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Abstract. The angular distribution of fission fragments for the 3S+!%*W reaction at center-of-mass energies
of 118.8, 123.1, 127.3, 131.5, 135.8, 141.1 and 144.4 MeV were measured. The experimental fission excitation
function is obtained. The fragment angular anisotropy is found by extrapolating the fission angular distributions.
The measured fission cross sections are decomposed into fusion-fission, quasifission and fast-fission contributions
by the dinuclear system model. The total evaporation residue and fusion-fission excitation functions are calculated

in the framework of the advanced statistical model.

1 Introduction

Studies of fusion-fission reactions between heavy ion pro-
jectile and heavy target nuclei have demonstrated to be
very useful in developing an understanding of the nuclear
reaction dynamics. Especially with the development of ra-
dioactive nuclear beams and the superheavy element syn-
thesis, this study is becoming a hot topic again [1-4]. In
this paper we have analyzed the angular distributions of
fission fragments of the 32S+!'%*W reaction and we ob-
tained fission excitation functions. The fragment angular
anisotropies 4exp are found by extrapolating the fission an-
gular distributions to angles 0° and 90° by the method used
in Ref. [5]. Then, the mean square angular momentum (L?)
values were obtained. Hereafter we use for simplicity ¢
from the definition L = . We assumed the calculated cap-
ture cross sections to be equal to the experimentally mea-
sured cross section for fission-like fragments, and further
decompose the measured fission cross section into fusion-
fission, quasifission and fast fission contributions by the
dinuclear system model [6].

2 Experimental procedure

The experiment was performed at HI-13 tandem accelera-
tor of China Institute of Atomic Energy, Beijing. A colli-
mated 32S beam with incident energies Ej,,=140, 145, 150,
155, 160, 165 and 170 MeV bombarded a target of '34W
which was mounted at center of the scattering chamber.
Data from Si strip detectors were recorded in the coinci-
dence mode and are shown in Fig. 1. In fitting the angular
distributions of the fission fragments we used the familiar
expression as in Ref. [5]:
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Fig. 1. Fissionfragment angular distributions for the 3*S+!'3W
reaction at different energies as indicated.

assuming M=0, i.e. assuming the spins of the target and
projectile were zero. Jy is the zero order Bessel function
with imaginary argument and error function erf(x) is de-
fined as

erf(x) = (2/7'/%) f exp(—£2)dt. )
0

Jmax 1s obtained by reproducing the capture cross section.
The Kg value is found by fitting the angular distribution at
known Jn.x from the total fission cross section. It is seen
from Fig. 1 that the anisotropy of angular distribution in-
creases with increasing collision energy E¢ ..

The measured values of ocaprure and the deduced exper-
imental values of Ay, Kg and (L?) for the 32S+'3*W reac-
tion are presented in Table 1. The capture cross sections are
shown in Fig. 2 where they are compared with the theoret-
ical results. The total fission cross section is assumed to be
equal to the theoretical capture cross section and it was de-
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Table 1. The measured capture cross sections and the deduced
experimental values of Aep, K3 and (L?) for the 32S+'W reac-
tion. The E. ., are the center of mass energies calculated at the
center of the target.

Ecm. EéN O capture Aexp Ké <L2>
(MeV) (MeV) (mb) (7?) )
118.8 37.2 0.04 1.51 11471 234
123.1 41.5 2.35 2.16 12435 577
127.3 45.8 22.97 227 132.09 671
131.5 50.0 81.01 2.74 140.01 975
135.8 54.3 132.27 3.06 148.67 1225
141.1 58.5 189.33  3.28 15735 1435
1444 618 237.06 3.8 155.09 1737

composed into fusion-fission and quasifission in the frame-
work of the dinuclear system model (DNS) mentioned.

3 Theoretical description and comparison
with measured data

The calculations were performed for the £ ;,, =119.5-149.5
MeV energy range and initial values of the orbital angu-
lar momentum ¢ =0-120. Due to the deformed shape of
184W (B, = 0.24 and B4 = —0.095) in the ground state
we included in our calculations a dependence of the ex-
citation function of capture, complete fusion and quasi-
fission on the orientation angle ar of its axial symmetry
axis. The ground state shape of 32S is spherical but the
quadrupole (2*) and octupole (37) collective excitations in
spherical nuclei are taken into account as amplitudes of
the zero-point motion mode of surface vibration. The de-
formation parameters of the first excited quadrupole state

gz+) = 0.312 (taken from Ref. [8]) and the ones of the

first excited octupole state ﬁ(33_):O.41 (taken from Ref. [9]
). The final results of the capture and complete fusion are
obtained by averaging the contributions calculated for the
different orientation angles (a7=0, 15, 30, ..., 90°) of the
symmetry axis of the target nucleus:

/2
(s (Eems D)) = f sin 7o (Eems I ap)dar.  (3)
0

This methods were developed and used in the Refs.
[10]. The results of calculation of the excitation functions
are presented in Fig. 2. The agreement between the exper-
imental and theoretical capture cross sections was reached
by adjusting the radius parameter Cy entered to rescale the
nuclear radius:

Ri=CoJRZ+ R -Z0)/A1, ()

where R, and R, are the proton and neutron radii, respec-
tively, obtained from Ref. [11]:
R, = 1.237(1 = 0.157(4 - 22)/4 — 0.646/4)4' 3, (5)
Ry = 1.176(1 + 0.25(4 — 2Z) /4 + 2.806/4)4'.  (6)
The presented results are obtained at Cx = 0.925 for all

values of E . Using Eq.(3) we calculated the partial fu-
sion cross sections which were used to estimate the cross

sections of ER and fusion-fission by the advanced statisti-
cal model[12-14]. Taking into account the dependence of
the fission barrier (By) of the rotating compound nucleus
(CN) on its angular momentum we found a value of £ at
which By disappears using the rotating finite range model
by A. J. Sierk: {g=68. Then we calculate the fast fission
contribution for £ > g

C=bimax

o-fastﬁssion(Ec.m.) = Z (25 + 1)O-fus(Ec.m.’ K) (7)
(=l

where €,y is the maximum value of angular momentum
of the dinuclear system for the given value of £, . The
value of ¢,y 1s found by solving the equations of motion
for the radial distance and orbital angular momentum with
the given values of E¢ p, , €p and Ryax = 20 fm.

In Fig. 2 are also presented the total fusion-fission and
ER cross sections obtained by the advanced statistical model,
and references therein) describing the full deexcitation cas-
cade of the 2'°Th* CN formed in the 3?S+!%*W reaction.
The code takes into account the competition between evap-
oration of light particles (n, p, @, and ) and fission pro-
cesses along each step of the deexcitation cascade of CN.
The effective fission barrier for CN and intermediate ex-
cited nuclei along the cascade are obtained taking into ac-
count the macroscopic fission barrier, predicted by the ro-
tating droplet model as parameterized by Sierk, together
with the microscopic corrections allowing for the angular
momentum and temperature fade-out of shell corrections
to the fission barrier.

The cross section of ER formed at each step x of the de-
excitation cascade after the emission of v(x)n+y(x)p+k(x)a+
s(x)y particles (v, y, k, s are numbers of neutrons, protons,
a-particles and y-quanta) from the hot CN is calculated by
the formula[6]:

la
Ter(ED) = Y ol EDWae (B D, (8)
Zi=o

where o-fx_l)(E *) is the partial cross section of the interme-

diate nucleus formation at the (x—1)"" step and Wyr(x—1)(E}, €)
is the survival probability of the (x — 1)th intermediate nu-
cleus against fission along the deexcitation cascade of CN;
E? is an excitation energy of the nucleus formed at the xth
step of the deexcitation cascade. It is clear that o-éo)(E(’;) =
o-_lfm‘(E*) at iy = Ey = Ecm + Qg where Oy, is en-
ergy balance of reaction. The numbers of the being emit-
ted neutrons, protons, a-particles, y-quanta, v(x)n, y(x)p,
k(x)a, and s(x)y, respectively, are functions of the step x.
The emission branching ratio of these particles depends on
the excitation energy and angular momentum of the being
cooled intermediate nucleus 4 = Acn — (v(x) +y(x) +4k(x))
and Z = Zcn — (y(x) + 2k(x)) [6]. We note that in Fig. 2
the maximum value of the cross section of the evaporation
residues is about 0.12 mb and the complete spectrum is
contributed mainly by the evaporation of charged particles
which are accompanied with a small number of neutrons
along the deexcitation cascade of CN.

We present the calculated values of Pcy as a function
of the beam energy in Fig. 3. It is seen that the hindrance
to fusion is strong at very small and large values of the
collision energy E. . The yield of quasifission is domi-
nant at the sub-barrier beam energies leading to capture of

04002-p.2



FUSIONT11

E ,(MeV)
35 40 45 50 55 60 65 70
T T T T T T y !
oW W

100 £ 3
=
e}
E 1wl “ 3
= m Exp. This work:
2 - —— Fusion
5 0 K - - - Capture 4
2 ," ~-=-- Quasifission
% , g —--— Fast fission

01 / - - - - Fusion-fission
73 L E Vra ]
@ o T ERIDV
<
S oot 3

1E3L 3

115 120 125 130 135 140 145 150 155
E_ (MeV)
om.

Fig. 2. Comparison of the experimental data with theoretical re-
sults.
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Fig. 3. Theoretical value of Pcy(Z) for 32S+134W system.
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Fig. 4. The partial quasifission angular momentum distributions

calculated at different incident energies E.,, for the 32S+'8W
reaction.

deformed nuclei only with the small orientation angle of
its symmetry axis relative to the beam direction.The de-
crease of its values at collision energies E., > 135 MeV
is explained by decrease of the quasifission barrier Byr as
a function of the orbital angular momentum £. At the same
time the intrinsic fusion barrier By _ increases with increas-
ing {.

It is seen from Fig. 4 that the values £ > 45 are pop-
ulated at collision energies E.,. > 135 MeV. Therefore,
we conclude that the contribution of quasifission becomes
dominant at E.,,, > 135 MeV and it has an effect on the
anisotropy of angular distribution which increases with in-
creasing the collision energy. The decrease of Pcy at larger
energies is explained by the decrease of the quasifission
barrier B, by increasing ¢ in collisions with all orienta-
tion angles. To clarify the role of quasifission fragments
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Fig. 5. Comparison of the anisotropies measured with the theo-

retical results.

in the observed anisotropy A4exp, We calculated the contri-
butions of the quasifission (44r) and fusion-fission (AcN)
fragments.

In Fig. 5 we compare the anisotropy measured (circles)
in this work with the theoretical results for the anisotropy
of the quasifission (dashed line) and fusion-fission (solid
line) fragments as a function of the center-of-mass energy
(bottom axis) and excitation energy of the CN (top axis).
The averaged theoretical anisotropy over the contributions
of both mechanisms are presented by the dot-dashed line. It
is seen that the averaged values of anisotropy are closer to
the experimental data 4.x,. Consequently we confirm that
the measured cross section of the fission fragment forma-
tion and their angular distribution are results of mixing of
the quasifission and fusion-fission products. In the upper
panel of Fig.6, we compare experimental and theoretical
values of mean square values of angular momentum. The
experimental (L?) values are obtained from the measured
anisotropy 4., and Kg values used to fit measured angular
distributions presented in Fig. 1. The theoretical values for
fusion-fission and quasifission fragments are calculated by
averaging {2 using the partial cross sections of the quasifis-
sion (dashed line) and complete fusion (solid line) events.
The experimental data are well described with the averaged
values of L? between the complete fusion and quasifission
cross sections:

(0 fus <L2 Yus + O'qf<L2 >qf)

Ofus + O gf

(L*y =

(€))

In the lower panel of Fig.6, the experimental results of Ké
are compared with the theoretical values obtained from the
description of Aey, (dashed line in Fig.5) and (L?) (dot-
dashed line in Fig.6) extracted from the experimental an-
gular distributions. The comparison shows again the dom-
inance of the quasifission fragments into measured data at
low energies.

4 Conclusion

In summary, the fission-fragment angular distributions for
the 32S+!8W reaction have been measured over a wide en-
ergy range. We obtained the cross sections for fission-like
products, the fission-fragment anisotropy and extracted the
mean square angular momentum (/). These values are com-
pared with the results of the DNS model calculations. As-
suming the measured fission cross sections is equal to the
capture cross section they were decomposed into fusion-
fission, quasifission and fast fission contributions using the
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Fig. 6. The angular momentum distribution at different center-of-
mass energies and theoretical predictions (see the text).

dinuclear system model. The hindrance to complete fu-
sion at small collision energies increases due to the in-
crease of the quasifission events and it is explained by the
elongated shape of the dinuclear system which is formed
in collisions with small orientation angle of the symme-
try axis of '®*W with respect to the beam direction. Be-
cause of collisions with small orientation angles the in-
trinsic fusion barrier By _ is larger and quasifission barrier
By is smaller in comparison with the corresponding barri-
ers in the case of collisions with large orientation angles.
An increase of the quasifission contribution at large beam
energies is connected with the angular momentum depen-
dence of the quasifission Bqr and intrinsic fusion B} & bar-
riers: at large angular momentum of dinuclear system Bgs
decreases and Bj & increases. The large quasifission bar-
rier increases the life-time of dinuclear system allowing
it to transform into a CN [10]. It is concluded that the
effects of competition between fusion and quasifission in
the reaction play an important role in the dynamics pro-
cess. The total evaporation residue and fusion-fission ex-
citation functions are calculated in the framework of the
advanced statistical model. The maximal value of the to-
tal cross section of the evaporation residue is 0.12 mb and
fusion-fission cross section is comparable with the quasi-
fission cross section. The contribution of the fast fission
appears at E¢ 5, > 131 MeV and it is sufficiently small in
comparison with contributions of fusion-fission and quasi-
fission reactions.
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