the DCM calculated result is in little
better comparison due to inclusion of structure effects in the
calculations.

IV. SUMMARY

The collective clusterization framework of the dynamical
cluster decay model has been applied to study the role of «-
clustering in '*'2C 4 12C reactions populating >->*Mg* com-
pound nuclei. The experimental cross sections are reproduced
using the spherical as well as deformed configurations effects
included up to quadruple deformations (8,;) for two nuclei
having optimum orientations 9°". The calculated ratios are
in fair agreement with the experimental data due to inclusion
of structure effects in the calculations. The IMFs contribution
from both the CN 2>-2*Mg* remains dominant especially at the
higher angular momenta values. But for neutron rich 2Mg*
the LPs shows a competing behavior. The inclusion of defor-
mations affects the LPs and their complimentary fragments
and a little effect is observed on the IMFs region.

It is found that the a-cluster structure of the complimentary
fragments plays an important role in its enhanced preforma-
tion probability with respect to other fragments. These en-
hanced P, are evident in X Py of the fragments also and the val-
ues accordingly effect the yields of the respective fragments.

. 25 Mg* 2Mg*

The calculated ratio of Py of the IMFs Py /Py, for

the CN 2#2Mg* shows the trend of the ratio of experimental
25 * 24 *

cross sections, i.e., oIthsg /UIMl\gf , thereby indicating that the

necessary nuclear structure information is contained in Fy.
Using the relativistic mean field theory, we intend to further
explore the effects of microscopic masses and radii on the
reactions dynamics of the cases studied here.
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