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The hindrance to complete fusion is studied as a function of the charge asymmetry of colliding nuclei and
orbital angular momentum of the collision. The formation and evolution of a dinuclear system (DNS) in the
heavy-ion collisions at energies near the Coulomb barrier is calculated in the framework of the DNS model.
The DNS evolution is considered as nucleon transfer between its fragments. The results prove that a hindrance at
formation of a compound nucleus (CN) is related with the quasifission process, which is breakup of the DNS into
products instead to reach the equilibrated state of the CN. The role of the angular momentum in the charge (mass)
distribution of the reaction products for the given mass asymmetry of the colliding nuclei has been demonstrated.
The results of this work have been compared with the measured data for the quasifission yields in the '2C +2*Pb
and *8Ca + "®Er reactions to show the role of the mass asymmetry of the entrance channel.
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I. INTRODUCTION

One of the problems of modern physics is for the synthesis
of the extremely heavy chemical elements. Therefore, the in-
vestigation of the target and projectile pairs and corresponding
range of the beam energy leading to large as possible large
cross sections of the evaporation residues is an important.
The knowledge about complete fusion mechanism by the
experimental and theoretical studies of the peculiarities of
the processes occurring in heavy-ion collisions is useful in
solution of this problem. It can be done by the analysis of
the observed reaction products. The absence of the full under-
standing the reaction mechanisms is related with difficulties
of the unambiguous identifications of the mechanisms, which
are responsible for the yield of the corresponding observed
reaction products. There is a probability of the overlap of the
mass distributions of the contributions from the two mecha-
nisms: for example, the quasifission and fusion-fission mass
distributions may overlap in the mass-asymmetric part of the
yields [1,2].

Therefore, the analysis of the yields of the quasifission
products allows us to study the nature of a hindrance in the
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complete fusion. In the experiments on the setup CORSET
of the Flerov Laboratory of nuclear reactions (JINR) [3], the
fissionlike binary products of the processes (fusion-fission,
quasifission, and fast fission) are registered by the two-
arm time-of-flight spectrometer CORSET by the coincidence
method of simultaneous recording. Naturally, the products of
these binary processes can arrive to the same detector with
different probabilities. The mass and energy distributions of
fission fragments were studied on the setup CORSET for the
two reactions '2C +2%Pb and *3Ca + '®Er that lead to the
same CN 2!°Ra* [3]. The beam energies were fixed so that
the excitation energy of the being formed CN was around 40
MeV in both reactions. The analysis of the measured mass
and energy distributions showed that the contribution from
asymmetric fission in the first reaction is only around 1.5% but
is about 30% in the second. The authors have interpreted this
dramatic increase in the asymmetric yield as a manifestation
of the quasifission process related with the shell effects for
the reaction with **Ca. They stressed that the more mass-
symmetric colliding nuclei in the entrance channel and high
angular momentum populated in the reaction with “*Ca will
clearly facilitate the evolution of the DNS toward the favored
quasifission mass partition. The mass and charge distribution
of the quasifission products may overlap with the ones of the
fusion-fission and the deep-inelastic collisions [4,5]. The last
process produces binary products with the mass and charge
numbers around the values of the ones of the projectile and
target nuclei. The overlap of the mass and/or angular distri-
butions of the quasifission and fusion-fission products causes
ambiguity in the estimation of the experimental fusion cross
sections. But it is difficult to separate them by the experimen-
tal methods as products of the corresponding processes. It is
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FIG. 1. The sketch of the sequences of nuclear reaction channels, which overcome competitions in different stages of interaction processes

of dinuclear system fragments.

important to establish theoretically contributions in the yield
of the reaction products from the different mechanisms.
There are different theoretical models to describe the ex-
perimental data of the fusion cross sections, but there is not
an unambiguous conclusions about fusion mechanism. The
models based on the DNS concept consider complete fusion
as multinucleon transfer from the light nucleus of the DNS to
its heavy one as diffusion process [5-10]. The ER formation
is directly related with the fusion mechanism and ER products
are registered enough unambiguously. Therefore, theoretical
results are aimed to be close to the experimental data of
evaporation residues. But the contribution of the ER yields is
not alone providing the cross section of the CN formation in
the complete fusion. The CN can undergo to fission into two
(or three) fragments. The probability of fission increases by
increasing its charge number Zcy, excitation energy Efy and
angular momentum (Lcy). The fusion mechanism is studied
by the analysis of the dependence of the cross section of
the complete fusion on the parameters of the reaction en-
trance channel as the charge (mass) asymmetry of colliding
nuclei, the orientation angles of their axial symmetry axis,
colliding energy, and orbital angular momentum [6]. Con-
sequently, the fusion cross section is determined as a sum
Ofys = OER + Ofiss- In the reaction leading to formation of the
actinides (Z > 92) the fission process is dominant against ER
formation. The experimental study of the complete fusion
may be ambiguous due to the presence of the contributions
of binary fragments formed in the other channels of reac-
tion in the cross section ofgs of the fusion-fission products.
One of them is quasifission process, which is the breakup of
DNS before reaching the CN. Figure 1 shows the reaction
channels producing binary products, which are observed in
the experiments. It should be noted the difference between
the deep-inelastic collision and quasifission process. The

quasifission process is related with the capture events where
full momentum transfer of the relative motion of colliding
nuclei takes place. The fusion and quasifission processes are
two alternative processes of the capture reactions: the increase
of the quasifission yields causes the decrease of the complete
fusion events oc,, = 0fys + 0gr. Therefore, the investigation of
the quasifission yields allows us to study the change of the
intensity of the complete fusion events as a function of the en-
trance channel parameters. The hindrance to complete fusion
is studied as a function of the charge asymmetry of colliding
nuclei and orbital angular momentum of the collision [11,12].

The branching ratios between the realization probability of
the different channels depend on the mass and charge numbers
of the projectile and target nuclei and kinematic parameters
of the collision [11]. In collisions with the large values L >
L, orbital momentum L elastic and inelastic scattering take
place. The capture of colliding nuclei is a necessity condition
for the CN formation. But in this stage, fusion competes with
the quasifission, which produces binary products (P” and 7").
The quasifission products may have characteristics similar to
the ones of the fission products. The CN stability is deter-
mined by its excitation energy Efy and angular momentum
Ly since the fission barrier By is a function of Efy and L.
If the being-formed CN has angular momentum L, which is
larger than the value Ly causing completely disappearance of
the fission barrier By the system undergoes to the fast fission
producing fragments (F; and F). It occurs only in collisions
with L > Ly.

The DNS survived against quasifission and fast fission
is transformed to the rotating and heated CN. If it survives
against fission during cooling (deexcitation cascade), evap-
oration residue nucleus is formed. The contribution of the
quasifission against complete fusion and the contribution of
the fusion-fission of CN against its surviving by neutron
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emission are increased at the CN formation with large charge
numbers Z > 92. Therefore, the cross section of syntheses of
superheavy elements (SHE) can reach very small values.

In the case of the collision of the light nuclei with the target
nucleus capture can be considered as the complete fusion
since the intrinsic barrier Bf,; causing a hindrance to complete
fusion is small. But theoretical investigation of the yield of the
binary reaction products observed in the mass-symmetric and
mass-asymmetric entrance channels of the reactions, as well
as the study of the hindrance to the complete fusion leading
to the formation of the superheavy elements show that there
is a large difference between capture and complete fusion
cross sections in case of collision of the massive nuclei. The
hindrance to complete fusion in reactions with massive nuclei
is explained by the presence of an internal barrier Bf,  associ-
ated with internal structural effects in DNS fragments [6,12].
The value of B  depends on the characteristics of projectile
and target nuclei in the entrance channel and orbital angular
momentum. During the development of the resulting DNS, its
fragments may separate relatively early before reaching the
CN state.

In Sec. II, the basic physical quantities as potential energy
surface (PES), intrinsic fusion barrier, quasifission barrier,
evolution of the DNS charge (mass) asymmetry are described.
Discussion of the results of this work and comparison with the
corresponding experimental data are presented in Sec. I1I.

II. THEORETICAL FORMALISM

In this work, the range of the values of the orbital angular
momentum leading to capture is determined by solving the
dynamical equations of motion for the relative distance R
and orbital angular momentum L [6,13,14]. The contributions
coming from the breakup (quasifission) of the DNS formed
in the different angular momentum L = €% are included into
consideration by the expression:

Lq

Yz(Eem, o) = Y (20 + DPeup(Eem., £ )Yz (Eem., L, ),
£=0

ey

where Peap(Ecm., £, @;) is the capture probability for the col-
liding nuclei with the orientation angles «; (i = 1, 2) of the
axial symmetry axis of colliding nuclei relative to the beam
direction (for the deformed nuclei, see Fig. 2); Yz(Ec ., £) is
the probability of the yield of the fragment with the charge
number Z in the collision with the energy E. ., and orbital
angular momentum ¢; £, is the maximum value of the orbital
angular momentum leading to the capture (full momentum
transfer of the relative motion) process. It is calculated by
the solution of the dynamical equations of the relative motion
and angular momentum ¢ [6,13]. If the shape of nuclei in
their ground state is spherical, during interaction they are
deformed due to the surface vibration [15]. For excited states,
quadrupole 2% and octupole 3~ deformation parameters of
the nuclei are assumed to be equal to their vibrations. defor-
mation parameters (quadrupole ﬁé') and octupole ,6§’)) used
for the DNS fragments (i = 1, 2). Deformation parameters for
excited states are obtained from ,3; [16] and B; [17].

N
N

FIG. 2. The coordinate systems and angles, which were used
for the description of the initial orientations of projectile and target
nuclei. The beam direction is opposite to OZ.

The capture probability depend on the beam energy, the
size of the potential well of the nucleus-nucleus potential, and
the friction coefficients of radial motion and angular momen-
tum. The size of the potential well and friction coefficient
determine the number of the partial waves (L = ¢) leading to
the capture of the projectile nucleus by the target nucleus. The
size of the potential well is sensitive to the charge and mass
asymmetry of the colliding nuclei. This fact has been demon-
strated in Ref. [14] by comparison of the nucleus-nucleus
potential calculated for the 3°S+2%Pb and 3*S + 2%Pb re-
actions. The nucleus-nucleus interaction potential, radial and
tangential friction coefficients, and inertia coefficients are cal-
culated in the framework of the DNS model [6,13,14].

In Fig. 3, the partial cross sections o) calculated for the

capture process in the '2C 4 2*Pb and **Ca + '%3Er reactions
for the energies Ep, = 73 MeV and 153 MeV, respectively,
are compared. These energies correspond to the CN ex-
citation energies Ep,, = 40.4 MeV and 39.6 MeV for the
corresponded reactions. The critical values L., of the angu-
lar momentum estimated by the authors of Ref. [3] for the
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FIG. 3. Comparison of the capture cross sections calculated in
this work for the '2C + 2°*Pb and **Ca + '**Er reactions.
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12C 4 204Pb and *3Ca + '%®Er reactions were equal to 317 and
54h, respectively. These values of L., are close to the orbital
angular momentum corresponding to the maximal values of
the partial capture cross sections presented in Fig. 3. The
values of L, obtained in Ref. [3] are obtained for the triangle
shape of the partial capture cross section, which has sharp de-
crease at L = L. The slow decrease of the theoretical curves
of the partial capture cross section at large values of L in this
work is related by the averaging of the results obtained for the
collisions with different orientation angles «; (i = 1, 2).

It is seen that partial cross section the '2C + 2**Pb reaction
is sufficiently larger than that for the **Ca + '®8Er reaction.
The large values of o) for the former reaction is explained
with the fact it has small reduced mass u = ApAr/(Ap +
A7) =11.3 MeV while it is equal to 37.3 MeV for the last
reaction. Here Ap and Ay are mass numbers of the projectile
and target nuclei, respectively. Further evolution of the DNS
is determined by the landscape of the potential energy surface
calculated for the considered reactions.

A. Potential energy surface

In the DNS approach, the PES plays a crucial role in theo-
retical study of the competition between complete fusion and
quasifission processes, which occur due to the multinucleon

transfer between fragments of the DNS formed at capture. The
PES represents the total energy of the DNS as a function of
its charge asymmetry Z and relative distance R between the
mass of centers its interacting fragments. The landscape of
the PES determines the fusion probability and yields of the
quasifission products as a function of the beam energy and
initial orbital angular momentum. The PES is calculated as a
sum of the energy balance Q,, and nuclear-nuclear interaction
potential V(Z, A, L, R):

U(Z,A LR {a;}) = Qge +V(Z,A, L, R, {;}). 2)

Qg = B1 + By — Bcen is the energy balance of the reaction,
By, By, and By are the interacting nuclei and the binding
energies of CN taken from the table in Refs. [18,19]; the
interaction potential V is a sum of the Coulomb Vo, nuclear
Vaue, and rotational Vo parts:

V(Z1 A1 Lv R9 {al}) = VCOL[](Z7 A7 L7 R’ {al})
+ ‘/l”Ol(Za Aa La R’ {al})
+VnuC(ZyA7L7R7 {ai})' (3)

The Coulomb potential Vo, is calculated by the Wong’s
formula [20]. The expression of the Vi, and V;o potentials
are presented in Appendixes A and B. Here Z, = Zcny — Z
and A, = Acy — A are introduced to mark the charge and
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FIG. 4. Potential energy surface calculated for the DNS formed in the **Ca 4 !8Er reaction as a function of the charge number (Z) of its
fragment and relative distance (R) between centers-of-mass fragments: arrow (a) shows capture trajectory as the decrease of the kinetic of the
relative motion; arrow (b) is direction of the complete fusion due to nucleon transfer from the light fragment of the DNS to the heavy one;
arrows (c) and (d) are the quasifission trajectories leading formation of the products with the different mass numbers (a). The driving potential
of the DNS formed in the *Ca + '8 Er reaction as a function of the charge number (Z) of its light fragment; the intrinsic fusion Bf,_ barrier is
determined for the entrance channel Z = 20 (b). Quasifission By barrier of the entrance channel Z = 20 calculated as the depth of the potential

well of the nucleus-nucleus interaction (c).
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FIG. 5. The dependence of the driving potential on the angular
momentum L. The results are obtained for the collision with the
orientation angles «; = 60° and o, = 45°.

mass numbers for the conjugate nucleus, respectively. Acy =
Ap + Ar and Zen = Zp + Zy, where Zp and Zp are the charge
numbers of the projectile and target nuclei, respectively.

At large distances, the electrostatic repulsion between the
positively charged nuclei dominates in the PES. The po-
tential barrier appears at the distances R >~ Rp + Ry + 2 fm
due to the competition between the nuclear and Coulomb
forces. The driving potential is determined from the PES by
taking the values of the relative distance R,, corresponding to
the minimum of the potential well of the nucleus-nucleus in-
teraction for the wide range of the charge numbers of the DNS
fragments [6]:

Udr(Zs AL, Rm’ {ai}) = Qgg + V(Zv AL, Rms {ai})' (4)

8 h 4805+ 168E
R 0,,=60°;0,=45°

By (Z.L,R) (MeV)

Fragment charge number

FIG. 6. The quasifission barriers By calculated for the DNS frag-
ments, which can be formed in the 2C +2**Pb and **Ca + *Gd
reactions in collisions with the orbital angular momentum L. The
results are obtained for the collision with the orientation angles
o = 60° and o, = 45°.

The competition between complete fusion and quasifission
for the given charge and mass number of the DNS light
fragment is determined by the heights of the intrinsic fusion
Bf ; and quasifission By barriers [6]. Their values depend on
the angular momentum since PES is a function of L. As the
nuclei approach each other, the PES changes shape, becoming
more complex and exhibiting multiple minima and maxima
as a function of its charge asymmetry, which changes the
binding energies B; and B, of the DNS fragments. The PES
U calculated for the **Ca 4 '8Er reaction, driving potential
Uy and nucleus-nucleus interaction V extracted from the PES
are presented in Fig. 4. The arrow [Fig. 4(a)] corresponds
to the capture trajectory and arrow [Fig. 4(b)] shows the
direction to the complete fusion. The arrows [Figs. 4(c) and
4(d)] correspond to the possible quasifission trajectories. After
capture, the DNS can follow to the CN formation along charge
asymmetry axis Z in the direction of its decreasing Z — 0 or
breakup channel along line R connecting centers of fragments.
The minimum values of the PES along the charge asymmetry
axis are observed when the proton and/or neutron numbers
in the DNS fragments close to the magic numbers. The po-
sition of the entrance channel for the >C + >**Pb reaction is
favorable to complete fusion since the intrinsic barrier causing
hindrance is very small while it is sufficiently larger than
the **Ca + '"®Er reaction. Figure 4(b) is presented to show
the determination of the intrinsic fusion barrier Bf,, from the
curve of the driving potential as difference between values of
the driving potential corresponding to Z = 20 and its maxi-
mum value in direction to complete fusion. The dependence
of the driving potential on the angular momentum is presented
in Fig. 5. The increase of the angular momentum leads to the
increase of the Bf,  up the large values for the very charge
asymmetric configurations (for small values of Z) of DNS.
This phenomenon is explained by the strong increase of the
DNS rotational energy. The fast increase of the rotational
energy of the DNS with the light fragments is responsible for
the incomplete fusion in the reactions with light nuclei [15].
Therefore, in both reactions, when L increases, the probabil-
ity of fusion decreases. Another important physical quantity
of the model is quasifission barrier By (see Fig. 6), which
determines the DNS lifetime. Its value is equal to the depth of
the potential well of the nucleus-nucleus interaction between
the DNS fragments. The height of fusion barrier B  for the
reaction is less than the height of quasifission barrier By for
the mass-asymmetric system. This condition is favorable for
the complete fusion. It is seen from Fig. 6 that its value for the
12C 4 2%Pb (Z = 6) system is sufficiently larger than the one
for the **Ca + '®Er (Z = 20) reaction. For the last reaction,
the height of the fusion barrier Bf_ is greater than the height
of the quasifission barrier Bys. Therefore, the probability of
complete fusion for the reaction '2C 4 2**Pb is larger than one
for the “*Ca + '%®Er reaction.

The excitation energy of DNS E, given the beam energy,
is found taking into account the change in the internal energy
with the change in the number of nucleons:

E;(Ec.m.a A L {o}) =Ecm + AQgg(Z, A)
- min(ZvAvasLs {ai})v (5)
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FIG. 7. The excitation energy EJj\s(Ecm., L) of the DNS formed
in the **Ca + '®*Gd reactions for the entrance channel (Z = Zp and
A = Ap) as a function of the center mass energy E., and orbital
angular momentum L.

where
AQgg(Z,A) = B((Z,A) + By(Z., A.)
— [Bp(Zp,Ap) + Br(Zr, A7)] (6)

is a change of the intrinsic energy of the DNS during its
evolution from the initial value (Z = Zp and A = Ap) to the
considered state (Z,A). Viin(Z, A, R, L, {o;}) is the mini-
mum value of potential well of the nucleus-nucleus potential
between the DNS fragments in the last state [6,13]. Figure 7
represents a dependence of the excitation energy of DNS Ef\ ¢
for the entrance channel (Z = Zp and A = Ap) on the collision
energy E. . and its angular momentum L calculated for the
*Ca 4 1®Er reaction.

B. Charge and mass distribution of the DNS fragments
and binary yields

The full momentum transfer takes place at the capture of
the projectile by the target nucleus and the DNS is formed
with the probability Pc,p, which is calculated by the solution
of the dynamical equation of the collision trajectory for the
given values of E. ., and orbital angular momentum L [6,13].
The atomic nucleus consists of neutrons and protons, conse-
quently, due to the nucleon exchange between the DNS nuclei,
their mass and charge distributions change as a function of
time ¢ as capture has occurred. The evolution of DNS is found

by solving the transport master equation [15]:
aDz(1) .
a—Zt =AS) Dz () + AP Dy ()

— (A + AY + ADD, (1), %

where Dyz(t) is represents the probability of DNS being in the
moment of time ¢ for the given E; and L in the state where
the DNS fragments have the charge numbers Z and Zcy — Z.
AZ (A%) coefficients are the transport coefficients, which are
calculated microscopically, for the case when one proton is
added to (subtracted from) the fragment of the binary system
with the charge number Z. Proton and neutron systems of
nuclei have their own energy schemes in individual nuclei.
In turn, these schemes depend on the number of neutrons N
and the number of charges Z of the nuclei. This means that
the quantities Az are related to the energy schemes of the
protons (they fill the energy states). We can calculate transport
coefficients using the following formula:

1
AGY = ~ PXTj lgpr (R)*1 (Tr)[1 — n(Tp)]

5 sin® (At[ef — e%])/(2h)
(e7 —e5)7/4

1
A = o Y lgrr RIPET[1 - (7]
PT

sin® (At[ef — €4])/(2h)
X
5 .
(5 —¢F) /4
Here the matrix elements gpr represent the exchange of nucle-
ons between fragments P and T'; n? (T;) and &7 are occupation
number and energy of single-particle states in fragment i of

the DNS with a fragment with the charge number Z, respec-
tively, T; is its effective temperature (i = P, T'):

= |5 A+1 ©
"V 2a\Acn 2/

®)

l

where a = Acn/12 MeV~!. The transport master equation is
solved where the reaction time ¢ = ky,xAt, where At =
10722 5. In this case, ¢ is chosen in such a way that after
this moment of time, DNS has passed to complete fusion or
quasifission.

The region Z > 2 represents the contribution of Dy to the
incomplete fusion. We can calculate the yield of fragments
formed in the reaction using the formula:

Y2(E3, A L,1) = AY [By(Z, A, (a}), Tz(A, )]
Kmax
x Y " Dz(A,E}. L kAt). (10)
k=0
It is proportional to the width quf of the decay through the

quasifission barrier By (Z, A, L). Agf is calculated by expres-
sion:
_B f(ZvAv {al})
AN(Z A, {ai}, Ty(A, o)) = exp | —— 17
7 ( {ai}, T2(A, @) P( T4 )
1_‘Zwm(z)
X =,
2nwe(Z)
where w,, and wq are frequencies of the parabolas used
to approximate the potential well and Coulomb barrier
of the nucleus-nucleus interaction; y =8 x 10722 MeV

1D
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FIG. 8. Evolution of the charge distribution D, for the projec-
tilelike fragments for the '2C 4 2**Pb reaction at Ey ,, = 73 MeV and
L = Oh. The results have been obtained for the orientation angles
o) = 45° and o, = 30°.

sec”l; T, is the effective temperature of the DNS with

the charge asymmetry Z: Tz(A, o) = /EJ(A, L, o) /a, a =
Atot/leev_lv At =Ap +Ar;

_ |7 27y~ L
l—‘Z - (ZM)Z +wqf(z) 2/,L’ (12)

(see Refs. [11,21] for details).

Equation (12) has been solved with the initial condition
Dz =1 at Z=27Zp(Zr) and A = Ap(A7). The charge distri-
butions Dz for the light fragment of the DNS formed in the
12 4-204pp reaction in collisions with the values of L = 0%
and L = 40/ at the beam energy Ep,, = 73 MeV are pre-
sented in Figs. 8 and 9, respectively. The presented results
have been obtained for the orientation angles of P and T
nuclei oy = 45° and o, = 30°, respectively. It is seen that the

Fragment mass number
" 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 Dz

50.00
12C+204Pb
» 70 4375
“.é 60 E.,=73 MeV | s
— L=40 h
o 50 B
£ 31.25
£ 40 - 25.01
% 30 - 18.76
[m)]
20 F12.51
10 6.26
0.01

0 5 10 15 20 25 30 35 40
Fragment charge number

FIG. 9. The same as in Fig. 8, but for L = 40/.

Fragment mass number
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80 T T T T T T T T 0.2500
=70 *®Ca+'%%Er 0.2188
= E_x=194 MeV
= 60 L 0.1876
2 L=0h
o 50 I 0.1564
£
© 40 - 0.1253
% 30 - 0.0941
@)
20 - 0.0629
10 0.0317
510+

15 20 25 30
Fragment charge number

FIG. 10. Evolution of the charge distribution D7 for the projec-
tilelike fragments for the **Ca + '®Er reaction at E,, = 194 MeV
and L = 0#. The results have been obtained for the orientation angles
o) = 45° and oy = 30°.

intense of the nucleon transfer from '2C to 2**Pb decreases
by the increase of L. The yields with Z < 2, represents the
contribution leading to complete fusion. The complete fusion
occurs faster since the charge distribution (D) in the region
Z > 21is very weak.

Itis seen from Figs. 8 and 9 that at the beginning the charge
distribution is distributed around Zp = 6 in the light fragment
(for the conjugate fragment around Z;y = 82, it is not shown).
The fusion barrier B (Z = 6) is small for the entrance chan-
nel of the '>C +2%Pb reaction (see Fig. 2 of the PES and
driving potential Uy,, respectively). Moreover, the quasifission
barrier By is large for the charge asymmetric configurations
of DNS (see Fig. 6). These favorable conditions cause the
motion of the charge distribution towards Z = 2 over time.
Consequently, the complete fusion takes place with the larger
probability than quasifission process for this strong charge
asymmetric reaction.

Figures 10 and 11 shows that, in the case of the
*Ca4 1®Er reaction charge is concentrated distributed
around Zp = 20 (for the heavy fragment around Z; = 68)
at the beginning of the DNS evolution and it is distributed
wider including the direction of the larger charge numbers
Z > 20. The presence of the hindrance to complete fusion
in the case of the “*Ca + '8 Er reaction in comparison with
the '>C 4 2**Pb reaction is clearly seen from these figures.
Therefore, the complete fusion occur more slowly in the
#Ca+ 18Er reaction for the both values of L. The other
reason of the observation is the fact that the quasifission bar-
rier Bys(Z = 20) in the entrance channel of the BCa+ 18Er
reaction is smaller than the one for the '>C 4 2**Pb reaction
(see Fig. 6). The small values of By is favorable for the
quasifission.

The yield Y; depends on the DNS angular momentum L,
which determines the heights of the intrinsic fusion Bf and

fus
quasifission By barriers. It can be seen from Fig. 6 that the
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FIG. 11. The same as in Fig. 10 but for L = 50%.

quasifission barrier is changed as a function of L: at large
values of L the DNS becomes less stable against breakup into
two quasifission fragments. As it has been mentioned above
that Bf  increases by L (see Fig. 2). Therefore, the quasifission
yields increase by the increase of L.

Comparison of Figs. 12 and 14 of the calculated yields of
binary fragments in the '>C 4 2**Pb reaction shows the strong
increase of Y, for the collisions with L = 407 in comparison
with the case of L = 0/. The similar increase of the binary
yields is seen from the comparison of Figs. 13 and 15 of the
yields of the binary fragments calculated for the collisions
¥Ca and '®*Er with the orbital angular momentum L = 0,
respectively. The scales of Y presented on the right side of
these figures show that the absolute values of the quasifission
yields are small. This means that complete fusion is main

Fragment mass number

0 10 20 30 40 50 60 70 80 90  Yz(10*)

60 L L 1 1 1 1 5.0
551
50 =3
» 451 - 4.0
KIO 40 35
T 354 ’
(0] .
£ 301 3.0
_ig 251 12G.4204py, L o5
P 204
Z 159 E,,=73 MeV - 20
104 1=0h 15
51
T T T T T T T 1.0
0 5 10 15 20 25 30 35 40

Fragment charge number

FIG. 12. Mass distribution of the yield of quasifission products
(Yy) for the reaction '2C + >**Pb calculated for the collision with the
orientation angles «; = 45° and o, = 30° at the beam energy Ep,, =
73 MeV and angular momentum L = 0.

Fragment mass numbers

0 10 20 30 40 50 60 70 80 90  Y,(10°)
80 1 1 1 1 50
704 44
60 38
&
8 50 -3.2
)
£ 40+ - 2.6
5]
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2
& 20- - 1.4
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Lab’ : . 0.25
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Fragment charge numbers

FIG. 13. Mass distribution of the yield of quasifission products

(Yy) for the reaction **Ca + '®Er calculated for the collision with

the orientation angles o; = 45° and o, = 30° at the beam energy
Er. = 194 MeV and angular momentum L = 0.

reaction channel for the head-on collision. The analysis of
the yield products for the “Ca + '®Er reaction in Fig. 15 and
12 4-204Pp reaction in Fig. 14 shows that the main emitted
products are « particles in collisions with the large angular
momentum. This process is observed as the incomplete fu-
sion according to its new mechanism verified in Ref. [15].
Therefore, the mechanism of the incomplete fusion can be
considered as the yield of the very mass-asymmetric quasifis-
sion products, i.e., the breakup of DNS in the way to complete
fusion due to increase of the centrifugal forces at reaching
the DNS configuration with « particle during multinucleon
transfer from the projectile nucleus to the target nucleus.

Fragment mass number
0 10 20 30 40 50 60 70 80 90 Yz
1 1

80 ' 4.000
70 3.501
% 60 L 3.001
g
‘c_> 50 - 2.502
()
£ 404 L 2.003
ko
= 30 I 1.503
»
12, 204
Z 20 C+7Pb L 1.004
10 E\,=73 MeV 0.5044
[=40 h
: , : : 0.005000

T T T
0 5 10 15 20 25 30 35 40
Fragment charge number

FIG. 14. Mass distribution of the yield of the quasifission prod-
ucts (Yz) in the '2C + 2*Pb reaction calculated for the orbital angular
momentum L = 407. The result has been obtained for the orientation
angles o; = 45° and o, = 30°.
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Fragment mass number
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FIG. 15. Mass distribution of the yield of the quasifission prod-
ucts (Y7) in the *¥Ca+ '®Er reaction calculated for the orbital
angular momentum L = 50/. The results have been obtained for the
orientation angles oy = 45° and a, = 30°.

III. DESCRIPTION OF THE EXPERIMENTAL DATA

Our calculations show that the charge distributions be-
tween fragments of the DNS and products being formed at its
breakup strongly depend on the orbital angular momentum.
The increase of the DNS rotational energy causes the increase
in the intrinsic fusion barrier B}, decrease of the quasifission
barrier By, and DNS excitation energy E7. These quantities
and nuclear structure of the colliding nuclei determines the
intense nucleon exchange and direction flow of nucleons since
the transition coefficients on the single-particle energies of the
nucleons. Therefore, in this work, the shell effects of nuclear
structure in fragments are pronounced in the formation and
yield of the reaction products. These conclusions have been
obtained from the dependence of the evolution of the charge
distributions between fragments of the DNS in the '>C + 2*Pb
and *8Ca + '8Er reactions on the charge asymmetry and or-
bital angular momentum in the entrance channel of collision.

It is important to prove the validity of this formalism of
complete fusion by the description of the experimental data
related with the yield of the quasifission products. In Figs. 16
and 17, the mass distributions of the quasifission products
the ¥Ca+ 'Er (at Eryp = 194 MeV) and >C +2*Pb (at
Er.p =73 MeV) reactions, respectively, calculated in this
work are compared with the corresponding experimental data
obtained from Ref. [3]. The experimental results are the ex-
tracted asymmetric components obtained as a difference

qu:Yexp_YFF» (13)

where Y.y, is the experimental yield of the fissionlike binary
products and Ygr is the (Gaussian) fusion-fission yield. The
curve of Ygr has been extracted by the description of the ex-
perimental yield Y., as a sum of the three Gaussian functions:
two small functions describing mass-asymmetric parts and
one Ygg, which describes the mass-symmetric parts [3]. This
way separation of the quasifission and fusion-fission products
assumes that there is not overlap between quasifission and

48Ca+1 68Er
A E_.,=194 MeV

1000

Yield of quasifission fragments
8

- This work

® Exp. [Chizhov]

36 48 60 72 84 96 108 120 1:;2 1;14 156 1é8 180
Mass numbers

FIG. 16. Comparison of the theoretical yield of the quasifission
products of the BCa+ '®Er (at ELyp = 195 MeV) reaction formed by
the DNS mechanism with the corresponding measured experimental
data obtained from Ref. [3].

fusion-fission products in the mass-symmetric region of the
mass distribution of the binary fragments.

The experimentally observed yield of the asymmetric fis-
sion in the former reaction was 1.5%, whereas it was 30%
in the latter case. This difference was interpreted as a large
contribution of the quasifission products in the “*Ca + '*3Er
reaction. Application of the DNS model has allowed us to
establish a nature of hindrance to complete fusion by com-
parison results of the partial capture cross sections, charge
(Dz) and mass distributions of the DNS fragments before
its breakup and quasifission (Yz) products obtained for the
12C 4 2%Pb and **Ca + '8Er reactions.

The theoretical study of the evolution of the charge (D7)
distributions of DNS fragments and quasifission (Yz) products
shows strong influence of the orbital angular momentum of

120 E
110 F 12G4204pp E

100 £ E =73 MeV This work | 3
= Exp. [Chizhov]

Yield qusifission products

| <
40 50 60 70 80 90 100 110 120 130 140 150 160 170
M

FIG. 17. Comparison of the theoretical yield of the quasifission
products of the '2C 4+ 2*Pb (at EL,, = 73 MeV) reaction formed by
the DNS mechanism with the corresponding measured experimental
data obtained from Ref. [3].
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collision (L) on the hindrance of the complete fusion process.
The difference in the hindrance observed in these reactions
is related by the intrinsic fusion barrier Bj,, determined by
the driving potential calculated for the reactions leading to
formation of the compound nucleus *'°Ra*.

The partial capture cross sections calculated for the
12C 4-204Pb and “®Ca + 'Er reactions are very different and
their maximum values are close to the critical angular mo-
mentum values presented in Ref. [3]. But according our
calculations the mass distribution of the quasifission can reach
mass-symmetric region. Its contribution is very small to the
mass-symmetric in the case of the very mass-asymmetric
12C 4-204Pb reaction even at large values of L. The yield
of the quasifission products with the mass numbers A > 96
is significant. It is seen Fig. 16. The theoretical results are
in good agreement with the experimental data for the range
of mass numbers A = 66-96 (120-150). The symmetric part
A = 97-119 of the mass distribution of the binary products
in the experimental data has been removed by Eq. (13) while
the curve of the theoretical results shows that the quasifission
contribution presents in the mass-symmetric region.

IV. CONCLUSIONS

In conclusion, we have theoretically studied charge and
mass distributions of the quasifission fragments for two
("2C 4 2%*Pb and **Ca + '%®Er) reactions that lead to the same
compound nucleus 2'®Ra* as a function of the orbital mo-
mentum of collisions at the beam energies corresponding to
the CN excitation energy of around 40 MeV. The compar-
isons of the partial capture cross sections and charge (mass)
distributions of the quasifission fragments calculated in this
work for these two >C+2%Pb and **Ca + '**Er reactions
show that the role of the entrance channel characteristics is
very strong. This result confirms the conclusion of the authors
of Ref. [3]. The presence of the intrinsic fusion barrier Bf
in the way to complete fusion by nucleon transfer in the
#Ca 4 1®Er reaction leads to increase the yield of the very
mass-asymmetric products in comparison with the case of the
12C +2%Pb reaction. The intrinsic fusion barrier B deter-
mined by the driving potential calculated for the reactions
leading to formation of the compound nucleus 2'°Ra*. The
difference in the yield of the very mass-asymmetric products
observed in these reactions proves that, due to the hindrance
at the complete fusion of the colliding nuclei, the fusion cross
section in the **Ca + '®8Er reaction is expected to be smaller
than '2C + 2%*Pb reaction.

V. APPENDIX A

The rotational potential of the DNS having the a light frag-
ment with the charge number Z is calculated by its moment of
inertia J:

I+1)
2Jpns(Z, A, Ry)’
where the moment of inertia of DNS is determined by
expression

Jons(Z, A, Ry) = URE + [\(Z, A) + Ja(Z., A)]/2.

Vit(Z, A, Ry) = I

w=mAA/(A+A.), Ji=1/5mA(a?+b}), and J,=
1/5mAC(a%+b%), respectively; m is a nucleon mass; a;
and b; are small and large radii of nuclei [6]; R,, is the
distance corresponding to the minimum of the potential well
of the nucleus-nucleus interaction and it depends on the
orientation angles o and «, of the axial symmetry axis of
the interacting nuclei relative to the direction of R connecting
their centers of mass (see Fig. 2).

VI. APPENDIX B

The nuclear part of the nucleus-nucleus potential is cal-
culated using the folding procedure between the effective
nucleon-nucleon forces fe[0(x)] suggested by Migdal [22]
and the nucleon density of the projectile and target nuclei, p;

and péo), respectively:

Viue(R) = / PO (r — 1) feie(p)pS (r — r2)dr,  (BI)

p0) — p(r))
p(0) '

Here Cp =300 MeV fm?, fi, = 0.09, fix = —2.59 are the
constants of the effective nucleon-nucleon interaction; p =
,01(0) + ,050). The effective values of the constants fi, and fex
were fixed from the description of the interaction of the Fermi
system by the Green’s function method and, therefore, the ef-
fect of the exchange term of the nucleon-nucleon interactions
was taken into account.

The spherical coordinate system O with the vector r, angles
0 and ¢ is placed at the mass center of the target nucleus and
the Oz axis is directed opposite to the beam. In this coordinate
system, the direction of the vector R connecting the mass
centers of the interacting nuclei has angles ® and ®: r; = R
and r, = 0. The coordinate system is chosen in such a way
that the planes, in which the symmetry axes of nuclei are
located, cross the Oz line and form the angle ®. For head-on
collisions ® = 0 and ® = ¢.

The nucleon distribution functions of interacting nuclei can
be expressed using these variables in the same coordinate
system O. The shape of the dinuclear system nuclei changes
with the evolution of the mass asymmetry degrees of freedom:
B = B2(Z,A) and B3 = B3(Z,A). In order to calculate the
potential energy surface as a function of the charge number,

we use the values of ﬂézﬂ from Ref. [16] and the values of

feff(p) =Gy (ﬁn + (fex - fm) (B2)

/33(3—) from Ref. [17]. In the O system the symmetry axis of
the target nucleus is turned around the «; angle, so its nucleon
distribution function is as follows:
0o
py(r) =

[r*Rz(ﬂf’vﬂf);@z’)] ’

a

1 4+ exp
Ra(BY, B:05) = (14 B ¥a0(63) + B Yo (6)RE
where pg = 0.17 fm~3, ay = 0.54 fm,
cos 02/ = cos 0 cos(r — ay) + sin @ sin(r — @) cos ¢.

The mass center of the projectile nucleus is shifted to the
end of the vector R and its symmetry axis is turned by the
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angle w — o;. According to the transformation formulas of
the parallel transfer of vectors the variables of the transferred
system O’ are as follows:
r? = r* + R?> — 2rRcos(wyn),
cos(wyz) = cos 6 cos O + sin 6 sin O cos(¢p — D),
_ (rcos — Rcos®)

/

cos 0,
.

cos ¢ = (1 + tan® ¢})~"/2,
rsin¢g sin@ — R sin © sin &

tan ¢ = - - .
¢ rcos ¢ sinf — Rsin ® cos &

In the coordinate system O’, the deviation of the symmetry
axis of projectile nuclei relative to the O’z axis is determined

by the angle
cos B = cos 6 cos(r — 1) + sin O] cos ;.

Now the nucleon distribution function of the projectile nu-
cleus looks like this

Lo

' —R, (ﬁél),ﬁ;n;e;)] ’
a

P =
1+ exp [

Ri(B", 857560 = (14 B5"Ya0(8)) + B Y30 (0))RY".

The effective radius of nucleus is calculated by the formula
RY = 1.174}" fm.
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