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Abstract. The dynamical effects of the entrance channel on the competition between quasifission and fu-
sion processes, and on the evaporation residue formation are investigated. We have analyzed the results and
compared our calculations with the experimental data obtained in the **O + 2°4Pb and *°Zr + 124Sn reac-
tions having very different mass asymmetries and leading to the **Th* compound nucleus. We have found
that different partial capture cross-sections o;"" (E) for these reactions lead to different fusion-quasifission
competitions and, consequently, to different partial fusion cross-sections o' (E) of the compound nucleus
formed in the two reactions. The dynamical conditions also affect the fission-evaporation competition of
the excited intermediate nuclei along the CN de-excitation cascade and, consequently, the evaporation
residue formation.

PACS. 25.70.Jj Fusion and fusion-fission reactions — 25.70.-z Low and intermediate energy heavy-ion

reactions — 27.80.+w 190 < A <219 — 27.90.+b 220 < A

1 Introduction

The difference between measured evaporation residues
(ER), obtained in reactions [1-5] having different projec-
tile and target nucleus combinations, and leading to the
same compound nucleus (CN) with charge Z and mass A,
can be explained by the dependence of the partial fusion
cross-section of%(E) and survival probability Wy, (E, £)
against fission of the excited CN on the peculiarities of
the entrance channel. Generally, the probability of the
CN formation decreases in the reactions induced by the
heaviest projectile, at energies above the entrance bar-
rier (Coulomb barrier 4 rotational energy). The decrease
in the fusion cross-section is connected with an increase
in the number of events going to quasifission. This last-
mentioned process is a dominant one in reactions between
massive nuclei and also in reactions induced by lighter ions
at higher beam energies [6-9].

The basic difference between the fusion-fission and
quasifission processes is that in the latter mechanism a
dinuclear system formed at the capture stage cannot be
transformed into a compound nucleus. Quasifission reac-
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tions are binary processes that exhibit some of the char-
acteristics of fusion-fission events, such as full dissipation
of the relative kinetic energy and a considerable transfer
of mass between the two fragments. The amount and di-
rection of the main nucleon flow depend on the landscape
of the potential energy surface and shell structure.
Moreover, experimentally it is difficult to distinguish
unambiguously the difference between fusion-fission and
quasifission fragments which can be formed both in mass-
symmetric and mass-asymmetric regions. Therefore, it is
difficult to estimate the fusion cross-section from the mea-
sured data on the yield of fragments of symmetric masses
assuming that the symmetric-mass fragments may be con-
sidered as products of the CN fusion-fission process.
Nevertheless, the dinuclear system concept (DNS) [10]
allows us to estimate theoretically from the calculated
capture cross-section a decrease in the number of events
leading to complete fusion in competition with quasifis-
sion. The part of the capture cross-section, which pro-
duces the quasifission, increases drastically in reactions
with massive nuclei [7,10] or with the nuclei of near-
symmetric masses [10]. As a result, the difference between
capture and fusion cross-sections increases sufficiently. In
this case, an application of the well-known models [11,12]
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to calculate the fusion cross-section is questionable though
they were successfully used to calculate the fusion excita-
tion functions in reactions with light and intermediate nu-
clei. The models [6-9], which were developed on the basis
of the dinuclear system concept (DNS), can be used for
all of the reactions mentioned above. For example, the re-
sults on the fusion excitation functions for F + 197Ag
and 28Si + Mo reactions leading to 12Ba [6] and the
reactions leading to superheavy elements [7] were calcu-
lated by the same method of calculation. The different
strength of the hindrance to fusion in different reactions
is connected with the peculiarities of the driving poten-
tial, which is determined by the reaction @ g44-value and
nucleus-nucleus interaction potential [7-9]. So, there is not
need to modify parameters of the code for numerical cal-
culations at its application for reactions leading to '2°Ba
or superheavy elements. Using the partial fusion cross-
section of% () obtained in the framework of a model [6-9]
based on the DNS concept, we determine the competition
between fission of the excited compound nucleus and evap-
oration residue formation along the CN de-excitation cas-
cade using the advanced statistical model (ASM) [13-15].

In the present work, we consider two reactions with
different entrance channel mass asymmetries (n4 = (Az —
A1)/(A; + A)) leading to the 22°Th* compound nucleus.
We also compare the result of our calculations with the
available experimental data [1-3].

The aim of this paper is to analyze the dependence
of the evaporation residue formation on the partial fusion
cross-section calculated at different beam energies com-
paring the theoretical results for the same excited com-
pound nucleus 22°Th*. We found that the difference be-
tween the excitation functions of the evaporation residues
formation is caused by:

i) the difference in partial fusion cross-section and
angular-momentum distribution for the compound nu-
cleus obtained as result of the two !0 + 2°4Pb and
967r 4+ 1248n reactions;

ii) the dependence of survival probability of the com-
pound nucleus on its angular momentum.

The first cause is related to the height and size of the
nucleus-nucleus potential well and the @ 44-value of these
reactions which determine the values of the intrinsic fusion
barrier Bf,, and the quasifission barrier Bq¢ [6-9]. The sec-
ond cause is determined by the dependence of the fission
probability Is/Iior of the 220Th* compound nucleus on
the of"s(E) distribution due to the dynamical effects in
the entrance channel.

2 Method of calculation

According to the DNS concept, the evaporation residue
production following a nuclear reaction is considered as
a three-stage process. The first step is overcoming the
Coulomb barrier by nuclei in the motion along the axis
connecting nuclear centers at the in-coming stage of colli-
sion, and formation of a nuclear composite (the so-called
molecular-like dinuclear system). This stage is called cap-
ture. The second stage is the transformation of the DNS

into a more compact compound nucleus in competition
with the quasifission process. At this stage, the system
must overcome the intrinsic fusion barrier By, at the po-
tential energy surface [7-9] during the evolution on the
mass (charge) asymmetry axis. For light and intermediate
nuclear systems or for heavy nuclear systems with larger
mass asymmetries, this barrier is equal to zero and cap-
ture immediately leads to fusion. In these cases the fusion
cross-section is calculated in the framework of well-known
models [11,12]. It should be stressed that complete fusion
is a transfer of all the nucleons of the projectile (or light
nucleus) into the target.

At the third stage, the hot compound nucleus cools
down by emission of neutrons and charged particles. There
is a chance for the excited nucleus to undergo fission
at each step of the de-excitation cascade. Therefore, the
evaporation residue cross-section is determined by the par-
tial fusion cross-sections and survival probabilities of the
compound nucleus:

Laq
Ta(E) =Y (20 + 1)of*>(B)Waue(E, 0). (1)
£=0

The effects connected with the entrance channel are in-
cluded in the partial fusion cross-section of**(E), which
is determined by the product of partial capture cross-
sections and the related fusion factor (Pcy) taking into ac-
count the competition between complete fusion and quasi-
fission processes:

o (E) = oy (E) Pon(E, £), (2)

where
capture )‘2 capture
oy (B) =P (E). (3)

Here ) is the de Broglie wavelength of the entrance chan-
nel; P;*P""*(E) is the capture probability which depends
on the collision dynamics and is determined by the number
of partial waves (¢q) leading to capture. We solve equa-
tions of motion for the relative distance R and the conju-
gate momentum [7-9]. In eq. (1), Wy (E, £) is the survival
probability against fission along the de-excitation cascade
of CN.

Equation (1) is related to the first step of the de-
excitation cascade of CN. The contribution of ER for the
x-th step, characterized by the proton number Z, and the
neutron number N, reached after the emission from CN
of particles vn+yp+ka+sy (v,y, k, s are numbers of neu-
trons, protons, a-particles and y-quanta), is calculated by
the expression

£a
oo (B) =) 20+ Doy HE)WL(E 0,  (4)
£=0

where o7 !(E) is the partial formation cross-section of
the excited intermediate nucleus of the (z —1)-th step and
Wz 1(E, () is the survival probability of the (x — 1)-th in-
termediate nucleus against fission along the de-excitation

cascade of CN.
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Fig. 1. The potential energy surface for a dinuclear system leading to the formation of the *2°Th* compound nucleus as a
function of the relative distance R between centers of interacting nuclei and their charge numbers Z, panel (a); the driving
potential, Uar(Z, A, Rm), which is a curve connecting minimums of the potential energy surface as a function of Z, panel (b);
the nucleus-nucleus interaction potential U(R) shifted on @Qg4-value for the 6Zr + 2*Sn reaction, panel (c).

A more detailed description of the method is given in
refs. [6-9)

The intrinsic fusion barrier Bf,  is connected with mass
(charge) asymmetry degrees of freedom of the dinuclear
system and is determined from the potential energy sur-
face (fig. 1). The potential energy surface is built as a
function of the charge number Z = Z; of one of the frag-
ments forming DNS (Zy = Zen — Z, Zen is the charge
of compound nucleus) and the relative distance between
their centers

U(Z7AaRa L) = U(Z7A€7/617a1;ﬁ27a2)
= Bl + BQ + V(Z5A7L7ﬁlaal;527a2;R)
—(Ben + Von(L)). (5)

Here, By, By and B¢y are the binding energies of the
nuclei in DNS and of the CN, respectively, which were ob-
tained from [16,17]; 3; are the fragment deformation pa-
rameters taken from the tables in [17-19] and «; are the
orientations relative to the beam direction (see App. A of
ref. [8]); Von(L) is the rotational energy of the compound
nucleus. The distribution of neutrons between two frag-
ments for the given proton numbers Z and Z, (or ratios
A/Z and Ay/Z5 for both fragments, where A = Ay, Ay =
Acn — A, and Acy is the mass of the compound nucleus)

was determined by minimizing the potential U(Z, A; R) as
a function of A for each Z.

The potential energy surface U(Z, A; R, L = 0), calcu-
lated in this way for the 220Th CN, is presented in fig. 1a.
B; . is determined by the difference between the maximum
value of the driving potential U(Z, A, R,,) and its value
at the point corresponding to the initial charge asymme-
try of the considered reaction (see fig. 1b). The driving
potential U(Z, A, R.,,) is extracted from the potential en-
ergy surface U(Z, A; R, L) (5) as a function of the charge
number Z of its minimum values corresponding to the
minima of nucleus-nucleus potential V(R) [6-9] (see the
solid curve at the bottom of the potential valley in fig. 1a)
for the given charge asymmetry. The position of this min-
imum on the relative distance between nuclei is R = Ry,
(fig. 1c). In fig. 1lc, the curve of nucleus-nucleus potential
is presented for the ?6Zr + 124Sn reaction and its values
are shifted on the @Q44-value of this reaction: V' (40, R) =
U(40,92; R, L = 0) + By + By — Bon. If the excitation en-
ergy of the dinuclear system (Efjng = Eem. — V(Rm, L))
is not enough for overcoming By, , the dinuclear system
decays into two fragments and undergoes quasifission after
nucleon exchange between its components. The quasifis-
sion occurs due to motion along the relative internuclear
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distance R and depends on the nucleus-nucleus interaction
potential V(R). At capture, the DNS is in the potential
well. Thus, in order that the quasifission occurs, it is nec-
essary to overcome the barrier Bys which is equal to the
depth of the well of V/(R) (fig. 1c). If the DNS excitation
energy is not enough for overcoming B, it fluctuates on
the charge asymmetry axis moving to a more symmet-
ric configuration. A DNS can decay more easily into two
fragments due to a decrease in By increasing the charge
symmetry. The driving potential containing these char-
acteristics under discussion is significant in considering
the fusion process as a motion of the system along the
mass (charge) asymmetry degree of freedom. The depen-
dence of Bf . on the orbital angular momentum affects
the partial cross-sections of fusion: By, increases and B¢
decreases by increasing of L. As a result the fusion factor
Pcn decreases by increase of orbital angular momentum.
For the more symmetric reactions this effect appears more
strongly [8]. The fusion probability Pox(F,£) (or the fu-
sion factor, in eq. (2)) in competition with the quasifis-
sion process can be calculated using the level density and
potential energy surface. The probability of realizing the
complete fusion process is related to the ratio of the level
densities, depending on the intrinsic fusion or quasifission
barriers, by the expression [7-9]:

p(EBNS - B;us)
p(Ebns — Biys) + p(Epns — Bqf)

Pox = (6)

where p(Efyng — Bj) is the DNS level density which is
calculated on the quasifission and intrinsic fusion barriers
(Bk = By, Bf,,). Taking into account the dependence
of Bf . and By on the angular momentum L, the factor
Pcn, being a function of these barriers and determining
the competition between complete fusion and quasifission,
decreases with increasing L at given values of the beam
energy.

Due to dependence of the nucleus-nucleus potential on
orientations of the axial symmetry of the deformed nuclei,
the excitation function of the capture and fusion are sensi-
tive to these orientations. The final results of the capture
and complete fusion are obtained by averaging the contri-
butions of different mutual orientations of the symmetry
axis of the reacting nuclei.

The survival probability Wy (F,£) is related to the
partial fusion cross-section which affects the fission barrier
and the I, /It ratio too; the latter determines the evapo-
ration residue production along the CN de-excitation cas-
cade. At calculating of W, (E, ¢) in the framework of the
advanced statistical model [13-15] o' (E) is used as input
data.

For the fission barriers, we use predictions of the ro-
tating droplet model (angular-momentum-dependent) as
parameterized by Sierk [20] and the dependences of the
shell corrections [14] on the angular momentum and tem-
perature. This is expressed by the formula for the actual
fission barrier used in calculations:

Bis(L, T) = ¢ Bgy(L) — h(T) q(L) oW, (7)

which includes dependence of the compound nucleus on
the temperature and the orbital angular momentum by
the following relations:

)= {1 T < 1.65MeV,
T\ kexp(—mT), T >1.65MeV,

q(L) = {1+ exp[(L — Ly2)/AL]} 7, (8)

where BfL(L) is the parameterized macroscopic fission
barrier [20] depending on the angular momentum L, 6W =
OWgad — 0Wgs ~ —0W, is the microscopic (shell) cor-
rection to the fission barrier taken from the tables [17];
the constants for the macroscopic fission barrier scaling,
temperature and angular-momentum dependencies of the
microscopic correction are chosen as follows: ¢ = 1.0,
k = 5.809, m = 1.066 MeV 1!, Ly, = 24h for the nu-
clei with Z ~ 80-100 (or L,/ = 20h for the nuclei with
Z > 100), and AL = 3f. This procedure allows the
shell corrections to become dynamical quantities too. In
the present ASM calculations, the target-projectile fusion
cross-section is determined directly by eq. (2) which gives
the fusion spin distribution.

The code is able to calculate the I, (v = n,p,a...)
and Ixs widths (see ref. [13]) at each step of the de-
excitation cascade of the compound nucleus. [} is equal
to Igs + Z I,.

In respect of the previous calculations [13], where a free
parameter was used to describe the fallout of the fusion
cross-section in the vicinity of ff,s, we do not use such a
free parameter because the study of the entrance channel
dynamics gives the fusion spin distribution.

3 Results and discussion

In this section, we present the results obtained for the
220Th* compound nucleus formed in the 60 4 204Pb and
967r 4 1248n reactions with different mass asymmetries in
the entrance channel. The dependencies of the partial cap-
ture cross-section o,*"(F), the partial fusion cross-section
JguS(E), the fission probability I'fs/Ito of the excited in-
termediate nuclei along the de-excitation cascade of the
compound nucleus, and the evaporation residue produc-
tion on the entrance channel effects are discussed.

3.1 The capture and fusion cross-sections

Using relations (2) and (3), we calculate the partial cap-

ture o,*P(E) and fusion of'(E) cross-sections for the

160 + 204Ph and %6Zr + '24Sn reactions. The main pa-
rameters which characterize the entrance channel for these
reactions leading to the 22°Th* compound nucleus are pre-
sented in table 1.

In fig. 2, we present and compare the calculated
capture and fusion cross-sections for the above-mentioned
reactions. The figure shows the difference between the
capture cross-sections (panel a) for the two reactions hav-
ing different mass asymmetries in the entrance channel.
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Table 1. Charge asymmetry (nz), intrinsic fusion (Byf,s) and
quasifission (Bgqt) barriers, and fusion factor (Pcen) for the two
reactions leading to the 2°Th* CN, at E* = 55 MeV.

Reactions Nz Bis B¢ Pcon
(MeV) (MeV)

160 4 204pp  0.822 0 177 0.99

97r + 1248n 0.111 5.3 5.4 0.13

10 20 30 40 50 60 70 80 90 100 110

10'F 3

G, (mb)

100k ----"0+™Ppb | ]

96. 124,
—7Zr+ “'Sn

’ e

10 10 20 30 40 50 60 70 80 90 100 110
E* (MeV)

Fig. 2. Comparison of the capture (panel a) and fusion (panel

b) cross-sections for the O + 2°*Pb and *°Zr + '**Sn reac-

tions leading to 22°Th*.

The maximum value of the capture excitation function
for the ?6Zr + 124Sn reaction is lower than that for the
160 4 294PD reaction, due to smallness of the potential
well for the first reaction. The number of partial waves £ is
determined by the size of the well in the nucleus-nucleus
potential. In our calculations, the depth of the potential
well is accepted as a quasifission barrier Bg. This
barrier is sufficiently higher for the %0 4 204Pb reaction
(Byt = 17.7 MeV) than in the case of the 6Zr + 24Sn
one (Bgt = 5.4 MeV, see table 1). The high quasifission
barrier By promotes the formation of the compound
nucleus having a higher angular momentum at large beam
energies. As one can see, there are different excitation
energy ranges for the compound nucleus formed as a re-
sult of these two reactions. The fusion excitation function
for the %Zr + 124Sn reaction (solid line in fig. 2, panel
b) is much lower than that for the 160 4 2%4Pb reaction

(dashed line in the same panel b), because the fusion
factor Pon (6) for the 160 + 294Pb reaction is greater
than that for the %Zr + '?4Sn reaction (see table 1).
The values of the intrinsic fusion and quasifission barriers
strongly affect the factor Pcn: a small value of By,
and a great value of By are favorable for the complete
fusion. The structure and shape of ¢f*(E) for the same
excited compound nucleus formed in different reactions
are sensitive to dynamical effects in the entrance channel.
Therefore, comparison of results obtained for different
reactions leading to the same compound nucleus clarifies
the reaction mechanism. Theoretical analysis shows that
the choice of the beam energy for the production of
the compound nucleus with the same excitation energy
in different reactions does not allow one to obtain the
same values for the partial fusion cross-sections. In fig. 3,
these dynamical effects are shown as a dependence of the
partial capture o}"?(F) and fusion o"*(E) cross-sections
calculated for the two different reactions on the excitation
energy and angular momentum. Comparison of the
two panels shows that the shape, yield, volume and
structure of the of*(E) are quite close in shape, volume
and structure of ¢;""(E) for the 'O + 2%Pb reaction,

whereas the partial J?‘S(E) cross-section greatly differs
in shape, yield, volume and structure of the o,""(E)

cross-section for the 9Zr 4+ 124Sn reaction.

This result is connected with different intrinsic and
quasifission barriers determining fusion-quasifission com-
petition for the two reactions under discussion. In ad-
dition, from fig. 4a (for the 150 + 20Pb reaction) one
can see that the contribution of the quasifission process
is not so much in the more mass-asymmetric reaction in
comparison with the massive contribution of the quasifis-
sion in the more symmetric reaction (see fig. 4b, for the
967y 4+ 124Sn reaction).

In any case, the effect of the quasifission process ap-
pears at the low angular-momentum values (6-8%) for
both reactions and the process becomes more intensive
at large values of L (see fig. 4a, b). Of course, the number
of events going to quasifission increases for the reaction
induced by the heavier projectile. Moreover, as one can
see in the left bottom panel of fig. 3, the of*(FE) has a
larger volume in the 60 + 204Pb reaction as compared
with the %Zr + 124Sn reaction (right bottom panel). Gen-
erally, the partial fusion cross-section for the 60+ 2%4Ph
reaction extends to higher angular-momentum values due
to high quasifission barrier (see table 1). The partial fu-
sion cross-section for the %6Zr + 24Sn reaction extends
to higher angular-momentum values in comparison with
those in the 10 + 294Pb reaction at the excitation ener-
gies E* lower than about 45 MeV. There is no capture for
great L values because the fusion barrier in the entrance
channel is higher than the beam energies corresponding to
the excitation energy range E* < 45 MeV for the reaction
induced by 160.

Therefore, different entrance channels leading to the
same excited compound nucleus do not generally pro-
duce the same evaporation residue cross-section, due to
the dependence of the survival probability (related to the
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I, /Tot values at all steps of the de-excitation cascade) on
the angular-momentum distribution of CN. Consequently,
the fission probability of the ?2Th* compound nucleus
formed in these two reactions is a function of the of'(E)
distribution and depends on the dynamical effect in the
entrance channel.

3.2 Dependence of the nucleus fission probability on
the entrance channel

In fig. 5 we present the fission probability Igs/Itot
against E* for the 22°Th* CN obtained as a result of the
160 + 204Ph and ?9Zr + '24Sn reactions. There are two
main effects which will be analyzed:

i) a big difference between fission probability values of
the excited 220Th* formed in these reactions at excitation
energies B* < 45 MeV;,

ii) a decrease in fission probability values for both re-
actions at about E* > 45 MeV.

At lower excitation energies (E* < 45 MeV) the
fission probability of the CN for the %6Zr + 124Sn re-
action is about 1.3—4.5 times higher than that for the
160 4 204Ph reaction. The increase in the difference be-
tween the Igs/Itor values for the reactions under discus-
sion with decreasing the excitation energy is due to dif-
ferent sets of the orbital angular momentum which con-
tribute to of'5(E) for the 150 + 2°4Pb and “Zr + 24Sn
reactions in the energy range under discussion (see fig. 3,
bottom panels). Due to the large moment of inertia of
the dinuclear system formed in the 6Zr + 124Sn reaction,
an increase in the entrance barrier value (Coulomb bar-
rier 4+ rotational energy) is not so much at the high an-
gular momentum L = 30h which decreases appreciably
the fission barrier by ¢(L) in eq. (7). Instead, the small
moment of inertia of the dinuclear system formed in the
160 + 204Ph reaction does not allow contributions of the
high angular momentum to capture and fusion at energies
close the Coulomb barrier (top panel of fig. 3a). Depen-
dence of shell corrections on the rotational energy of the
compound nucleus presented by the factor ¢(L) in eq. (8)
is strong around L = L,/ = 24h. It is well known that
both of the liquid-drop [20] and shell correction (7) com-
ponents of the fission barrier decreases by increasing of
L. For example, at L = 24h the shell corrections caus-
ing a decrease in the fission barrier by half, and at about
L = 40h these corrections are washed-out. The high fis-
sion probability of the compound nucleus formed in the
967Zr 4 1248n reaction at E* < 45 MeV is explained by
the strong decrease in fission barrier value at the high an-
gular momentum which contributes to of*(E) (top panel
of fig. 3b). At lower excitation energies (E* < 45 MeV),
the fission probability of nuclei at the first, second and
third steps of the cascade is higher for the de-excitation
of the CN formed in the %Zr + !24Sn reaction (charac-
terized by a larger set of angular-momentum values which
reduces the fission barrier) as compared with the fission
probability of the corresponding nuclei in the cascade of
the CN produced in the more asymmetric 160 + 204Pb
reaction. This is the reason of the different behaviour of

1.0+

Ff / r!ot

0.5F

0.0 PR SU [SRSSS [NS S S SN SN S ST S (NSNS ST S SN ST ST SN [N SN S S S (TS SN
20 30 40 50 60 70 80 90

E* (MeV)

Fig. 5. Comparison of the fission probability (I'ss/Itot) values
versus the excitation energy E* of the *2°Th* compound nu-
cleus obtained by the *0 + 294Pb and °°Zr + 24Sn reactions.

the fission probability Iss/Itot in mass-asymmetric and
mass-symmetric reactions.

The slow decrease in fission probability of CN at higher
excitation energies (E* > 45 MeV) for both these re-
actions is explained mainly by an increase in neutron
emission which cools the excited compound nucleus. We
calculated the Ihs/Iior ratio at each step along the de-
excitation cascade of the compound nucleus as well as the
excitation function of the evaporation residues. Of course,
the production of ER is strongly related to the energy de-
pendence of the partial fusion cross-section of*(E) and
I, /Tio values at all steps of the de-excitation cascade of
the 220Th* CN.

Figure 5 also shows that in the E* > 65 MeV energy
range, the Iqs/ 1ot values of the CN for the 0 + 204Ph
reaction are about 1.1-1.2 times greater than those for the
97r 4 124Sn reaction, because the angular-momentum
range giving contribution to of'(E) for the 60 + 294Pb
reaction is wider than that of the “6Zr 4 !24Sn reaction
(see middle panels of fig. 4a and b).

In fig. 6 we present the calculated fission probability
I's/Tiot of the excited intermediate nuclei along the de-
excitation cascade of the ?20Th* compound nucleus (af-
ter neutron emissions) produced in the 160 + 204Pb and
967y 4+ 124Sn reactions.

This figure shows the changing of the fission probabil-
ity of each intermediate excited nucleus reached by the two
reactions along the de-excitation cascade of the compound
nucleus after x neutron emission. Panels a), b), ¢) and d)
show a noticeable difference in the fission probability of
each excited nucleus reached by the two reactions in the
first steps of the cascade; instead the panels e), ), g) and
h) show that the fission probability of remaining excited
nuclei at the last steps of the cascade are comparable for
the two reactions.

This behaviour is due to the fact that at relatively
lower excitation energies of CN (for example at E} <
50 MeV), the fission probability of the intermediate nu-
clei formed along the de-excitation of CN (that is obtained
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Fig. 6. Comparison of the I'ss/Itot fission probability values for each step of the de-excitation cascade after neutron emission
only of the ??°Th* compound nucleus reached by the *0 + 2°*Pb and %°Zr + '?*Sn reactions. Panel a) is related to the **°Th
(CN) fission probability; panel b) is related to the fission probability of the excited *'Th* nucleus (CN-1 neutron); ... panel h)
is related to the fission probability of the excited 2!3Th* (CN-7 neutrons). On the abscissa axis are reported the E} excitation
energy values of nuclei formed along the de-excitation cascade of CN (dashed lines are related to °0 + 2°*Pb reaction; solid

lines are related to °Zr 4 '2*Sn reaction).

by the two reactions) at E < 40, 30, 20 MeV after 1, 2
and 3 neutron emission, respectively, see panels b), c),
d)) is strongly related to the different angular-momentum
sets populated in the reactions under discussion. In this
last-mentioned low energy range of E*, the values of L
are wider for the nuclei coming from the chain of the
97r + 248n reaction and its fission probabilities (solid
lines in fig. 6) are higher than the ones of the correspond-
ing nuclei coming from the chain of the 10 + 294Pb re-
action (dashed lines in fig. 6). At each step of the cas-
cade from CN to CN-3n, the differences between the fis-
sion probabilities (full and dashed lines) of each excited
intermediate nucleus formed by the two considered reac-
tions are reduced because each neutron emission cools the

nuclear system also reducing the difference between the
angular-momentum sets related to the dynamics of the
entrance channel for the two reactions.

At relatively higher excitation energies E* of CN (for
example at about 70-80 MeV, allowing for a more large
multiple neutron emission), the first steps of the cascade
after 1-3 neutron emission lead to intermediate nuclei with
excitation energies between 70-40 MeV. The appreciable
difference in the fission probability of each intermediate
nucleus (see panels b), ¢), d) of the same figure) formed
by the two considered reactions (full and dashed lines)
is related to the different angular-momentum ranges that
contribute to the formation cross-sections of intermediate
nuclei along the cascade. But in this considered excitation



G. Fazio et al.: The influence of the entrance channel dynamics on the evaporation residue formation 83

energy range, the angular-momentum set is higher for the
160 + 204Ph reaction than for the ?9Zr + 124Sn reaction,
starting from the compound nucleus formation (see middle
and bottom panels of fig. 4). Therefore, the fission prob-
ability (dashed line) of each excited intermediate nucleus
formed by the 160 + 204Pb reaction is higher than the
fission probability (full line) of the corresponding inter-
mediate nucleus formed by the °Zr + 124Sn reaction. Of
course, after 4-7 neutron emission the excitation energy
of the intermediate nuclei is reduced to about 40-10 MeV,
and the fission probabilities (dashed and full lines) of the
last remaining intermediate nuclei (2!6Th*-23Th*) of the
cascade are comparable for each nucleus formed by the two
mentioned reactions. Also in such a case, the result on the
fission probability is strongly related to the cooling of the
nuclear system and the comparable angular-momentum
sets that contribute to the formation of each intermediate
nucleus by the two reactions under consideration.

3.3 Evaporation residue cross-sections

In fig. 7, the total evaporation residues (immediately af-
ter the neutron emission along the de-excitation cascade
of the compound nucleus) calculated by us are compared
with the experimental data [1-3] for the above-mentioned
reactions leading to 22°Th*. The difference between the
evaporation residue cross-sections for the two reactions at
each value of the excitation energy E* is explained by
the difference in the fusion cross-sections caused by the
peculiarities of the entrance channel and different fission
probability of the compound nucleus produced in the two
reactions. In fact, in the energy region E* > 60 MeV of
220Th*, the ratio between the fusion and the evaporation
residue cross-sections of the 160 + 204Pb reaction is about
10%, whereas the corresponding ratio for the ?°Zr + 24Sn
reaction is about 10%. It is connected with a higher fission
probability of CN for the ¢0 + 204Pb reaction (see fig. 5)
at the high angular momenta (L,.x ~ 80%, bottom left
panel of fig. 3) which causes a strong decrease of the CN
fission barrier, whereas for the °6Zr + 24Sn reaction Lax
of CN is less than 607 in the same excitation energy range.

On the contrary, in the energy range E* < 45 MeV
of 220Th*, the ratio between the fusion and the evapora-
tion residue cross-sections of the 60 + 2%4Pb reaction is
about 102, whereas the corresponding ratio for the “6Zr +
12481 reaction is about 10%. This circumstance is caused
by a higher fission probability of CN and other excited in-
termediate nuclei formed along the de-excitation cascade
of the compound nucleus produced in the “6Zr + 124Sn re-
action (characterized by a large set of angular momenta),
as compared (see fig. 5) with the corresponding values for
the cascade of CN produced in the 10 + 2%4Pb reaction
(characterized by a smaller set of angular momenta) at
E* < 45 MeV.

As a result of an overall inspection of fig. 7, one can
see that at about EF* = 30 MeV, when the fusion cross-
sections of the two reactions reach the same value, the
residue cross-sections differ greatly; on the contrary, at
about E* = 64 MeV the calculated residue cross-sections

Fusion of *Zr + '*‘sn
Exp. £xn ev. res. (I)

Exp. £xn ev. res. (1) 3
—————— Theor. £xn ev. res. (1) |
=-=-=- Theor. £xn ev. res. (ll) =

10°E - e . () Fusion of "0 +™Pb
E ~. 1) 96

Gfus ’ szn (}lb)
=
s
\
il

20 30 40 50 60 70 80 90 100

Fig. 7. Comparison of evaporation residues for the
160 4 299Pb and %9Zr + '24Sn reactions leading to the 2?°Th*
CN. The experimental data of the evaporation residues are
taken from refs. [1,3].

reach the same values, whereas the fusion cross-sections
of the two reactions are characterized by a relevant and
increasing difference of values. It is mainly the result of a
different trend in fission probability of the compound nu-
cleus and the other two-three subsequent excited interme-
diate nuclei after 1, 2 and 3 neutron emission. Therefore,
the yield of ER, at lower and higher excitation energies
E* of CN, is mainly affected by different trends of fission
probability of the excited nuclei along the first three steps
of the de-excitation cascade of CN (see the related full
and dashed lines of fig. 6). We should stress that so far no
author has stated that some difference in the ER produc-
tion is due also to the different behaviour of CN fission
probability at the same E*. On the contrary, it is believed
that mainly the last step of the de-excitation cascade de-
termines the yield of ER, whereas we should like to affirm
here that the formation at last step is strongly affected by
the first steps of the de-excitation cascade of CN. There-
fore, usually it is affirmed that low values of L (up to
about 157) contribute to the ER and then different reac-
tions in the entrance channel forming the same CN with
the same E* have to produce about the same ER. When
this result is not confirmed in experiments with reactions
of the different mass asymmetry in the entrance channel,
some authors (see, for example, refs. [1,2]) affirm that this
is due to partial inhibition of the fusion process caused by
competition with quasifission. This is true but partially. In
fact, if we normalize the ER production to the fusion cross-
section (0¢r/0fus) we find that there still remain large dif-
ferences between the reduced values of the ER production
for the two reactions. For example, in fig. 7, at E* = 34
MeV, the o¢; /0ty is about 3.5-107* for the “6Zr + 124Sn
reactions, whereas it is about 5-1072 for the 10 + 294Pb
reaction. This large difference between the reduced values
of ER is due to the relevant different fission probabilities
of the same CN produced in the above mentioned reac-
tions (see the first steps of fig. 6 at E* = 34-14 MeV) and
the same excited intermediate nuclei along the cascade.
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Fig. 8. Comparison of the formation (dashed line) and fission (dash-dotted line) cross-sections for the excited nuclei formed
along the de-excitation cascade of the 22°Th* compound nucleus produced in the 0 + 2°*Pb and %°Zr + '?4Sn reactions at
the CN excitation energy E* of 34 MeV against L. The dotted line (on the right-hand ordinate scale) shows the change in the
fission probability Ixs/Itot of each nucleus versus the orbital angular momentum L.

Figure 8 shows the partial cross-sections of the for-
mation of CN and the excited intermediate nuclei in the
160 + 204Ph and %Zr + '24Sn reactions at E* = 34
MeV (dashed line, on the left-hand ordinate scale), and
their fission cross-sections along the various steps of the
de-excitation cascade (dash-dotted line, on the left-hand
scale). The same figure also shows the fission probability
distribution Ifs/ltot(L) (dotted line, on the right-hand
ordinate scale) for each L. Comparing step-by-step re-
sults of the two reactions, one can see a different rate
of the fission contribution with respect to the contribu-
tion of the excited intermediate nucleus formation. It is

connected with a different fission probability distribution
for each corresponding step of the cascades of CN pro-
duced in the two reactions, and with a change in the fis-
sion probability distribution of nuclei along various steps
of the same cascade of CN. Comparing the cascades of
the two reactions, one can see that the fission probabil-
ity distribution values are higher for the excited nuclei
produced in the more symmetric reaction. Within each
de-excitation cascade, the fission probability increases in
the subsequent steps at lower L values. Moreover, the last
step of the neutron emission cascade also represents the
orbital angular-momentum distribution of the evaporation
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residue nucleus formed after the y-cascade of the 217 Th*.
This figure also shows that the evaporation residues are
contributed by values of the orbital angular momentum
up to about 32-36A units for the two %0 + 2%4Pb and
967y + 1248n reactions, respectively.

Figure 9 shows the same as in fig. 8, but for the case of
a higher excitation energy (E* = 52 MeV) of the 220Th*
compound nucleus. At high value of the excitation energy
E*, the fission probability distribution Ifs/Iiet(L) is
comparable with the corresponding steps of the two
reactions, and the contribution of Igs/Itot(L) at lower
L values increases for the subsequent steps of the same
cascade. The rate of the fission yield (dash-dotted line),
in comparison with the excited intermediate nucleus for-
mation (dashed line), is comparable for the two reactions
too; moreover, the evaporation residues are contributed
by values of the orbital angular momentum up to about
28h for the two reactions. In this figure, the last panel
gives information on the orbital angular-momentum
distribution of the evaporation residue nucleus produced
after the y-cascade of 2'°Th*.

4 Conclusions

We analyzed the cross-sections for the whole chain of the
fusion-fission process for the two reactions (160 + 204Pb
and %Zr 4+ '24Sn) having different mass asymmetries in
the entrance channel: from the capture and fusion cross-
sections up to the evaporation residue cross-section along
the de-excitation cascade of CN through intermediate
nuclei. Within the framework of the dinuclear system
concept, we calculated the partial capture cross-section
o,"P(E) and the quasifission-fusion competition Pcx
characterized by the intrinsic fusion barrier Bf _ and the
quasifission barrier By, taking into account dynamical
effects of the entrance channel. We analyzed how various
values of the orbital angular momentum leading to
capture and formation of a dinuclear system contribute to
the quasifission and complete-fusion processes in massive
nuclei reactions at different energies of CN. We found that
the competition between quasifission and fusion starts
from low values (at about L = 6-8h) of the initial orbital
angular momentum. The contribution of quasifission
increases with L, and it is larger for the reaction induced
by a heavier ion beam. Effects of the entrance channel
become apparent in a number of partial waves leading
to capture and complete fusion. The number of partial
waves ¢ contributing to capture is determined by the
size of the well in the nucleus-nucleus potential and the
moment of inertia which are different for the 60 + 2%4Pb
and ?9Zr + 124Sn reactions due to difference in their mass
and charge asymmetries. The number of partial waves
leading to complete fusion depends on the height of the
quasifission (Bqs) and intrinsic fusion (Bjf,,) barriers
which are different in these reactions. Such a difference
of the entrance channel affects the compound nucleus
formation and the real fission probability of CN, at lower
and higher excitation energy values and for each orbital
angular-momentum value. The study of the dependence

of the nucleus fission probability on the entrance channel
showed that there is a large difference between fission
probabilities of the excited compound nucleus formed
in these reactions at E* < 45 MeV. Due to the large
moment of inertia of the dinuclear system formed in the
967r 4+ 1248n reaction, large values of the angular mo-
mentum contribute to capture and fusion. But the fission
barrier decreases with increasing L: as parameterized by
Sierk [20] for the macroscopic part, and by the factor ¢(L)
which damps the shell correction to the fission barrier (see
egs. (7) and (8)) for the microscopic part. Instead, the
small moment of inertia of the dinuclear system formed in
the 60 4 204Pb reaction does not allow capture and fu-
sion at high angular-momentum values for beam energies
close to the Coulomb barrier. The decisive role of the value
E* = 45 MeV for the 60 + 204Pb reaction is connected
with the fact that this value corresponds to the formation
of the compound nucleus with an angular momentum at
which shell corrections to the fission barrier disappear.

We presented a detailed description on the angular-
momentum values of the intermediate excited nuclei
formed along the de-excitation cascade of CN after neu-
tron emission and showed how the evaporation residue
cross-section changes at different excitation energy FE*
for the two reactions. We also revealed the role of differ-
ent trends of fission probability of excited nuclei for each
step of the de-excitation cascade, and we found that fis-
sion probability increases for the subsequent excited nuclei
formed along the CN cascade.

We found that the ER formation is mainly affected
by the first steps of the de-excitation cascade of CN. At
a higher excitation energy E*, the fission probability of
such excited nuclei is comparable for the corresponding
steps of the cascade of CN produced in two reactions. At
lower excitation energies, the fission probability at various
steps is much higher for the de-excitation cascade of CN
obtained in the more symmetric reaction.
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