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The relative yield of complete fusion and quasifission components for the '>C +-2*Pb, F +! Au, *Si +'5W,
and *8Ca +!%Er reactions which all lead to the compound nucleus >'°Ra are analyzed to calculate the entrance
channel effects by comparison of capture, complete fusion, and quasifission cross sections, emission barriers
(Bfs.Byy), as well as complete fusion probability estimated by statistical method within the framework of the
dinuclear system model. The difference among complete fusion probabilities calculated by the dinuclear system
model for different entrance channels can be explained by the hindrance to complete fusion due to the larger
inner fusion barrier B,
of the quasifission contribution due to the decreasing of the emission barrier B, of quasifission as a function of
the angular momentum. Although these reactions with different entrance channels populate the same compound
nucleus ?'Ra at similar excitation energies, the model predicts the negligible quasifission probability for reactions
having higher entrance channel mass asymmetry and the dominant decay channel is complete fission. For reactions

induced by massive projectiles such as Si and Ca having lower entrance channel mass asymmetry, the quasifission

for the transformation of the dinuclear system into a compound nucleus and the increase

component is dominant in the evolution of dinuclear system, and the fusion process is extremely hindered.

DOI: 10.1103/PhysRevC.94.034615

I. INTRODUCTION

The collision of two massive nuclei leads to a variety of
nuclear processes such as deep inelastic, complete fusion,
quasifission, fast fission, fusion-fission, and evaporation of par-
ticles. The major stage of all channels includes the formation of
the excited and rotating dinuclear system. The evolution of two
heavy colliding ions is usually divided into three stages. The
first step is the capture mechanism of the projectile nucleus
by the target nucleus to overcome the entrance barrier. The
second step is clustering or the formation of an asymmetric
dinuclear system (DNS) in the excited state with the relative
motion of the colliding nuclei in the interaction potential, so
that the beam energy and orbital angular momentum ¢ of the
relative motion of nuclei to be converted in the excitation
energy and orbital angular momentum of the DNS. The last
step consists of the binary decay of the DNS called quasifission
process to pass over the quasifission barrier on the radial
distance. The other way replaced, the transfer of nucleons
in the mass asymmetry degree of freedom n = W (where
Aj and A, are the mass numbers of nuclei and A = A + Aj)
between two nuclei and the formation of the compound nucleus
(complete fusion) by overcoming the inner fusion barrier
Bf . After the formation of DNS, there is a very strong
competition between the quasifission and the complete fusion
processes which decreases the probability of the compound
nucleus formation. It is now understood that the dominant
mechanism has a strong dependence on entrance channel
properties such as mass asymmetry [1-3], beam energy [4,5],
and orientation angle between the eventual symmetry axes
of colliding nuclei [6,7], as well as on the fissility [8,9]
of the compound nucleus being formed. It has also been

“Corresponding author: s.soheyli@basu.ac.ir

2469-9985/2016/94(3)/034615(12)

034615-1

shown to be sensitive to nuclear structure effects such as static
deformation [4,5], closed shells [10,11]. The understanding of
the complete fusion of two massive nuclei implies a detailed
investigation of the decay products of the compound nucleus,
of the fragments of quasifission and fast fission processes
which compete with the complete fusion mechanism [12].
The complete fusion takes place during the descent of the
dinuclear system from the Businaro-Gallone (BG) point. The
BG point, in other words the smallest value of excitation
energy of dinuclear system, is determined by the top value
of the driving potential. This point corresponds to the saddle
point on the way to complete fusion [13,14]. The quasifission
process is considered as an intermediate process between a
deep inelastic process and the formation of an equilibrated
compound nucleus through complete fusion. Therefore, at
the quasifission process, the dinuclear system never becomes
as compact as the compound nucleus. A strong quasifission
component is observed in the reaction between spherical
nuclei, as well as in the reaction induced by the spherical
projectile over deformed target. The quasifission products
lead to anisotropy angular distributions. Angular anisotropy
of the fusion-fission and quasifission fragments for reactions
with massive nuclei are estimated in the framework of the
DNS model in Refs. [7,15]. The effects of deformation and
orientation of the interacting nuclei contributing to the nuclear
and Coulomb interactions of the DNS model are studied in
Refs. [16,17]. The authors demonstrated that the two nuclei
become more compact with a belly-belly orientation in contrast
to the pole-pole one, in other words the minimum of the
potential energy for a belly-belly orientation is at a smaller
distance than that of the pole-pole case. They also found that
the potential energy is sensitive to the considered orientation
of colliding nuclei. The role of the orientation angles of
the symmetry axes of the deformed projectile and target
nucleus relative to the beam direction in the fusion and capture
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processes in heavy-ion collisions has also been studied [18].
Fast fission is a binary decay which takes place only at high
values of angular momentum £ > £, where £; is a value
of ¢ at which the fission barrier of the considering nucleus
disappears. Therefore, one can say that the role of fast fission
becomes important only at higher energies. Here, we use the
DNS model as detailed earlier for the deep inelastic reaction
and applied for the quasifission process. The major advantage
of this model over other models is that it takes into account
the competition between complete fusion and quasifission
processes in the DNS. This model supplies good agreement
between the theoretical predictions and experimental data for
the fusion of heavy ions. Therefore, the DNS model was
successfully applied to the description of heavy-ion fusion
reactions. In the present paper, the internuclear potential
energy, emission barriers for binary decay, complete fusion
probability, and excitation functions of capture, fusion, and
quasifission processes, as well as the relative yield of complete
fusion and quasifission components have been estimated for
the 12C +204Pb, 19F —I—]97Au, 3OSi +]86W, and 48Ca_|_168EI.
reactions leading to the same compound nuclei 2!°Ra, but
having different mass asymmetric in the entrance channel
within the framework of the combined dynamical model base
on the conception of the dinuclear system. The calculations
connected with the mentioned reactions are performed for the
first time in the DNS model. The study of these reactions
with different mass asymmetry parameters can be useful to
investigate the role of the entrance channel in the formation of
the complete fusion and quasifission products.

The paper is organized in the following way. The descrip-
tion of theoretical approach is given in Sec. II. Section III is
devoted to our calculations and our results. Section IV contains
the conclusions of this investigation.

II. OUTLINE OF THEORETICAL APPROACH

The configuration of clustering is a nuclear molecule or a
dinuclear system (DNS) formed after the capture mechanism
of the projectile nucleus by the target nucleus. The DNS
consists of two nuclei which touch each other and keep their
own individuality [19]. One of the main freedom degrees of the
dinuclear model is the exchange of nucleons between clusters
that change the mass and charge asymmetries. The transfer of
nucleons between the clusters of the DNS is explained by the
numerical solution of the master equation.

The dinuclear system formed after capture mechanism
evolves to complete fusion by increasing its mass asymmetry.
A path to complete fusion is determined by the internuclear
potential energy surface (PES); U(A,Z; R). Assuming a small
overlap of nuclei in the DNS, U(A, Z; R) is calculated versus
charges Z,Z,(Z>, = Zcn — Zy) forming the dinuclear system
and the distance R between their centers [18]

U(AZ:R) = Q = V() + V(R.Z1. Zen — Z1,L.Bi), - (1)

rot

0 = Bi(Z)) + By(Zcew — Z1) — Ben(Zen), (2)

where By, B;, and Ben(Zen) are the binding energies of the
fragments in the DNS at their ground states and of the com-
pound nucleus, respectively, which are taken from [20]. 8;(i =
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1,2) are the quadrupole deformation parameters obtained from
the tables of Ref. [21]. The rotational energy VSN(£) of the
compound nucleus (CN) is defined as VSN(£) = (W(‘—gl))
where Jcy is the rigid-body moment of inertia of the CN.

The nucleus-nucleus interaction potential V(R,Z1,ZcN —
Z1,£,{B:}) holding the DNS for the given charge and mass
asymmetry includes Coulomb (V¢), nuclear (Vy), and rota-
tional (V. ot DNS)) potentials,

s

V(R,Z1,Zcn — Z1,4.(Bi))
=Ve(R,Z1,Zcx — Z1,{Bi)) + VN(R,Z1,Zen — Z1,{Bi))
+ VDB D). 3)

The shapes of nuclei are most important in the calculation
of Coulomb and nuclear interaction potentials between the
colliding nuclei. The Coulomb potential is taken from Ref. [22]
as follows:

Ve(R,Z1,Zy,{Bi})

YAV YAV 9 1/22
= —IQ s’ Rl 3262{ (ﬂ) 1 R i Pa(cos ;)
3 22
T | RP[B: Py(cos ;)] @)

where o) and o, are the angles between symmetry axes of
statically deformed nuclei and radius vectors, R; = 1. 16A1/ 3
For the nuclear part of potential Vy, we use a double foldmg
formalism with the effective density-dependent nucleon-
nucleon interaction [23], which is known from the theory
of finite Fermi systems. As a result of various calculations,
the following simple approximate expression is obtained for
deformed nuclei in the pole-pole orientation [24]:

Vv(R,Z\,Zcn — Z1,{Bi})

_ VO{ exp [_zm] —2exp [_m]}'
R12 R12

&)

Here V, is the strength of the potential and this quantity is
given by

V, = 2maja, R(11.3 — 0.82R,)

0. 16(22 1,3,) )
1 , 6
X( T T exp=17(n] — 0.5)]) ©

where a; = 0.56 fm and a; = a; — 0.015|n| are the surface
diffuseness parameters of the heavy and light nuclei in the DNS
(the light nucleus has small diffuseness), and n = Eﬁi;ﬁ;; is
a mass asymmetry collective coordinate as mentioned before.
The quantities R, and R in the above equation are defined by

the following equations:

_ R R,

Ro=—"—, (7
(R1 + Ry)

R Nk 8)
(Ri + Ry)
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The quantity R;(i = 1,2) is also given by
— 1+ (5/4m)'2B; — 1/4m B?
14+4(%) "B — =87
Here, D;(i =1,2) = R;[1 +( )1/2,3, ﬂf]. Ry, and «

in Eq. (5) are also determined by the following equations,
respectively:

€))

Riy = Dy + D, + 0.1 fm, (10)
a = (1147 — 17.32a1a, + 2.07R,)[1 + 0.25(=2, 8;)].
an
The rotational energy of the DNS is also defined as [24]
Rl + 1
VOSSR (g = D (12)

ZSDNS(RaAa{ﬂi})

The moments of inertia Ipns of the formed DNS is calculated
as

Spns(R,AL{BY) = 31 + 32 + uR?, (13)

where J;(i = 1,2) are the moments of inertia of the DNS
nuclei obtained in the rigid-body approximation as [25]

3 = émOAi(ai2+bi2), (14)
el B /5,

al_R,<1—E)<l+ E,Bt)a

b= R, ( )( = ﬂ,> (15)

Here, m, is the mass of a nucleon. When the nucleus-nucleus
potential is calculated at the capture stage, the value of
Spns(R, A {B;}) is replaced by WR2.

The ratios ’2‘ and fz‘z for both fragments (or the distri-
bution of neutrons between two fragments with the given
proton numbers Z; and Z,) were determined by minimizing
U(A1,Z,,R) with respect to the mass asymmetry A; for each
charge asymmetry Z; [18].

The DNS model is also used for the analysis of the
competition between complete fusion and quasifission in
almost symmetric massive DNSs. This competition may
reduce greatly the fusion cross section with a reduction in the
asymmetry in the entrance channel. According to the statistical
approaches, the probability of complete fusion is connected to
the ratio of the level densities and depends on the inner fusion
or quasifission barriers. The fusion probability of the DNS or
hindrance factor to complete fusion Py as a function of Ejjy
is given by the following expression [26]:

P(Epns — Biy)
P(Ejns — Biy) + p(Efyns — Byp)’
where p(Efys — Bf) is the level density for the DNS at the
quasifission and inner fusion barriers (B} = B¢, B{,,). The

local excitation energy Efj\g of each DNS is factorized as
follows [25]:

PCN(E Ns) =

(16)

Efns = Eén0) — U(Ry, Z,AL0), 17)
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where E&y(0) = Ecm. + Q — VSN(€) is the excitation energy
of the compound nucleus formed in the reaction. The barrier

B, in the DNS approach is defined as

By (Z,A ) = V(Ry,Z,A,B1.$2.6) — V(R Z,A, B1, 52, 0).

(18)

The R,, is the minimum of the nucleus-nucleus potential well
which is called the pocket potential. The situation of this
pocket for the pole-pole orientation is the distance between

the nuclei R,, ~ Ry[1 + 4%,31] + Ry[1+ \/gﬁzl +0.5 fm
corresponding to the touching configuration with a possible
deformation of the heavy cluster. The R, = R, + 1.5fm
corresponds to the position of the Coulomb barrier in the DNS
under consideration [27].

The inner fusion barrier Bf is a dynamical hindrance in
the DNS evolution to form the compound nucleus in the mass
asymmetry coordination of the DNS system. This barrier in
the framework of the DNS model is defined as the difference
of the driving potential at the BG point and its value at the
injection point of the considered reaction [28]

Bfis(ZP 5 AP ag) = Umax(ZmamAmaXa Rm(ZmaXa
in(ZPsAPs Rm(ZPs

Amax),£)
Ap),0), (19

where Z.x and Ay, are the charge and the mass number
of a fragment of DNS corresponding to the maximum value
of driving potential, Zp and Ap are the charge and the mass
number of the projectile, respectively.

The level density of the DNS is factorized as follows [14]:

p(EpNs — By)

= [—gz(Ef) ]1/2 exp [271 <g(Ef)(EDNS - B}f)) 1/2}
81(Er)g2(Ey) 6

1
2\/_[2g(Ef)(EDNs Blf)]]/4(EDNS_BIZk)

. (20

where g; = A E } are densities of single-particle levels of the
DNS fragments near the Fermi surface for the DNS nuclei;
g=2¢ .42—gz and the Fermi level energy E ; is equal to 37 MeV.
The fusion probability Pen(EfNg,€) of the DNS is calculated

according to the following formula [18]:

Pen(Efns ) = 277 Y7 (Efne) PR (Efns 0. (21)

Here, Zyym = @ and Z,,x corresponds to the point where
the driving potential reaches its maximum [Bf (Znax) =
0] [29-31]. Yz(Efys) is the probability of population of the
configuration (Z,,Z, = Zcny — Z1) at Efjg and £.

The partial capture cross section is determined by the
capture probability g,)fap(EC.m_) which means that the colliding
nuclei are trapped into the pocket of the nucleus-nucleus
potential, appeared as the result of the competition between the
long-range repulsive Coulomb interaction and the short-range
attractive nuclear forces. The capture cross section can be
written as [18]

2

Oeap(Eem) = Tl + Dpegp(Eem). (22)

2/“" EC.ITL Emin
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Here, p is the reduced mass of the system, E.n is the
energy of the system in center-of-mass frame, pfap(Ec_m,) is
the transmission probability which depends on the collision
dynamics and is determined by the Hill-Wheeler formula [25]

Peap(Ecm.)

(V(Rp,Ai,Bi =0.0) — Ec.m.)]} 23)

=11 2
{ +exp|:7t oy

where the effective potential of two nuclei for the given DNS
configuration is approximated near the Coulomb barrier placed
at R, by the inverted harmonic oscillator potential with the
barrier height V(R;,A;,£) and the frequency w(£).

When the beam energy is much larger than the Coulomb
barrier, £, can be nonzero. The maximum value of angular
momentum ¢ leading to capture {,,x depends on the beam
energy and it is determined by set as £n.x = min{lyin, %},
where the kinematical angular momentum is defined as £y, =
{2U[Ecm. — V(R Zi A1, Bi = 0,8 = O)]}l/z% [25]. The crit-
ical value of angular momentum ¢, for a given beam energy
can be calculated according to the following expression:

2u
ber ~ Rp ﬁ(Ec.m. - Vp), (24)
where the fusion radius R is given by
Rr =r,(A)° + AY°) +4, (25)

where d is the distance of the sharp nuclear surfaces at the
fusion barrier. The fusion barrier Vy is equal to the height
of the potential barrier V(RF) for head-on collisions and the
fusion radius Rp is the corresponding radial distance

dV(R)
dR |p_g,

=0. (26)

In this relation, V(R) is the sum of the Coulomb V. and the
nuclear Vy potentials; V(R) = Vy(R) + V¢ (R). The potential
Vr can be interpreted as the fusion barrier

Zl Z2€2
Vi = 27)

ro(A + A +a+d
where a = 1.4 fm is the nuclear force range parameter [32].

At the value ¢ = {,x, the potential pocket disappears in
the entrance channel. Therefore, the capture mechanism of
the projectile and the target is impossible at angular momenta
larger than £,,,x.

The partial cross section of the complete fusion is deter-
mined by the product of the partial capture cross section and
the probability Pcy of the compound nucleus formation taking
into account the competition between complete fusion and
quasifission channels [18]:

onus(E) = £, 045(E)Pen(©). (28)

min=0  Cap

According to the DNS approach, quasifission cross section
is extracted by the following relation [18]:

o (E) = (™ ol (EY1 — Pex(®),  (29)

where it depends on the partial capture cross section for the
transition of the colliding nuclei over the entrance Coulomb
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FIG. 1. The potential energy surface calculated for the DNS
formed in the reactions leading to the formation of the same
compound nucleus 2'Ra as a function of the relative distance R
between colliding nuclei and the charge number Z, of one of the
DNS fragments based on the DNS approach. The blue broken line
corresponds to the driving potential U(R,,) which is determined by
the minimum values of the potential wells for each charge value Z;.
The red dashed curve corresponds to the nucleus-nucleus interaction
potential V(R) which is determined by a given charge Z, for each
value R.

barrier and on the probability Pcy of the compound nucleus
formation after the capture.

III. RESULT AND DISCUSSION

The theoretical analysis of the 12C 4204pp, 9p 4 197 Ay,
3087 +180W and *3Ca+'%®Er reactions leading to the same
compound nuclei 2'°Ra is the subject of discussion in the
present paper. In the DNS approach, the potential energy has
an important role and depends on the masses of the products
in the quasifission process. The potential energy surface of
the DNS corresponding to the compound nucleus of 2!°Ra
calculated according to Eq. (1) as a function of the relative
distance R of DNS nuclei and charge asymmetry Z; (the
charge of one of the fragments) is presented in Fig. 1. The
blue broken line indicates the driving potential U(R,,) which
is estimated by the minimum values of the potential pockets
for each charge value Z;. The red dashed curve presents the
interaction potential V(R) of two nuclei in DNS which is
estimated by a given charge Z; for each value R.

The driving potential U(R,,) is extracted from the potential
energy surface U(A,Z;R), where R, is the internuclear
distance corresponding to the minimum of their nucleus-
nucleus potential V (R). The calculation of the driving potential
U(R,,) is done for different entrance channels which could
lead to the formation of the same compound nucleus >'°Ra.
In Fig. 2, the curves are U(R,,) as a function of the charge
Z, of the lighter fragment of the DNS at the different values
of the orbital angular momentum ¢. The blue dashed, green
dot-dashed, and red solid curves (curves from top to bottom)
correspond to the driving potential at £ = 0,30, and 50 A,
respectively.

Our calculations indicate that the values of U(R,,) for each
Z, reduce with increasing orbital angular momentum ¢, as well
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A

FIG. 2. The driving potential calculated for the DNS formed in
the reactions leading to the formation of the same compound nucleus
1Ra as a function of the charge of the DNS fragment Z, for the
different values of angular momentum ¢ based on the DNS approach.
The blue dashed, green dot-dashed, and red solid curves (curves from
top to bottom) correspond to the driving potential of the products at
£ = 0,30, and 50 A, respectively.

as disclose dependence of value of U(R,,) on mass asymmetry
of DNS fragments.

The cut of the potential energy surface for a given charge
Z is the nucleus-nucleus interaction potential V(R). In Fig. 3,
we present the curves related to V(R) against the distance
R between centers of DNS fragments for the four entrance
channels which will lead to the same compound nucleus >°Ra
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TABLE I. Charge asymmetry, inner fusion B, and quasifission
B¢ barriers, and fusion factor Pcy for the studied reactions leading

to the >'°Ra.

Reactions n Bf (MeV) B,s(MeV) Penx 107
12C +2%pp 0.89 0.00 13.19 99.80
YF4+197 Au 0.82 0.00 10.41 99.78
308 4186w 0.72 5.27 8.36 85.34
8Ca+"'%Er 0.56 14.02 6.81 2.25

at the different values of £. The blue dashed, green dot-dashed,
and red solid curves (curves from bottom to top) correspond
to V(R) at £ = 0,30, and 50 h, respectively.

Itis observed that V (R) increases with increasing the orbital
angular momentum ¢ for the studied reactions as shown in
Fig. 3. Therefore, the depth B, of the potential pocket reduces
with increasing £ due to the growth of the repulsive centrifugal
part in Eq. (4). It is seen that the contribution of quasifission
component decreases due to the reduction of the quasifission
By barrier if the mass asymmetry of reactions changes from
asymmetric values to symmetric ones. The inner fusion Bf
and quasifission B, barriers and fusion factor Pcy at £ =0
for the different four channels leading to the same dinuclear
system corresponding to the compound nucleus 2'°Ra are
calculated by using Egs. (19), (18), (16), and (20), respectively.
The obtained results are listed in Table I. In these reactions,
Zmax 1s equal to 11.

85
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FIG. 3. The nucleus-nucleus interaction potential wells V (R) for the DNS formed in the four reactions namely (2)'2C +2*Pb, (b)) ’F +'7 Au,
(©)*Si +%W, and (d)*3Ca +'Er, which all lead to the compound nucleus *'Ra as a function of the distance R between centers of DNS
fragments for the different values of angular momentum ¢ based on the DNS approach. The blue dashed, green dot-dashed, and red solid curves
(curves from bottom to top) correspond to the driving potential of the products at £ = 0,30, and 50 7, respectively.
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FIG. 4. The calculated probability of complete fusion P&, (dots) for the DNS formed in the reactions leading to the compound nucleus
215Ra as a function of Z; at the CN excitation energy E¢y = 45MeV, and at £ = 25/ in the framework of the DNS model. (a) Obtained results
for P&, in the framework of the DNS model against Z; and Efy. (b) The complete fusion probability P& calculated in the DNS model as a
function of charge value Z; and the angular momentum . (c) The red solid (dark) lines corresponding to cut of P at Efy = 45 MeV and at

£ = 25h for each value Z; are shown in Figs. 6(a) and 6(b), respectively.

The quasifission B,y barrier is sufficiently large for the
reactions having higher mass asymmetry. The values of
large quasifission B,y and small intrinsic fusion B{  barriers
promote the formation of the compound nucleus. The values
of these emission barriers depend on the mass asymmetry and

orbital angular momentum of the entrance channel.

A. The complete fusion probability for the DNS nuclei

The DNS model was also utilized for determining the
complete fusion probability. The value of this probability is
very sensitive to the specific form of the driving potential.
When the value of the entrance channel mass asymmetry
becomes more symmetric, this probability will significantly
decrease due to the break up of the DNS before complete
fusion. To investigate the dependence of complete fusion
probability P%; on the charge (mass) asymmetry of the
initial DNS, we performed the calculation of the complete
fusion probability P& for all populated DNS configurations
according to Eq. (16). The obtained results based on the DNS
approach are presented in Fig. 4. Panel (a) shows the variations
of PCZN (dots) in terms of the charge number of one of the
fragments in DNS for the composite system of 2!°Ra at the
given quantities of E&y = Ecm. + Q = 45 MeV and £ = 25h
as ared solid broken line. It is seen that the P& values change
with increasing charge asymmetry and for the most asymmetry
systems are equal to around 1. The dependence of the PCZN
on the excitation energy Efy and the charge value Z;, as
well as on the angular momentum ¢ and the charge value

Z, are represented in panels (b) and (c), respectively. The red
broken (dark) lines correspond to the cut of the complete fusion
probability P& at Efy = 45 MeV and at £ = 25h for each
charge value Z; are shown in Figs. 4(b) and 4(c), respectively.

The dependence of the complete fusion probability P&
(dots) on the quasifission barrier B,y of the initial DNS is
plotted for all populated DNS configurations based on the
DNS approach in Fig. 5. The variations of P& in terms
of the quasifission B, barrier for the composite system of
21Ra for the given quantities of Efy = 45 MeV and £ = 25h
is shown in panel (a). It is seen that the probability P&
values change with the variation of quasifission barrier B¢
of the initial DNS. On the other hand, the probability of the
CN formation increases with increasing B, ¢[B,r < 10MeV],
and then approximately approaches the constant value 1.
Therefore, in the systems with the high asymmetry having
the deeper interaction potential pocket, PCZN is almost equal to
1. It is already shown that the barrier B, plays a crucial role
in the complete fusion, and depends on the charge asymmetry
and angular momentum of the DNS.

The general behavior of P& versus the quasifission barrier
B, and excitation energy of the compound nucleus, as well as
versus the quasifission barrier, B, ; and the angular momentum,
£ are represented in panels (b) and (c), respectively. The red
broken (dark) lines corresponding to cut of the complete fusion
probability P& at E&y = 45MeV and at £ = 25h for each the
barrier value B, are presented in Figs. 5(b) and 5(c).

In order to study the influence of the compound nucleus
excitation energy E&y and the angular momentum £ of the
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FIG. 5. The calculated probability of complete fusion P&, (dots) for the DNS formed in the reactions leading to the compound nucleus
215Ra as a function of the quasifission barrier B, at the CN excitation energy Eéy = 45 MeV, and at £ = 25 in the framework of the DNS
model. (a): Obtained results for P%; against B,; and Efy in the framework of the DNS model. (b) The complete fusion probability P&
calculated in the DNS model as a function of quasifission barrier B, and the angular momentum £. (c) The red solid (dark) lines corresponding
to cut of P&, at EXy = 45MeV and at £ = 25h for each value B, are shown in Figs. 6(b) and 6(c), respectively.

interaction system on the complete fusion probability P&, we
studied the variation of P& in term of E¢,y and £ based on the
DNS model for the '>C +2%Pb, F +'" Au, *°Si +'%W, and
48Ca +19%Er reactions. In Fig. 6, the results for £ = 10/ and
E¢y =50 MeV are represented as green (light gray) solid,
blue large dashed, red dot-dashed, and purple dashed curves
(curves from top to bottom) for the 12C 42%pp, PF+197 Au,
308] +186W_ and *Ca +'®Er reactions, respectively.

The calculated probability of complete fusion P& (Z = 20)
versus the excitation energy E¢y for £ = 10/ and 307 and for
the *¥Ca +'%®Er reaction, as brown solid and blue large dashed
curves (curves from top to bottom), as well as in terms of

S —
0.01f L
< (@)
30 40 50 60 70 80 90 100
E¢N(MeV)

angular momentum £ for the excitation energy Efy = 45 MeV
and 50 MeV as purple large dashed and red dashed curves
(curves from bottom to top), are shown in Figs. 7(a) and 7(b),
respectively. In the case of this system, the fusion barrier B,
is high due to the shell effects for the nuclear binding energy in
the interval of the charge number Z of the light fragment 30 to
40, the corresponding quasifission barrier is also very small.
The complete fusion probability P& against the excitation
energy Efy and £ for the *8Ca 4-'%8Er reaction is also plotted
in Fig. 7(c). In this figure, the brown solid and blue large dashed
curves correspond to cut of P& at£ = 10k and 304 for a given
value Efy, and the purple dot-dashed and red dashed curves

0.1}
t:.;
0.01f T —
(b) T
0.001} . \ \ \ o~
0 10 20 30 40 50

t(h)

FIG. 6. The calculated probability of complete fusion P%; (dots) for the DNS formed in the reactions leading to the compound nucleus
215Ra as a function of the CN excitation energy E¢y, and for a given angular momentum ¢ = 10/ in the framework of the DNS model. (a), and
as a function of the angular momentum £ and at a given CN excitation energy Efy = 50MeV in the framework of the DNS model (b). The
green (light gray) solid, blue large dashed, red dot-dashed, and purple dashed curves (curves from top to bottom) correspond to the 2C +-2%Pb,

OF 4197 Au, Si +'%W, and **Ca +'%®Er reactions, respectively.
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FIG. 7. The calculated probability of complete fusion P& for the “8Ca +!8Er reaction as a function of the CN excitation energy E¢y, in
the framework of the DNS model. The brown solid and blue large dashed curves are plotted for £ = 10/ and 307 in (a), respectively. The P&
for a given value Z = 20 is calculated within the framework of the DNS model as a function of the angular momentum ¢ for a given value of
E¢y. The purple dot-dashed and red dashed curves are plotted for the excitation energies E¢y = 45 MeV and 50 MeV, respectively, in (b). The
complete fusion probability P& for a given value Z = 20 against the excitation energy E&y and £ for the #8Ca 4"%8Er reaction is also plotted

in (c).

correspond to a cut of P& at Efy =45 MeV and 50 MeV
for a given value £.

We can stress that in the most symmetric *3Ca+!%*Er
reaction, P&, increases with increasing excitation energy E&y
at given values of £ and reduces with increasing ¢ at given
values of Ely. The complete fusion probability P is a
function of the barriers of B, and B,s. As a result, taking
into account the dependence of these barriers on the angular
momentum £, the complete fusion probability decreases with
increasing £ at given values of the beam energy.

The dependence of the complete fusion probability
Pen(Efng»€) on the CN excitation energy and the angular
momentum ¢ is discussed in the framework of the combined

0.01
< 0.001
z
*0
)
é 10
1075
40 60 80 100 120
E¢n(MeV)

theoretical method based on the DNS approach. It is noted
that the complete fusion probability Pon(Ef5ys.€) is given by a
weighted average of the P& as shown Eq. (21). The obtained
results using Eq. (21) for the most symmetric *3Ca +'%3Er
reaction are reported in Fig. 8. The brown solid and blue large
dashed curves are plotted for £ = 10A and 307, respectively,
in panel (a). The purple dot-dashed and red dashed curves
are obtained for the excitation energy Efy =50 MeV and
55 MeV, respectively, in panel (b).

The angular momentum and the compound nucleus exci-
tation energy dependence of the complete fusion probability
increases with increasing E¢y, as well as Pcy decreases with
increasing £ as shown in Fig. 8.

0.001
5x10~*

(b)

21074 oo
1x10~ T T

. .
5x107% SN

PeN(EénsD)

2x1075 S
1x1075
0

10 20 30 40 50
£(h)

FIG. 8. Calculated complete fusion probability Py in the framework of DNS concept for the most symmetric “*Ca +'®Er reaction forming
the '®Ra compound nucleus as a function of the E¢\ excitation energy in (a) and of the angular momentum £ in (b). The brown solid and blue
large dashed curves (curves from top to bottom) in (a) are plotted for £ = 10A and 30h, respectively; the purple dot-dashed and red dashed
curves (curves from bottom to top) in (b) are plotted for the excitation energy E¢y = 50 MeV and 55 MeV, respectively.
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FIG. 9. Capture cross sections predicted within the framework
of DNS model for the reactions leading to the formation of the
same compound nucleus >'°Ra versus the excitation energy E¢y- The
red solid, blue dashed, green dot-dashed, and purple large dashed
curves are plotted for the 2C 4204pp, YF 417 Au, *Si +'3W, and
48Ca 4"58Er reactions, respectively.

B. The capture, complete fusion, and quasifission cross section

The heavy ion reaction with the full momentum transfer is
called capture reaction. In this stage, the colliding nuclei are
trapped into the packet of the nucleus-nucleus potential after
the dissipation of part of the initial relative kinetic energy and
orbital angular momentum.

To analyze the role of the entrance channel, we compare
the results of calculations of the capture, complete fusion, and
quasifission cross sections for the '2C +2*Pb, F+'"7Au,
08i +18W, and *®Ca+'%®Er reactions forming the same
compound nucleus >'°Ra as a function of the CN excitation
energy E¢y within the framework of the DNS model. The
results are reported in Figs. 9-11.

Figure 9 shows the difference between the capture cross
sections for the four entrance channels with different mass
asymmetries. As it is seen, the reaction induced by the lighter
projectile has a larger value of the capture cross section than
other reactions induced by the heavy projectiles. This strong
difference in the capture cross sections is related to the size
of the potential pocket in the nucleus-nucleus interaction.
For an asymmetry DNS, the interaction potential pocket is
deeper and wider than that for a more symmetric configuration
corresponding to a given CN.

By comparing the results of Fig. 9 with the ones of Fig. 10
one can observe that in the reactions induced by C and F
beams, the fusion cross sections are close to the capture cross
sections. Therefore, one can say that for these reactions having
higher entrance channel asymmetry, the dominant channel of
the DNS evolution is the complete fusion.

The quasifission cross sections predicted for the four
reactions, which all lead to the same compound system 2!°Ra
in Fig. 11 indicate that in the case of reactions induced by
massive projectiles such as Si and Ca beams, the quasifission
process dominates over the fusion process. Hence, for the
reactions with lower entrance channel mass asymmetry, the
main decay channel is quasifission. Indeed, the 12¢ 4.204pp,
PF 4197 Au, Si +-"%W, and **Ca +'%®Er reactions populate
the same compound nucleus at similar excitation energies,

PHYSICAL REVIEW C 94, 034615 (2016)
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FIG. 10. The fusion cross sections predicted within the frame-
work of the DNS model for the reactions leading to the formation of
the same compound nucleus 2'®Ra versus the excitation energy Eiy-
The red solid, blue dashed, green dot-dashed, and purple large dashed
curves are plotted for the 2C 4204pp, YF 417 Au, *Si+'3W, and
#8Ca 4"58Er reactions, respectively.

but quasifission signatures observed in the latter two reactions
clearly indicate the difference in the dynamical trajectories
followed by these systems after capture. The origin of these
quasifission events could be related to the entrance channel
parameters and the landscape of the potential energy surface
associated in heavy ion collision process.

C. Estimation of the relative yields of quasifission
and complete fusion processes

The ratios between the quasifission cross section and
the capture ones predicted by the DNS model against Efy
are shown in Fig. 12. The ratios for the four 12¢ 4.204pp,
198 1197 Ay, 308 +180W . and ¥ Ca +'°®Er reactions are shown
as the red solid, blue dashed, green dot-dashed, and purple
large dashed curves in panels (a) and (b), respectively. It
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FIG. 11. The prediction of quasifission cross sections in the
framework of the DNS model for the reactions leading to the
formation of the same compound nucleus ?'Ra versus the excitation
energy E¢y. The red solid, blue dashed, green dot-dashed, and purple
large dashed curves (curves from bottom to top) are plotted for
the 2C +2%Pb, F+"7 Au, *Si +"3W, and **Ca +'%®Er reactions,
respectively.
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FIG. 12. The prediction of quasifission probability in the framework of the DNS model for the four entrance channels with different mass
asymmetries leading to the same compound nucleus >'®Ra versus the excitation energy E¢y. The red solid and blue dashed curves (curves
from bottom to top) reported in (a) are related to the '>C +2*Pb and °F +'° Au reactions, respectively; the green dot-dashed, and purple large
dashed curves (curves from bottom to top) reported in (b) are related to the **Si +'36W and *3Ca +'®Er reactions, respectively.

is seen that the contribution of quasifission component is
only around between O to 1% for the '>C +**Pb reaction
system and 0 to 2% for the '"F+!'"7Au reaction system at
excitation energy interval 40 MeV and 90 MeV. There-
fore, the model predicts a negligible quasifission probability
for the '>C +2*Pb and ""F +'*’Au reactions, in agreement
with the experimental results [10,33]. Whereas, an approxi-
mately 5 to 55% contribution of quasifission signature have
been predicted for the *°Si+!%W reaction system in the
energy range studied in this work. A large contribution of
the quasifission rate is manifested for the most symmetric
*8Ca +%8Er reaction.

Since the capture cross section in the DNS model is equal
to the sum of complete fusion and quasifission cross sections,
Ocap = Ofys + 045, the probability of complete fusion can be
defined by the ratio of the complete fusion and capture cross
sections, Pcn = (1 — 07 /0cap)x100. Figure 13 shows the
behavior of the fusion probability Pcy as a function of Efy
for a given value Z = 20. The ratios of the fusion and capture
cross sections for the '>C +2%Pb and "°F +'97 Au; 3°Si + 136w
and **Ca +'%®Er reactions can be due to the formation of
the 2'°Ra element are indicated in Figs. 13(a) and 13(b),
respectively. It should be mentioned that the fusion probability
for the **Ca +'%®Er reaction is multiplied by a factor 30, since
this quantity is very small for this reaction. The analysis of
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the details of calculations of Pcy for the above mentioned
reactions shows that the behavior of Pcy is different for the
charge asymmetric and symmetric reactions. The inner fusion
barriers B, for the *°Si +'%W and **Ca +'*Er reactions are
larger than those for the 12¢ 4-204pp, 9F +197 Ay reactions. As
one can see, Pcy is about 100% for the 12C +2%Pp reaction
(very mass asymmetric reaction) that its value slightly reduces
in higher quantities of excitation energy E(y. Therefore, the
DNS formed in this reaction evolves almost fully to the com-
pound nucleus. In the case of the most symmetric *3Ca +'%3Er
reaction, the quasifission channel is dominant in the evolution
of DNS, and the fusion process is extremely hindered.

IV. CONCLUSIONS

The theoretical method based on the dinuclear system
approach is utilized to investigate the influence of entrance
channel mass (charge) asymmetry on the process of compound
nucleus formation. The 2C +2%Pb, 19F +197 Ay, 30Si + 180w,
and *8Ca +!8Er reactions which all lead to the compound
nucleus >'%Ra at similar excitation energies are discussed. The
emission barriers of inner fusion Bf  and quasifission By,
as well as capture, complete fusion, and quasifission cross
sections in the reactions with massive nuclei are calculated

100
RN (b)
80 e
3 ..
S 6 S
.| = Sl
g £ -
S| 8 40 (Pox (2-20) <30
-
20 _—-
— - - -
0 —
30 40 50 60 70 80 90 100
Eén(MeV)

FIG. 13. The fusion probability Pcx = Otus/0cap X 100 calculated for the different reactions formed the same compound nucleus 215Ra as
a function of the CN excitation energy. The red solid and blue dashed curves (curves from top to bottom) reported in (a) are related to the
12C 4+2%Pb and “F +'*" Au reactions, respectively; the green dot-dashed, and purple large dashed curves (curves from top to bottom) reported
in (b) are related to the *°Si +'%*W and **Ca +'%*Er reactions, respectively.
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by using the double-folding formation for the nuclear part of
internuclear potential at pole-pole orientation.

The competition between complete fusion and quasifission
channels is considered by means of the calculation of complete
fusion probability P%;. We can stress that this probability
strongly depends on the mass asymmetry of entrance channel,
excitation energy of the dinuclear system Efj\q, and angular
momentum £. The calculations show that in the systems
with high asymmetry of colliding nuclei and having a deep
interaction potential pocket, P&, increases with increasing the
excitation energy Efy at given values of £ and reduces with
increasing £ at given values of Efy. The complete fusion
probability P&, is a function of the barriers of B and B,y.
Hence, taking into account the dependence of these barriers
on ¢, the probability P& decreases with increasing £ at given
values of the beam energy. It is already shown that the barriers
B, and B{ play crucial roles in complete fusion, and depend
on the DNS charge asymmetry and angular momentum of the
DNS. Indeed, reactions with a small Bf  and a large B, are
favorable for the complete fusion.

The analysis of theoretical results indicates that among
reactions leading to the same composite system, the reaction
induced by the lighter projectile has a larger value of the
capture cross section than other reactions induced by the
heavy projectiles. This strong difference in the capture cross
sections is connected to the size of the potential pocket in
the nucleus-nucleus interaction. For an asymmetry DNS, the
interaction potential pocket is deeper and wider than that for a
more symmetric configuration corresponding to a given CN.

PHYSICAL REVIEW C 94, 034615 (2016)

The DNS model calculations have been also performed to
estimate the relative yield of quasifission in the '2C 4+2%Pb,
R 1197 Ay, 308i +180W, and “8Ca+'8Er reactions. It is
seen that the contributions of the quasifission component in
the '2C+°*Pb and ""F+!"’Au reaction systems are only
around between 0 to 1% and 0 to 2% at excitation energy
interval 40 MeV and 90 MeV, respectively. Therefore, the
model predicts a negligible quasifission probability for these
reactions having higher entrance channel mass symmetry and
the dominant decay channel is complete fusion.

For the *°Si +'%W reaction system we have been predicted
an approximately 5 to 55% contribution of quasifission
signature in the energy range studied in this work. A large
contribution of quasifission components is manifested for
the most symmetric combination **Ca +'%®Er reaction on the
whole range of excitation energy E¢y. Therefore, one can say
that in the case of reactions induced by massive projectiles such
as Si and Ca having lower entrance channel mass asymmetry,
the quasifission component is dominant in the evolution of the
DNS, and the fusion process is extremely hindered.

It should be emphasized that although the '2C+2%Pb,
R 1197 Ay, 30Si +13W, and *8Ca +'®Er reactions leading
to the same composite system >'°Ra, quasifission signatures
observed in the latter two reactions clearly indicate the
difference in the dynamical trajectories followed by these
systems after capture. The origin of these quasifission events
could be related to the entrance channel parameters and the
landscape of the potential energy surface associated with the
massive nuclei collision process.
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