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Measurements of heavy fragments produced in the interaction of S with Mg at E,,, =163.5
MeV have been performed to study the interplay of the fusion reaction and binary processes. Ex-
perimental angular distributions, velocity spectra, and angle-integrated cross sections of detected
heavy fragments have been compared with predictions of statistical models. The comparison shows
that complete fusion exhausts the production of residues in the range Z =26-22. For fragments
with atomic number Z =21 and Z =20 some other mechanism is also present. The analysis of ener-
gy spectra, angular distributions, and total kinetic energy of projectile-like fragments (Z =19-6)
shows that the main process to limit fusion is an inelastic mechanism with large energy damping.

I. INTRODUCTION

The fusion of heavy ions in the mass region
A,;+ A, ~60 has recently been extensively studied for
energies near and above the Coulomb barrier.! > The
bombarding energy dependence of the fusion cross sec-
tion is generally described by ‘defining three energy
domains which clearly emerge from experimental data.
In the first domain, the fusion cross section shows an al-
most linear behavior as a function of 1/E_ ,, - which de-
pends on the static fusion barrier determined by the inter-
play of nuclear, Coulomb, and centrifugal forces. As
long as the projectile energy is able to overcome the bar-
rier, fusion occurs and exhausts the major part of the re-
action cross section (regime I). For bombarding energies
well above the fusion threshold, the fusion cross section is
seriously limited, although it is still an increasing func-
tion of the beam energy (regime II). At higher energies,
it has been observed that o, decreases with 1/E_  , due
to some instability of the composite system (regime III).
The last two energy ranges are characterized by the com-
petition between the fusion and other damped reaction
mechanisms (deep inelastic, incomplete fusion, dynamical
fission). Several models try to account for the limitation
to the fusion as an effect related to the entrance chan-
nel®~° or to the structure of the compound nucleus.'™ 13,

A large amount of experimental work has been devoted
to clarifying the limitation of the fusion process and
studying the characteristics of the competing reaction
mechanisms. In fact, detailed information on these phe-
nomena can give correct scaling of physical parameters
(interaction times, critical distances, angular momenta in-
volved, strength of friction forces), allowing a better un-
derstanding of the nucleus-nucleus collisions.

From an experimental point of view, fissionlike and
deep-inelastic contributions have been evidenced for
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A~ 60 systems [°Ne+27Al at E,,, = 120 MeV (Ref. 1),
160+404Ca at E,,=70-87 MeV (Ref. 14), and
3284+°Tj at E,;, =120-170 MeV (Ref. 15)]. In other
cases only deep-inelastic and quasielastic contributions
have been indicated as main mechanisms in competition
with fusion [*’S+?7Al at E,, =140-390 MeV (Ref. 16),
®Ne+2Ne at E,;,=80-160 MeV (Ref. 17), and
10+*8Tj at E,,;, =100 MeV (Ref. 18)]. For the reaction
Ne+ Mg at E,,, =150 MeV, an incomplete fusion re-
action has also been identified.?

We measured, in the past, the fusion cross section of
328 with 2425>26Mg at bombarding energies of 90-150
MeV using in-beam y-ray techniques and, for the highest
beam energies, we showed the onset of regime II, where
the competition between fusion and binary processes is
supposed to become effective.!® Therefore, it seemed in-
teresting to us to perform direct measurements of the re-
action products with the aim of investigating the com-
petition between fusion and other reaction mechanisms in
the S+Mg systems.

We report here on a study of reaction products from
the 32S+26Mg reaction at E,.,=165 MeV. Energy
spectra and angular distributions of fragments with atom-
ic number ranging from the fusion region (Z =26-21) to
the extreme limits of binary reactions (Z=20-6) have
been measured and analyzed with the aid of statistical-
model calculations and phenomenological models of
deep-inelastic reactions.

II. EXPERIMENTAL METHODS

The experiment was performed at the XTU-Tandem
facility of Laboratori Nazionali di Legnaro. The beam of
328 jons (g=11") at an energy of 165 MeV was used.
Beam current values were in the range 30-100 nA. The
bombarded targets consisted of self-supporting Mg, with
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a composition of 97.2% on A=26, 1.7% on A=24, and
1.1% on A=25 isotopes, respectively. Evaporation of a
thin ®’Au layer on the target was previously made for
normalization purposes. The Mg and Au thickness was
determined by backscattering of a particles at the V.D.G.
accelerator of the Physics Department of Catania Univer-
sity. The measured values are 365+20 pg/cm? and
270+15 pg/cm? for the two Mg targets used and 9.5+0.5
ug/cm? for the gold layer. Carbon and oxygen contam-
ination was previously estimated!® to be as low as ~ 15
ug/cm?,

Heavy fragments (Z=26-13) were detected .by a
Bragg ionization chamber (BIC) in the angular range
01 ="7°—-20° with a step Af,,,=2°. The BIC was connect-
ed with a sliding-seal scattering chamber at a distance of
41.5 cm from the target. Rectangular slits (5X25 mm?)
defined the acceptance of the detector to be AQ=0.73
msr. The Bragg ionization chamber is fully described in
Ref. 20. In this work the entrance window was 1 um
thick Mylar foil. P10 at a pressure of 180 Torr was used
as counting gas.

The Z-discrimination power of the BIC was good
enough to discriminate very clearly each element in the
range Z =3-26, with the exception of low-energy satura-
tion and high-energy punch through for Z <10 frag-
ments. Energy spectra for elements in the fusion-
evaporation region have been derived by means of lineari-
zation, and discrimination was operated for the low-
energy saturated part of the energy spectra.

Lighter fragments (Z <20) were also detected by two
AE-E telescopes (AE=10 ym and E=500 pm thick
solid-state silicon detectors) in the angular range
01, =13°-70° with a step A6,,,=2°. They were put at a
distance of 16 cm from the target covering a solid angle
of AQ=0.49 msr.

Two solid-state detectors were also placed at
01, = £20° with respect to the incident beam for monitor-
ing. Beam intensity was also collected by a Faraday cup
system and integrated by a suitable charge integrator
module. To normalize the beam charge measured by the
Faraday cup integration setup, we used the elastic
scattering of the 32S on the '°’Au thin film present in the
target averaged over the 6,,,=7°-11° measurements.
Considering the uncertainties related to target thickness,
beam integration, and angular position of the detectors,
an overall error of 17% is attributed to the absolute value
of the differential cross section reported in this work,
whenever statistical error contribution can be neglected.

III. FUSION REACTION

In this section, experimental results for fragments in
the evaporation residue region are shown and compared
with the prediction of statistical-model calculations from
the codes LILITA (Ref. 21) and CASCADE (Ref. 22). For
velocity spectra and angular distributions we used LILI-
TA, which computes differential cross sections by the
Monte Carlo method. Integrated cross sections are com-
pared with results from both codes.

Standard input parameters to the statistical models
were used. To derive the level densities at low excitation
energy, experimental levels, including those coming from
heavy-ion gamma spectroscopy, were used. Within the
sharp cutoff model, the transmission coefficients in the
entrance channel are assumed to be equal to 1 until a crit-
ical value of the angular momentum /[, is reached.
Quantum-mechanical effects are taken into account by in-
troducing a diffuseness parameter A= 17 which produces
a spreading effect on the transmission probability for an-
gular momentum values near /... The critical angular
momentum was fixed at the value of /=357, following
the results of Ref. 23.

Experimental angular distributions (do/dw),, for
Z =25-20 are shown in Fig. 1 compared with LILITA
statistical-model calculations. The experimental data
show the well-known forward peaking with a width
which increases going from Z=25 to Z=21. For
Z =20-17 a large-angle component appears clearly, giv-
ing evidence for the onset of another reaction mechanism
different from fusion. Data for Z=26 are not reported
because these cross sections are negligible except for the
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FIG. 1. Angular distributions of fragments with Z =25-20.
Continuous lines have been used to integrate cross sections.
Histograms are predictions from the LILITA statistical-model
calculations.
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most forward angles.

Solid lines in Fig. 1 have been used for interpolation
between experimental data in computing the angle-
integrated cross sections o(Z). Histograms represent the
LILITA predictions normalized to the experimental
values. The shape of angular distributions for fragments
with Z=25-21 is very well reproduced by the
statistical-model calculations. For fragments with
Z =20, deviations between the experimental data and the
model calculations are present.

To obtain clearer information about the Z range
effectively contributing to the complete fusion we have
converted the energy spectra into velocity distributions
and compared those with the model prediction. Whenev-
er a complete fusion event occurs, light particles are em-
itted in the frame of the recoiling nucleus with angular
distribution symmetric around 90° and Maxwellian ener-
gy spectra. If angular distributions of particles are as-
sumed to be isotropic, the velocity distributions of the
evaporation residue can be expressed in the form of in-
variant cross section as®*?>
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where k is a normalization constant, V- and 6, are, re-
spectively, the velocity of the compound nucleus and the
detection angle of the residue in the laboratory frame,
and s is the standard deviation from the mean recoil ve-
locity which depends on the complexity of the evapora-
tion cascade.

From Eq. (1) it appears that the velocity distribution at
fixed detection angle 8; has a Gaussian shape with cen-
troid

Ve =VccosO, )

and width s. Anisotropic angular distributions of eva-
porated particles change the shape of the residue velocity
spectra, so that Eq. (1) is no longer valid, but Eq. (2) still
holds. Therefore, by inspecting the velocity spectrum
one can immediately check the presence of the complete

. C Z=2 o 2-25
% : : . 0290 1_ .- 0=11.
0 i [ 1 .1 1 1 1 10 i 1 1 1 1 1 1 1
C C =24 _r Z=-24
5 : ! 9=9 Of S=17°
TgO‘ - o) R
> S - - -
S N N N
£ of - | 1
%m 25 :~ u -
% B i i
\ - — -
S O0F[ i . .
¥ ol : :
0 [ S | o— [ 1 1 1 #Lt 1 1
o Z=2 - Zz=20 [ Z=20
10 ¢ L7 2 e f 3-15'
- .‘\.. - 3 -‘-. -
0 L. 1 o or 1 Mty OF bl P L1
4 6 8 10 4 6 8 10 4 6 8 10
100 v, /c

FIG. 2. Samples of velocity spectra of fragments with Z=25-20. Histograms are predictions from the LILITA statistical-model
calculations.
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fusion mechanism.

Samples of the experimental velocity spectra are re-
ported in Fig. 2. To transform the measured energy into
velocity of a given Z residue, mean mass values from the
measurements of in-beam ¥ rays have been used.”® The
experimental spectra for Z=25-21 show symmetric
shapes and peak at velocity Vg /c =5-6X1072, well in
agreement with values from Eq. (2).

The velocity distributions for Z=20 present structures
at high velocity, and the peak position is far from that ex-
pected in the case of complete fusion. Velocity spectra
from the LILITA code are also shown by histograms in
Fig. 2. The statistical model works very well in repro-
ducing the velocity distributions for fragments with
Z=25-21.

Figure 3 reports samples of experimental spectra for
fragments with Z =20-17 to show the trend of the exper-
imental velocity distributions for lighter fragments. It
appears that the velocity distributions peak far from the
values expected from Eq. (2) in the case of complete
fusion (thick arrows in Fig. 3). The maximum of the dis-
tributions at 6;,, =20° moves to higher velocity values as
the fragment Z decreases, overcoming the velocity corre-
sponding to the Coulomb repulsion energies for binary
fragmentation of the compound system.

Low-energy thresholds in the experimental spectra of
Figs. 2 and 3 are due to the saturation of the Bragg detec-
tor Z-identification signal. This effect has been corrected
when integrating the cross sections.

In Fig. 4 the measured elemental distribution o(Z) of
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fragments is reported and compared with results from
LILITA and CASCADE. The experimental data show two
well-defined structures: The former is centered around
the projectile Z value and the latter in the region of high
Z where the evaporation residues are expected.

Two different calculations have been performed and
are reported in Fig. 4. Dashed lines refer to the standard
statistical-model calculations as already described. The
continuous lines refer to model calculations in which the
effects of compound-nucleus deformation are simulated
following Ref. 23. These calculations are justified by the
fact that the majority of the evaporation occurs at high
angular momenta (20-307) of the emitting nucleus,
where sizeable deformations are predicted by the rotating
liquid drop model.?’ In statistical-model calculations, de-
formations are taken into account in calculating the yrast
line. In this way also the level-density spin dependence is
changed. Following Ref. 23, potentials with their radius
increased by 109% have been used to simulate the effects
of deformation in the particles evaporation.

It seems generally that the CASCADE code is better able
to describe the evaporation residue distribution with
respect to LILITA calculations. In the present case, the
CASCADE calculations with the inclusion of deformation
effects are able to reproduce the cross sections also for
the lower Z of fusion distribution. However, statistical
models predict evaporation residue distributions which
are slightly shifted towards heavier Z with respect to the
experimental ones. This may also be due to the fact that
the tail of the bump in the o(Z) distribution centered
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FIG. 3. As Fig. 2, but for fragments with Z=20-17. Thick arrows represent the expected velocity for complete fusion; thin ones,
shown for the spectra at 6=20°, represent the velocity corresponding to Coulomb repulsion energy in the case of binary fragmenta-
tion of the compound system.
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FIG. 4. Measured elemental distribution compared with pre-
dictions from statistical-model calculations from LILITA and
CASCADE. The ‘““def.” indicates that deformations are accounted
for in the statistical model. For details, see the text.

around the projectile Z value extends into the evapora-
tion residue region. In this case the results from the com-
parison in Fig. 4 support the angular-distribution and
velocity-distribution findings about the overlap of fusion
and other reaction mechanisms for fragments with
Z =20-21.

To derive the complete fusion cross sections, we
summed the contributions of fragments with Z=26 to
Z=22 contributions adding 70% of the yield for Z=21
and 40% for that of Z=20. The value of 730+140 mb
for the complete fusion cross section is found in this way,
in agreement with the value of 800100 mb from Ref. 23.
The results reported here confirm the findings of Refs. 19
and 23 about the decrease of the fusion cross section at
these bombarding energies.

IV. BINARY REACTIONS

In this section, data are presented on the reaction
products having atomic number lower than that ascribed
to the fusion reaction (Z =26-20). Features of the reac-
tion mechanisms competing with the fusion will be de-
duced by inspection of energy spectra and angular distri-
butions with the ajd of semiclassical models of inelastic
collisions.

Velocity spectra for fragments with Z =20-17 have al-
ready been shown in Fig. 3; energy spectra for fragments
with Z=15-6 are shown in Fig. 5. Arrows in Fig. 5 in-
dicate the Coulomb repulsion energies between the
detected fragment and its binary (undetected) partner.
Coulomb energies have been calculated by assuming that
the undetected fragments have atomic number

Z,=Zcn—Z; and using mass values of the most natu-
rally abundant isotopes. It can be seen that energy spec-
tra are characterized by a broad bump having its max-
imum at an energy value slightly higher than the
Coulomb energy one. This behavior is similar to that
shown in Fig. 3 for heavier fragments. The grazing angle
in the entrance channel for the 328§ +2Mg reaction at 165
MeV is relatively forward (6, ,,=13° in the labsystem), so
that quasielastic contributions are seen in the energy (or
velocity) spectra only for fragments with Z value close to
that of the projectile (Z=17-13) detected at small an-
gles. In general, fragment spectra show large damping of
the kinetic energy.

The angular distributions of fragments with Z =20-10
are reported in Fig. 6. They show the well-known transi-
tion from forward peaking to isotropy as the net charge
transfer is increased going towards reaction products
lighter or heavier than the projectile. The flattening of
the angular distributions is generally taken as an indica-
tion of long reaction times. This effect is associated, as in
this case, to the complete relaxation of the relevant de-
gree of freedom (kinetic energy, angular momentum, nu-
clear shape). These damped reaction mechanisms are
those competing with fusion.

It seemed interesting to analyze further the spectra of
fragments showing large damping of kinetic energy. To
exclude any contribution from quasielastic reactions,
spectra at 6;,, =20° were taken into account for Z =20 to
Z =17, similarly, for Z=15 to Z=6 spectra at 6,,,=30°
were chosen. The most probable total kinetic energies E
as a function of the fragment Z are reported in Fig. 7.
Corrections for the effect of sequential particle evapora-
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FIG. 5. Energy spectra of fragments with Z =15-6, taken at
6., =30°. The arrows indicate the positions of Coulomb repul-
sion energy.
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FIG. 6. Angular distributions of fragments with Z=15-6.

tion from the fragments have been made following the
procedures of Refs. 28 and 29. To this end, an excitation
energy partition between the reaction partners propor-
tional to their mass ratio has been used. This assumption
seems to be realistic in the present case because we are
considering events which show almost complete energy
relaxation.

The comparison of calculated Coulomb energies with
the experimental E; values in Fig. 7 shows that there is
an underestimation of the kinetic energies of fragments
with Z=12-17. In fact, it is well known that rotational
energies as well as the attractive nuclear potential con-
tribute to the kinetic energies at scission.

In a deeply inelastic collision it is assumed that kinetic
energies of the fragments are directly related to the scis-
sion configuration of the dinuclear system approximated
by two uniform spheres of radii R; and R, joined by a
neck. The distance between the centers of two spheres is
then

s=R;+R,+d , 3)
where for Ry and R, it is assumed that R,=1.2.4,/% and

d is the neck length. The total kinetic energy of the dinu-
clear system at scission is

ing fusion cross sections for the *’S+ Mg systems. In Fig.
7, the continuous curve shows the results of calculations
assuming /., =35%, [,,,=53%, and the distance s=8.4
fm, which corresponds to a neck length of =1 fm. Total
kinetic energies of binary fragments are well accounted
for by the calculations as shown in Fig. 7, indicating that
inelastic processes lie in the interaction region intermedi-
ate between the grazing distance (=9 fm) and that
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FIG. 7. Total kinetic energy of fragments vs Z. The dashed
line corresponds to calculated Coulomb repulsion energies. The
continuous line refers to calculation in which rotational energy
and nuclear potential contribution are accounted for.
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defined by the critical angular momentum for fusion
(R.,=5.60 fm®).

V. SUMMARY AND CONCLUSIONS

A detailed study of the fusion reaction and binary pro-
cesses has been performed for the interaction of 32S with
Mg at E,,=163.5 MeV. The present results confirm
the existence of a bombarding energy region where the
fusion cross section o, is strongly limited and decreases
with 1/E_,. From the comparison of angular distribu-
tions and velocity spectra with predictions from
statistical-model calculations, it appears that the com-
plete fusion reaction populates exclusively fragments with
Z =26-22. Other reaction mechanisms than the fusion
contribute to the yield of residues with Z=21 and Z=20.

Angular distributions and total kinetic energies of

lighter fragments (Z <20) indicate that the main mecha-
nism limiting fusion is a strong inelastic process. It
presents nearly complete energy damping and angular
distributions which indicate long interaction times. Total
kinetic-energy calculations including estimates of the ro-
tational energy and nuclear potential contributions repro-
duce the experimental data quite well.
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