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Fusion and competing processes in the32S¿12C reaction at E„

32S…Ä19.5 MeVÕnucleon
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Velocity, angular, mass, and charge distributions of isotopically resolved residues coming from the reaction
32S112C were measured at the bombarding energyE(32S)519.5 MeV/nucleon. Complete and incomplete
fusion and direct components have been separated in the velocity spectra using kinematical analysis and
deconvolution techniques. For each residue, incomplete and complete fusion cross sections have been extracted
and the results are compared with theLILITA code predictions. The complete fusion cross section and the
deduced critical angular momentum are also compared with other experimental data and with the predictions
of theoretical models.
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I. INTRODUCTION

The fusion reaction32S112C has been studied at energi
between the Coulomb barrier and a few MeV/nucleon@1–4#.

Experimental data@1# are relatively abundant in the litera
ture at bombarding energies not far from the Coulomb b
rier in the so-called@5# region I of the fusion excitation func
tion, where the fusion cross sections f us is nearly equal to
the total reaction cross section.

At higher energy~region II and region III of the excitation
function! experimental data are less numerous@2–4# and the
exact determination of the fusion cross section is com
cated due to the presence of other competing processes,
as incomplete fusion, deep inelastic, and direct reactions
particular, it has been suggested@6# that the fraction of in-
complete fusion, with respect to the complete fusion, gro
with the bombarding energy, while the fusion cross sect
decreases almost linearly with the inverse of the incid
energy@7#.

This trend can be attributed to a saturation of the criti
angular momentuml cr at a valuel cr

max, corresponding to the
highest order partial wave contributing to the fusion cro
section. Many theoretical approaches have been suggest
explain this behavior and they can be divided into two bro
groups: the first one supports the idea of a fusion cross
tion limited by the entrance channel effects@8#, while the
second one attributes the limitation to compound nucl
properties@9,10#.

In this paper, we present the results of a study on eva
ration residues from the32S112C system at E(32S)
519.5 MeV/nucleon; this energy falls within region III o
the fusion excitation function, in which there is a comple
lack of experimental data. Furthermore, we study the ra
between complete and incomplete fusion and provide n
data related to the controversy about the fusion cross sec
limitation at higher incident energies.

The experimental procedure is described in Sec. II, wh
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analysis of the experimental results is presented in Sec.
Finally, the results obtained are discussed and compare
the predictions of some theoretical models in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the superconducting
clotron accelerator facility of the Laboratori Nazionali d
Sud in Catania.

A beam of 32S ions at an energy of 19.5 MeV/nucleo
was collimated at the center of a scattering chamber on a12C
target, of 460mg/cm2 nominal thickness. The target wa
placed perpendicular to the beam direction; its oxygen
the nitrogen contents were found to be negligible.

Isotopic identification of the reaction products, along w
their energy and velocity measurements, was obtained
means of the experimental apparatus schematically sket
in Fig. 1. This setup is a modified configuration of that us
in our previous@3,4# low energy experiments and describe
in detail in Ref.@11#. It consists of a large ionization chambe
~75 cm active length!, with a 300-mm silicon detector in the
back, and of a time-of-flight system, with a 100-cm-lon
flight path. Two microchannel plates MCP1 and MCP2 su
ply the start and stop signals for the time-of-flight measu
ment. The above-mentioned detectors are rigidly connec

FIG. 1. Schematic view of the experimental apparatus.
©2001 The American Physical Society10-1
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to a sliding-seal scattering chamber which can be rota
around the target axis from210° to190° with reference to
the beam line, allowing angular distribution measuremen

The ionization chamber operates with a steady flow
P10 mixture at a working pressure of about 300 torr. It
separated from the rest of the system, operating in h
vacuum conditions, by means a 20-cm2 surface window,
made of a 4-mm-thick layer of polypropylene. The anode
divided into two sections, aDE1 ~15 cm length! and aDE2
~60 cm length!, which measure independently the energy lo
of the detected ions. The silicon detector, placed at the en
the ionization chamber, gives the residual energyER of the
detected ions punching through the chamber.

The energy loss information and the time-of-flight tec
nique allow isotopic discrimination of the reaction produc

An overall energy resolution of about 0.6% was obtain
at the elastic scattering energy, and the corresponding m
sured time resolution was approximately 200 ps@full width
at half maximum ~FWHM!#. Consequently, the expecte
mass resolution is about 2%.

An example of the detector performance is shown in F
2. In part~a! the energy loss in the first stage of the ioniz
tion chamber is plotted as a function of the total energy
the reaction products, providing their charge identificati
In part ~b! the mass~obtained as energy times the square
the time of flight! of particles with atomic numberZ517 is

FIG. 2. ~a! Energy loss in the first stage of the ionization cha
ber versus total energy, for the reaction products detected a
laboratory angleqL53°. ~b! Mass numberA versus total energy for
the reaction products with atomic numberZ517, detected at the
laboratory angleqL53°.
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presented as a function of their total energy.
The energy and time calibrations of the detectors h

been obtained from the elastic scattering of32S1197Au at
E(32S)519.5 MeV/nucleon at various angles. Some cuts
the time-of-flight spectrum of the diffused beam have a
been used to improve the energy calibration.

For each identified reaction product we measured the
gular distribution from qL52.5° to qL55°, with DqL
50.5°.

We also performed coincidence of heavy residues,
tected by the ionization chamber, witha particles, detected
by means of a telescope placed in the reaction plane in
the scattering chamber. The telescope, which can be p
tioned from 15° to 160° with respect to the beam directio
consists of three silicon surface-barrier detectors, 25, 1
and 3000mm thick, respectively. In this way we can iden
tify a particles with energy ranging from a few MeV t
about 100 MeV.

Finally, in order to obtain relative normalization of th
measured differential cross section, two 300-mm-thick sili-
con surface-barrier detectors were placed, as beam mon
in the scattering chamber at65° with respect to the beam
axis.

The absolute normalization has been derived by comp
ing the elastic scattering data with the results of the opt
model, calculated with thePTOLEMY code@12#.

The error in the determination of the cross section
cludes the uncertainties in the left-right symmetry with r
spect to the beam axis, in the determination of the mon
angle, and in the normalization to the optical model resu
resulting in an overall error of about 20%.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Velocity spectra

We focused our attention on the evaporation residue
measure the contribution of complete and incomplete fus
evaporation being the dominant decay mode for our syst
For this reason we analyzed the reaction products hav
atomic charge number greater than 10, for which we
pected contributions from complete fusion, according to
predictions of the statistical codeLILITA @13# for this
reaction.

In order to separate the complete fusion contribution fr
other reaction components, we performed a kinemat
analysis of the invariant velocity spectra for each identifi
evaporation residue. The inclusive velocity spectra were
tained directly from the time-of-flight measurements.

In Fig. 3 we show, as a representative example, the in
sive invariant velocity spectra of separated individu
charges~from Z511 to Z518), detected atqL53°. In Fig.
4 the analogous spectra are reported, as an example, fo
resolved masses in the case ofZ513 andZ517. In these
figures the histograms represent the experimentally meas
differential cross sectiond2s/dVdV divided byV2.

The complexity of the experimental spectra structu
shows that different reaction mechanisms have to be con
ered. We assumed that the processes that contribute sig
cantly to the observed residue yield are complete fusion,

-
he
0-2
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FUSION AND COMPETING PROCESSES IN THE . . . PHYSICAL REVIEW C 64 024610
FIG. 3. Invariant velocity
spectra of separated charges wi
Z ranging from 11 to 18, detected
at qL53°. Histograms represen
the data. The arrow marks th
compound nucleus velocity at th
detection laboratory angle
VCNcosqL . The Gaussian distri-
butions used to fit the data are pre
sented as a dashed line~gray filled
area! for the complete fusion com-
ponent, as a dotted line for the in
complete fusion component, an
as a dash-dotted line for the direc
component. The solid line is the
convolution of the three distribu-
tions.
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complete fusion, and direct reaction.
The arrow in Fig. 4 indicates the compound nucleus

locity at the detection laboratory angleVCNcosqL , thus giv-
ing the position of the complete fusion contribution in t
velocity spectra. Since we study the system in reverse k
matics, the contribution with a velocity larger tha
VCNcosqL is to be ascribed to incomplete momentum tra
fer due to the fusion of the projectile with only a part of th
target. Finally, direct reaction products will be locat
around the beam velocityVbeam56.15 cm/ns.

Deep inelastic~DI! processes should also be consider
as their contribution may be not negligible at this bomba
ing energy. Moreover, in our system, the projectilelike
products could have mass and charge similar to the evap
tion residues. According to reaction kinematics this contrib
tion should present two peaks in the velocity distributio
02461
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symmetric with respect to theVCNcosqL and whose posi-
tions depend on the Coulomb energy of the different poss
DI channels and on the detection angle. The higher velo
peak could thus contaminate our incomplete fusion contri
tion, while the lower velocity one should be found on the le
side of the complete fusion contribution. Simple calculatio
show that in any case the latter peak should occur at a
locity not exceeding the value of 4 cm/ns. None of the
variant velocity spectra, at any angle and for any resid
shows evidence of a contribution at such a low veloc
Furthermore, if we look at the targetlike fragments at fo
ward angles, their contribution is quite small (,5%) with
respect to the total amount of residues. Assuming a s
metrical scenario, the contamination due to projectilel
fragments coming from deep inelastic processes should b
the same order.
i-
FIG. 4. Same as Fig. 3, but for the isotop
cally resolved masses in the case ofZ513 and
Z517.
0-3
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In order to separate these different contributions we u
a deconvolution technique, in which each reaction com
nent was fitted with a Gaussian distribution. The convolut
of these Gaussian curves is presented by the solid lin
Figs. 3 and 4.

The Gaussian distribution used to fit the complete fus
component is theoretically obtained@14# assuming isotropic
angular distributions in the c.m. system for all the emitt
light particles. According to this assumption, the invaria
velocity distribution of the evaporation residues originated
the complete fusion reaction has the following form:

1

V2

d2s

dVdV
5kexpS 2

VCN
2 sin2qL

2s2 D
3expF2

~V2VCNcosqL!2

2s2 G , ~1!

in which VCNcosqL corresponds to the Gaussian centroids
is the standard deviation,V is the laboratory velocity of the
detected residue, andk is a normalization parameter.

In the fit procedure, we treat the calculated value of
Gaussian centroidVCNcosqL as a fixed parameter and allo
the widths to be free to vary. We observed a smooth var
tion of s with the residues mass. In Figs. 3 and 4, the o
tained fit for the complete fusion contribution is represen
by the gray filled area under the dashed line.

In this way, we found that the complete fusion compon
is present up toZ515. Moreover, its contribution decreas
with increasing charge of the residue, in agreement with
results of the statistical evaporation model used in the
lowing section. By looking at the isotopically resolved v
locity spectra we did not find any particular behavior d
pending on the mass of the residue.

We therefore observe that, while the complete fusion
creases, the contribution of the second reaction compone
present for all the measured residue charges~up to Z518)
and is found to increase with the residue charge. This beh
ior is well understood considering the incomplete fusion p
cess between the beam and part of the target: the conse
excitation energy is lower than in the complete fusion a
the reduced evaporation leads to a larger value ofZ in the
residue. Even in this case no particular behavior is found
the mass resolved spectra.

The third component shows a rise and fall aroundZ516
and, for the same charge, decreases with the mass o
residue, thus showing the typical behavior of a direct re
tion process.

We fitted the second and third parts of the spectra w
two Gaussian curves, letting both the centroid velocity a
width vary as free parameters in the fit procedure.

The fit results~dotted and dash-dotted lines in Figs. 3 a
4, respectively! for the different masses give values of th
velocities close to those predicted in the case of incomp
fusion and direct reaction processes.

A further confirmation of the presence of complete a
incomplete fusion mechanisms could arise from exclus
measurements, namely, from the study of the coinciden
02461
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between evaporation residues and alpha particles, as alr
done by other authors@15#.

Low statistics of the coincidence events does not allow
analysis of the invariant velocity spectra with and witho
the trigger of alpha particle coincidences. Thus, we p
formed this analysis in terms of a plain velocity distributio
and combining together all residues with atomic numb
from Z511 toZ518, exceptZ516 which suffers from con-
tamination by the scattered beam.

We present the obtained spectrum in Fig. 5~a!, for 20 000
inclusive ~i.e., no coincidences with alpha particles! events
detected atqL53°. It clearly shows a component at com
pound nucleus velocity~marked by the line! and other com-
ponents, already seen in the invariant velocity spectra,
higher velocity.

Turning on the coincidence with 15–120 MeV alpha pa
ticles detected atqa550° does not modify the shape of th
distribution, as shown in Fig. 5~b!. This confirms that these
alpha particles are evaporated from systems formed in c
plete and incomplete fusion processes.

On the contrary, the shape of the velocity distributi
changes for the events in coincidence with lower ene
~4–15 MeV! alpha particles, as shown in Fig. 5~c!, where the
compound nucleus contribution is reduced. This behav
confirms the higher velocity events as coming from the
complete fusion process, in which the alpha particle is
remnant of the target and is therefore detected at very

FIG. 5. Velocity distribution for all residues with charge from
Z511 to Z518 ~the Z516 contribution is suppressed! detected at
qL53°: ~a! inclusive events,~b! coincidence events with alph
particles with energy from 15 to 120 MeV, and~c! coincidence
events with alpha particles with energy from 4 to 15 MeV. The li
marks the compound nucleus velocity at the detection labora
angle,VCNcosqL .
0-4
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FIG. 6. Differential angular distributions o
the residues coming from complete fusion. Th
lines are polynomial fits providing integrate
cross sections.

FIG. 7. Same as Fig. 6, but for the produc
coming from incomplete fusion.
024610-5
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FIG. 8. Experimental relative
charge and mass yields of the fu
sion residues~hatched bars! com-
pared with LILITA calculations
~open histograms!.
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energy. In fact, simple kinematical calculations, as well a
simulation performed with the codeLILITA , show that par-
ticles with such a low energy are unlikely to come from t
evaporation of our compound system, even in the backw
direction in the center of mass.

B. Angular distributions

The differential angular distributions of the residu
formed by complete and incomplete fusion in the32S112C
reaction atE(32S)519.5 MeV/nucleon are shown in Figs.
and 7, respectively.

By integrating these distributions, we obtain the absol
cross sections for complete (sCF) and incomplete fusion
(s ICF). Partial and total cross sections are listed in Tabl
with their estimated errors. The major source of error in
determination of these cross sections arises from the
normalization, as discussed in Sec. II. Other sources of e
reflect the experimental data statistics and the uncertaint
fitting the angular distributions, including extrapolation
smaller and larger angles.

We point out that the contribution of the32S evaporation
residue to the complete fusion cross section has not b
experimentally determined because of the intense ba
ground present in the32S spectrum. The fusion cross sectio
contribution of this residue reported in Table I is that p
dicted by codeLILITA for the studied reaction.

IV. COMPARISON WITH THEORY AND DISCUSSION

We compared the experimental data with the theoret
predictions of the statistical codeLILITA . In Fig. 8, we report
the experimental relative mass and charge yields of the c
plete fusion residues~hatched bars! and the results of the
LILITA calculations~open histograms!.

The predicted distributions appear shifted to larger m
and charge values with respect to the experimental one;
disagreement, already found in other works@16,17#, can be
interpreted as proof of heavy particle (Z>3) emission, not
02461
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included in the evaporation code.
The ratio of the extracted complete fusion cross section

the sum of complete and incomplete fusion cross section
compared to the trend established by the systematics of M
gensternet al. @6#. In that work this ratio is studied as

TABLE I. Values of complete (sCF) and incomplete (s ICF)
fusion cross sections for each evaporation residue. The repo
value for 32S represents the cross section predicted by the evap
tion codeLILITA . In the last row we report the total fusion cros
section obtained summing the experimental data and the resu
LILITA calculation.

sCF (mb) s ICF (mb)

22Na 116 2 5.36 1
23Na 206 4 96 1.8
24Na 96 2 3.46 0.7
24Mg 296 6 326 6
25Mg 396 8 386 8
26Mg 226 4 196 4
26Al 186 4 306 6
27Al 49610 676 13
28Al 266 5 246 5
28Si 366 7 876 17
29Si 55610 966 19
30Si 396 8 586 12
30P 106 2 386 8
31P 296 6 766 5
32P 206 4 306 6
34Cl 9.66 2
35Cl 186 3.6
36Cl 9.76 2
Ar 96 1.8
Ss 412682 6606150
32S 93
Ss1s(32S) 505682 6606150
0-6
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FIG. 9. Complete fusion cross section for th
32S112C system as a function ofEc.m.

21 . Open
squares are taken from Ref.@1#; open circles are
our data at lower energies@2–4#. The solid circle
is the result of this work. The dashed and so
lines are predictions of the critical distance fusio
model of Matsuseet al. @18# and of the Bass
model @9#, respectively.
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function of the velocity of the light partner nucleus of th
reaction,vL /c, for systems with different symmetry degre
The obtained value of 0.4360.13 agrees with the systematic
for asymmetric systems, which gives, for thevL /c of the
presently studied system, a value of 0.36.

In Fig. 9, we show the experimental32S112C fusion cross
sections available to date, as a function ofEc.m.

21 . The solid
circle is the result from the present work. The dashed
solid lines are predictions of the critical distance fusi
model of Matsuseet al. @18# and of the Bass model@9#,
respectively.

In the framework of the critical distance model of Ma
suseet al., the rapid drop ofsCF at higher energies is inter
preted in terms of a parametrized effective barrier at the c
cal distance between the colliding heavy ions~fusion entry
line!. The fusion cross section is evaluated in the three
ferent energy regions by means of the following expressio

region I ~low energy region!

sCF
I

5pRB
2 S 12

VB~RB!

Ec.m.
D ,

region II ~central energy region!

sCF
II

5S pI

m D F11
Q2DQ

Ec.m.
G ,

region III ~high energy region!

sCF
III

5p^d2&S 11

F1

2
mvd

2^d2&2UC@~,d2. !1/2#1QG
Ec.m.

D ,

where (̂ d2&)1/2 is the critical distance between the collidin
nuclei.

In the present calculations, the following parameters w
used: for sCF

I
, VB(RB)5VC(RC)5Z1Z2e2/RC , RC5R0

1DRC , RB5R01DRB , with R05R11R2 , Ri51.12Ai
1/3
02461
d
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s:

e

20.86Ai
21/3, DRB52.70 fm, and DRC53.70 fm. For

sCF
II

, I 5 2/3AM^r 2&Aa, where M is the nucleon mass
^r 2&A53/5(1.12A1/3)2(113.84A2 2/3), a50.87, andDQ5
12 MeV. For sCF

III , vd5bv, with v540A21/3/\ and b
50.75. The values of the parameters used are within
predicted limits reported in@18#.

On the other hand, the Bass model reproduces the h
energy fusion cross section behavior by using an empir
nuclear potential, obtained in the framework of the liqui
drop model, and some geometrical arguments. The nuc
part of the nucleus-nucleus potential of this model can
written as

Vn~s!5
R1R2

R11R2
g~s!,

where

g~s!5@Aexp~s/d1!1Bexp~s/d2!#21.

The parameters used in our calculations are those repo
in Ref. @9#, based on a global fit to fusion data, i.e
A50.03 MeV21 fm, B50.006 MeV21, d153.30 fm,
d250.65 fm, andRi51.16Ai

1/321.39Ai
21/3.

Our previous@2–4# data appear to be in a satisfacto
agreement with the predictions of Bass and Matsuse in
ergy region II, while in region III the Bass model seems to
closer to the present result. In region I, both calculatio
predict a higher fusion cross section than the experime
data@1#.

From the complete fusion cross section we extracted
the sharp cutoff approximation, the critical angular mome
tum l cr , obtainingl cr532\.

In Fig. 10, we report the excitation energy as a function
l cr for the fusion of several systems. The data refer to32S
112C @1–4#, 20Ne124Mg @19#, and 16O128Si @20,21# sys-
tems, leading to the same compound nucleus44Ti; our
0-7
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FIG. 10. Critical angular mo-
mentum extracted from complet
fusion reactions at different exci
tation energies, leading to th
same compound nucleus44Ti. The
solid curve corresponds to the sta
tistical yrast line@22#. The dashed
line indicates the fission barrie
limit of the compound nucleus ac
cording to the Sierk mode
@23,24#.
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present and previous results are reported as circles. The
certainty in thel cr values is due to the experimental error
the fusion cross section.

The solid line shown in the figure represents the statist
yrast line @22#, calculated withr 051.2 fm and DQ510
MeV. The trend of the experimental data appears to be
good agreement with this model, in which the compou
nucleus effects determine the behavior of the fusion exc
tion function.

The present data show a saturation in the critical ang
momentum and the obtained value agrees with the calcul
Sierk @23,24# fission barrier limit of the 44Ti compound
nucleus, represented by the vertical line in Fig. 10 (l cr

th

535\).

V. CONCLUSIONS

We have presented mass, charge, and angular distribu
for the evaporation residues produced in the reaction32S
112C at the energyE(32S)519.5 MeV/nucleon.

A kinematical analysis of the velocity spectra coupled t
deconvolution technique allowed us to separate different
action components. The contributions found have been in
preted as originating from complete fusion, incomplete
sion, and direct reaction mechanisms. The obtained comp
and incomplete fusion cross sections agree with previou
established systematics@6#, which correlate the fraction o
incomplete fusion with the velocity of the lighter reactio
es

ov
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partner and with the mass asymmetry in the entra
channel.

The discrepancy between the experimental relative m
and charge yields of the complete fusion residues and
LILITA predictions may be proof of heavy particle emissio

The experimental excitation function constructed us
our present data, as well as our previous ones and th
available in the literature, is in good agreement with the t
oretical predictions derived in the framework of the Ba
liquid-drop model interpretation, described in Ref.@9#.

The critical angular momentum extracted from the fusi
cross section for the studied reaction is consistent with
calculated Sierk@23,24# fission barrier limit of the44Ti com-
pound nucleus. This result could indicate the existence o
limitation imposed by compound nucleus effects on the
sion cross section value.

However, in order to confirm the trend of the critical a
gular momentum, additional measurements are required
other systems leading to the same compound nucleus44Ti at
excitation energiesE* (44Ti) .100 MeV.
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