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Fusion and binary-decay mechanisms in the35Cl1 24Mg system atE/A'8 MeV
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Compound-nucleus fusion and binary-reaction mechanisms have been investigated for the35Cl124Mg sys-
tem at an incident beam energy of Elab5 282 MeV. Charge distributions, inclusive energy spectra, and angular
distributions have been obtained for the evaporation residues and the binary fragments. Angle-integrated cross
sections have been determined for evaporation residues from both the complete and incomplete fusion mecha-
nisms. Energy spectra for binary fragment channels near the entrance-channel mass partition are characterized
by an inelastic contribution that is in addition to a fully energy damped component. The fully damped com-
ponent which is observed in all the binary mass channels can be associated with decay times that are compa-
rable to, or longer than, the rotation period. The observed mass-dependent cross sections for the fully damped
component are well reproduced by the fission transition-state model, suggesting a fusion followed by fission
origin. The present data cannot, however, rule out the possibility that a long-lived orbiting mechanism accounts
for part or all of this yield.@S0556-2813~98!02302-4#
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I. INTRODUCTION

In recent years heavy-ion induced reactions, involving
termediate mass systems as light as ACN<60 at bombarding
energies<10 MeV/nucleon, have been studied for vario
target1projectile combinations over a wide energy ran
@1–8#. Near the Coulomb barrier~region I!, the complete
fusion ~CF! process is the dominant reaction mechanism.
higher energies~region II!, however, this process is limite
by the contributions of other, competing processes such
quasielastic and deep-inelastic collisions~DIC!. The CF
cross section is still increasing with energy, but at a mu
slower rate than in region I. At even higher energies~region
III ! the general instability of the composite system leads
decreasing CF cross section with increasing beam ene
Strong competition between fusion and other damp
mechanisms characterize regions II and III. The present m
surement, which has been performed at an incident en
corresponding to region III for the complete-fusion cross s
tions, is designed to further study the competing react
mechanisms at higher energies. Several competing me
nisms have been suggested to absorb the reaction flu
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regions II and III. Heavy-ion resonances and orbiting mec
nisms have been shown to compete with fusion for the in
dent flux in region II@9#, at least in some systems.

In the incomplete fusion process~ICF! only part of the
entrance channel mass is incorporated into the resulting c
pound system. While this process is insignificant at low
energies@10,11#, it can quickly rise at higher energies i
region III, leading to a large reduction of the complete fusi
cross section@10#.

Classical trajectory models that include consideration
frictional forces and the effects of thermal fluctuations, c
be used to predict observables such as the mean values
widths of the mass, charge and energy flow in damped, de
inelastic collisions@12,13#. By the Langevin method~LM !,
and on the basis of the surface friction model of Ref.@14#,
for instance, it is further possible to model the competiti
between fusion and DIC mechanisms by introduci
temperature-dependent coefficients for the radial, tangen
and deformation friction contributions, respectively. How
ever, the determination of these coefficients to the precis
needed to reproduce the fluctuations around dynamical
tral values has only been accomplished for a few cases. M
experiments are needed where the excitation functions
fusion and DIC are measured simultaneously for a giv
nuclear system.

The present measurement is part of a more general ex
mental program devoted to the study of the limits of co
pound nucleus formation by measuring the macroscopic
servables related to the formation and decay of a sin
nuclear system through several different entrance chann

,
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Within the LM method a limit is reached when a give
trajectory starts to be captured in the pocket of the ion-
potential. At this point there is no further information th
can be determined for the dynamical trajectories@15,16#, and
the two interacting nuclei can be thought to form a dinucl
system~DNC!, from which they can either fuse into a full
equilibrated compound nucleus~CN!, or escape from the
ion-ion potential well, producing a damped orbiting proce

The decay properties of the binary fragments produce
a consequence of the fission after fusion@17# or after scission
of a long-lived orbiting dinuclear system@18# have been de-
scribed in the literature on the basis of the phase-space
figurations at the saddle point of the intermediate system
has been found to be difficult to experimentally distingu
between the fission and orbiting mechanisms as both are
pected to give very similar behavior@19#. A fusion-fission
origin has been suggested for fully damped yields associ
with reactions populating the56Ni @1#, 58Ni @2#, and 47V @3#
compound nuclei. On the other hand, similar binary yie
observed for certain lighter systems have been alternati
explained in terms of a statistical dinucleus orbiting mo
@4–6#.

This paper reports on the results of both the fusio
evaporation and binary fragment~fusion-fission and DIC!
cross sections for the35Cl1 24Mg reaction at Elab5282
MeV, obtained by inclusive energy and angular distributi
measurements as functions of the nuclear charge of the
tected fragments. Previously, this reaction has been stu
only at lower energies@20# and only a few results have bee
published@21#. However, the composite system reached
this reaction59Cu has been extensively investigated in fusi
regions II and III by the19F1 40Ca @22# and 32S1 27Al reac-
tions @22–27#. These previous measurements have sho
pronounced entrance-channel effects for the relative co
butions of DIC and the ICF process. However, fission yi
measurements were lacking. It is then also interesting
study the formation of the same59Cu nucleus in conditions
of an intermediate entrance-channel mass asymmetry.

Complementary information concerning the mean exc
tion energies and average angular momenta of bin
fragments from the59Cu intermediate system formed by th
35Cl124Mg reaction will be reported in a forthcoming pap
based on in- and out-of-plane angular correlations betw
light particles and heavy fragments@28#.

In the next section, the experimental procedure is
scribed. In Sec. III, the fusion-evaporation yields are giv
and discussed. The properties of the binary fragments
presented in Sec. IV. In Sec. V, the compound-nucle
decay models used to discuss the data are briefly introdu
and comparisons of the binary fragment experimental res
with the predictions from the fission transition-state mo
are presented. In Sec. VI, the present data are discuss
the context of previously reported results and used to exp
how different competing mechanisms lead to limitations
the formation of the59Cu compound nucleus. Finally, a sum
mary of the main results and conclusions are given in S
VII. A recent paper has presented the preliminary res
obtained from the fragment-fragment angular correlat
measurements performed at Elab5278.4 MeV @29#, which
confirm well the main conclusions of this work and provid
n
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some information on the possible occurrence of three-b
breakup processes.

II. EXPERIMENTAL PROCEDURE

The experiment was performed by the Saclay Po
Accelerator Tandem Facility. A35Cl pulsed beam~charge
state Z5141) accelerated to an energy Elab5282.4 MeV
was focussed onto a self-supporting rolled24Mg target, lo-
cated in a 2 mdiameter scattering chamber. The24Mg foils,
of 99.9% isotopic enrichment, had areal densities of 350632
and 255620 mg/cm2, respectively. The time structure of th
pulsed beam had a period of 37 ns. The beam current
varied from a few nA to'20 nA, depending on the position
of the detectors and the corresponding counting rates. C
bon and oxygen contaminants were experimentally estima
at <10 mg/cm2 each, using a 2 MeVa-beam backscattering
technique. Heavy fragments (Z513–26! were detected by a
Bragg-curve ionization chamber~BIC! filled with CF4 gas at
a pressure of 150 Torr in the 3° to 12° angular range wit
1° step increment. Four small gas-ionization chambers,
pressure of 51 Torr of CF4 gas, followed by siliconE detec-
tors, were used to detect fragments withZ53 to Z526 in
the 10° –90° angular range with a 2° step. An addition
gas-silicon telescope was located at a fixed position,
with respect to the beam as a monitor. The beam current
measured in a Faraday cup and integrated. To correct
carbon contamination, measurements were also made a
same detector angles and with comparable beam condit
using a 100mg/cm2 thick, self-supporting, carbon foil as
target@30#. Absolute cross sections were determined by m
suring the elastic scattering of 282.435Cl ions from the24Mg
target atu lab53° –16° and comparing with the elastic sca
tering predictions. The optical model analysis of the expe
mental data performed with the codePTOLEMY is shown in
Fig. 1. This calculation was made using the parametersVR
55.1 MeV, r R51.46 fm, aR50.5 fm, WI59.3 MeV, r I
51.3 fm,aI50.42 fm for the real and imaginary parts of th
potential, respectively, and a Coulomb radius parameterr C
51.2 fm. These parameter values have been extrapol
from the low-energy data of Ref.@31#.

Taking into account the uncertainties associated with
of the measured parameters, a global error of 17% is att
uted to the absolute values of the differential cross secti
reported in this paper. Double differential cross sections
termined from the experiment have been corrected for
contribution of the carbon contaminant by subtracting fro
the measured cross sections the component

S d2s

dQdED
corr

5S d2s

dQdED
C

tcont

tcarb
, ~1!

where (d2s/dQdE)C is the cross section determined for th
reaction 35Cl1 12C @30#, tcarb is the carbon-target thicknes
and tcont, the carbon contamination on the24Mg target.
These corrections are generally<10%. However, because o
their very different kinematics, reactions induced on the c
bon contaminant can contribute significantly to the yield
some fragments at particular angles and energy ranges.
energy calibrations of the BIC detector and of the gas-silic
telescopes were determined by measuring the peak posi
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57 733FUSION AND BINARY-DECAY MECHANISMS IN THE . . .
of the elastically scattered35Cl nuclei from a 400mg/cm2

thick, gold target and using the known kinematics for th
reaction. In the energy calibration procedure, corrections
energy losses in the24Mg target ~in the half-thickness ap
proximation and with exception of heaviest residues,
later!, and for energy losses of the fragments passing thro
the Mylar windows of the BIC and the IC were include
Pulse-height-defect corrections for the Si detectors w
taken into account using the procedure given in@32#.

III. FUSION-EVAPORATION CROSS SECTIONS

The dominant mechanism by which the compound sys
deexcites in this reaction, at least for lower spin values
through the emission of light particles. Cross sections for
evaporation residues arising from both the complete fus
and possibly by incomplete fusion processes were there
determined. Energy spectra obtained atu lab57° are shown
in Fig. 2. The bell-shaped patterns characteristic of evap
tion residues can be seen forZ524 to Z521 fragments.
These data are compared to statistical-model calculat
with the codeLILITA @33#.

In making the comparison with model calculations it
important to account for fragment energy losses in the tar
For the heavier fragments these losses can amount to 7 M
as compared to a35Cl incident beam energy loss of only 2.
MeV. The calculated spectra in Fig. 2 were obtained by c
sidering the reaction as occurring in a stack of twenty th
‘‘targets’’ with a total thickness equivalent to the actu
24Mg target used in the experiment. TheLILITA spectra were
calculated for each of the twenty ‘‘targets’’ and then co
rected for the energy loss through the remaining targets.
final, ‘‘degraded’’ LILITA spectrum was then obtained by
convolution of the twenty constituent spectra. This proced
allows one to compare the experimentalZ-residue spectra

FIG. 1. Comparison of the experimental angular distribution
elastic scattering to Rutherford contribution, to optical model p
dictions. Experimental values are indicated by diamond symb
Calculations have been performed with the codePTOLEMY.
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with those expected from the full momentum transfer kin
matics.

For complete fusion events, the light particles are emit
in the rest frame of the recoiling nucleus, with angular d
tributions symmetric around 90° and with Maxwellian e
ergy spectra. If, in addition, the angular distributions are
sumed to be isotropic, then the energy spectra of
evaporating residues can be expressed by@33#

S d2s

dVdEER
D5

K~2EER!1/2

MER
3/2

3e2ECNsin2u lab /s2MCNe2~EER
1/2

2EC
1/2

!2/s2MCN,

~2!

whereEER andMER are the kinetic energy and the mass
the evaporating fragment, respectively,ECN is the kinetic
energy of the compound system,K is a normalization factor,
and s is the standard deviation parameter of the Gauss
velocity distribution of the recoiling residues. ForMER , the
mean values of isotope mass-distributions calculated
LILITA , have been assumed.

The EC term is given by

EC5
MERECN

MCN
cos2u lab. ~3!

If the EER energies are large compared with thes2MCN term,
then the energy variation resulting from theEER

1/2 term can be
neglected compared to that arising from the exponential t
and the resulting energy spectra predicted by Eq.~2! are
centered at the energies given by Eq.~3!. The experimental
observation of energy spectra centered at these energi
then a signature of full momentum transfer. Equations~2!
and ~3! are no longer exact if the angular distributions

r
-
s.

FIG. 2. Energy spectra of fragments withZ524–16, measured
at u lab57°. To provide a more sensitive view of the results, da
size forZ520, 19, 18 andZ517 have been scaled by the facto
indicated in the figure. The arrow positions indicate the expec
centroid values from Eq.~3!. ER spectra~CF1ICF contributions!
calculated by theLILITA statistical-model code are indicated by th
full-line histograms for fragments withZ524 to Z518; The ICF
component is indicated by the dashed-histograms for fragm
with Z521 to Z518.
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evaporated particles are anisotropic, however depart
from Eq.~2! are expected to be relatively small, especially
reverse kinematics conditions. In the present case, the Eq~3!
values are found to be lower than residue energy spect
centroids calculated by theLILITA code with anisotropic an
gular distributions by only 1 to 1.5 %. Then, for the prese
reaction, the centroid energies obtained using Eq.~3! are a
good measure of the extent to which incomplete moment
transfer processes occur.

In Fig. 2, the predicted centroids from Eq.~3! are shown
by arrows. The excellent agreement with the observed c
troids indicates that there is no appreciable contribution
incomplete fusion processes for fragments with 22<Z<24.
For instance, if a preequilibriuma particle was ‘‘lost’’ in the
reaction by either the projectile or target before the fus
process occurs, centroid energy shifts of'214 or '10
MeV, respectively, would be expected. Since no shift w
found, these fragment yields have been ascribed to the c
plete fusion mechanism. It should also be noted that
LILITA calculations reproduce quite well both the energy c
troid and the shape of the experimental spectra for th
fragments. This justifies using these calculations to discri
nate between the complete fusion process and other rea
mechanisms.

A departure from the bell-shaped behavior is clearly s
for the fragments withZ520 and, to a lesser extent, also f
Z521. The deviation from the compound-nucleus evapo
tion behavior becomes very large for fragments withZ<19,
indicating that faster mechanisms other than complete fu
are contributing to these yields~see below!: quasielastic and
deep-inelastic processes.

Evaporation-residue cross sections of complete fus
were generally determined for fragments withZ.21, by in-
tegration of experimental angular spectra. Foru lab,3°, and
only in a few cases where identification thresholds preven
the use of experimental data~as at most forward angles fo
Z524), LILITA calculations were used to extrapolate the a
gular distribution after normalization to the experimen
data at a larger angle.

To better fit the energy spectra of 18<Z<21 residues, at
least at the most forward angles, it was necessary to in
duce a contribution from an incomplete fusion process ch
acterized by a loss of mass of'8 amu from the target. This
effect was simulated by calculating evaporation-resid
spectra from the reaction35Cl1 16O using theLILITA code
and assuming a critical angular momentum of 28\. For those
spectra where a centroid shift was evident, the heights
both the complete- and incomplete-fusion components w
adjusted simultaneously in order to obtain the best ove
reproduction of the data. The decompositions in the CF
ICF contributions are shown in Fig. 2 and also in Fig. 3
Z520 residues detected at four different angles. ForZ519
and Z518 residues the presence of deep-inelastic com
nents increased the difficulty of separating the various re
tion components.

Experimental angular distributions including all mech
nism contributions are shown in Fig. 4 for fragments w
16<Z<24. For Z522 to Z524 residues, total yields ar
attributed to the CF process and compared withLILITA cal-
culations. For residues withZ518 to Z521, contributions
from the CF and ICF processes have been separated. Fo
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Z518 and 19 fragments, are reported both the experime
total yields, and the ‘‘extracted’’ CF and ICF contribution
For the projectilelikeZ516 and 17 fragments, the spect
become dominated by quasielastic and deep-inelastic sca
ing contributions.

Evaporation-residue cross sections from complete fus
were determined by integration of associated angular dis
butions. In few cases where identification thresholds at
most forwards angles prevented the use of the experime
data,LILITA calculations, after normalization to the expe
mental data at a larger angles, were used to extrapolate
angular distributions down to 0°. Evaporation residues fr
incomplete fusion were determined in the same manner.
complete fusion-evaporation cross section amounts to
6105 mb, whereas the incomplete fusion evaporat
amounts to 60630 mb. Thus, the total evaporation resid
cross section is found to be 6606110 mb.

The complete-fusion evaporation-residue cross sectio
obtained by integrating the angular distributions for the d
ferent charge channels, after subtraction of the estimated
contribution, are shown in Fig. 5 by the full circles. Com
pared to these experimental results are cross sections c
lated using theLILITA and CASCADE @34# codes.1 For these
calculations, the diffuse cutoff approximation was assum
for the entrance-channel transmission coefficients@34#, tak-
ing the critical angular momentum for fusion asl cr5 38\
and a diffuseness ofD 5 1\, extracted from the total mea
sured fusion-evaporation cross section. Known low-lyi
states were used to determine the fragment level densitie
low excitation energy. As seen in the figure, both calcu
tions show an upward shift inZ values ofDZ'2 with re-
spect to experimental values. It has been suggested tha
shift may be due, to some extent, to the effects of deform
tion in the evaporating system~see, i.e., Refs.@23,35#!.

Taking deformation into account, however, represent

1See@20#, and references therein for light-particle optical potent
and level density parameters.

FIG. 3. Energy spectra ofZ520 fragments , measured atu lab

54°, 7°, 13°, and 15°, respectively. Theu lab54° spectrum exhib-
its a large energy threshold due to the identification energy-limi
the Bragg detector used for most forward angles. Diamond sym
and histograms indicate the CF and the ICF contributions, res
tively.
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difficult task. Different procedures have been debated in
literature in connection with fitting of proton anda spectra
@36–41#. Due to the lack of experimental transmission co
ficients for emission of light particles from hot deforme
nuclei and limitations of available multistep evaporati
code for deformed nuclei, this problem is still open and
object of investigations@42,43#.

A simple, although schematic, way of taking into accou
deformation effects is to increase the potential radius in
culating the transmission coefficients for deformed nuc
and also to increase the moment of inertia radius parame
used in determining the available phase space for light fr
ment decay. This procedure has been used in the pre
analysis in order to take into account deformation effects
a matter of fact the deformation could, in our case, simu
a similar effect as the ICF mechanism in the residue cha
distribution.

Data reported in literature for this mass region and low
excitation energy@36#, indicate the need to increase the p
tential radiusr by 10 to 25 % and to introduce an angul
momentum dependent yrast line in the fitting procedure
evaporation spectra, with a moment of inertia given byI
5I 0(11defJ21defsJ4). The ranges for the related param
eters are aboutr 0 LDM51.15 to 1.28, def51 to 3.231024

and defs50 to 2031028, respectively. Based on the resu
obtained at higher excitation energy for the same59Cu
nucleus by fragment-light particle coincidence measurem
@28#, r 5r 01.10 andr 0 LDM51.28 and def53.231024 and
defs51631028 have been here assumed in theCASCADE

calculations andr 5r 01.10 andr 0 LDM51.28 in theLILITA

calculations. The resulting charge distributions are show
Fig. 5, indicating a better agreement between data and t
retical calculations.

Figure 6 reports the evaporation-residueZ distributions

FIG. 4. Angular distributions of fragments withZ524 to Z
516. The plus symbols are experimental data including all con
butions. For fragments withZ524 to Z522 total yields are attrib-
uted to the CF process and are compared with the correspon
LILITA calculations~histograms!. For fragments withZ521 andZ
520 the experimental yields are attributed to the fusion proce
~CF1ICF!. For Z519 and Z518 the fusion contributions hav
been extracted from total yields as indicated by diamond sym
joined by dashed lines. For fragments withZ521 toZ518 the ICF
contributions are shown by squared symbols.
e
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for the ICF contributions together with correspondingLILITA

calculations. When performing these statistical model cal
lations, a total ICF cross section ofs560 mb was assumed

IV. BINARY FRAGMENTS

For fragments such that (3<Z<17), the energy spectra
are no longer consistent with the behavior expected
heavy residues arising from a fusion-evaporation proce
These nuclei are mainly the remnants of quasiprojectile
quasitarget fragments from binary reactions. They may a
result in part from a fusion-fission process as we will sh
later. In this case, the corresponding cross section shoul
added to the fusion cross section.

Figure 7 shows the double differential cross sect
(d2s/dQc.m.dEc.m.) contours, as a function of total kineti
energy~TKE! and angleQc.m. in the center-of-mass system
for 5<Z<16 fragments. The data exhibit a large range
kinetic energies and angular distributions which are stron
depending on both energy and fragmentZ value. The angular

i-
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FIG. 5. Comparison between the experimental complete fus
evaporation elemental distributions~full circles! and the predictions
of the LILITA and CASCADE statistical-model codes. Empty histo
grams are forLILITA : small width for standard parameter calcul
tions @33#; large width, when ‘‘deformation’’ of evaporating nucle
is taken into account. Similarly for theCASCADE code: hatched his-
tograms for standard calculations@34#, and full-histograms with
‘‘deformation’’ effects, respectively.

FIG. 6. Comparisons between the ICF experimental data~full
squares! andLILITA code calculations.
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736 57Sl. CAVALLARO et al.
distributions show generally an initial (d2s/dQc.m.dEc.m.)
constancy at low energy, which is progressively lost
higher energies. In order to extract more detailed inform
tion, each map has been divided in 5-MeV wide ene
slices and separate angular distributions generated for
slice. In some cases a single component dominates the e
kinetic energy range. This is seen in Fig. 8 for the lig
fragments withZ53 to 5. In this figure the contributions o
all energy slices have been summed. One finds for the li
est fragments that the kinetic energies are fully damped

FIG. 7. Contour plots of double differential cross sections v
sus TKE andQc.m. for fragments with Z516 to Z55.

FIG. 8. Angular distributionsds/dQc.m. for fragments withZ
53,4 andZ55, ~left side!; andZ513, 14, 15, and 16,~right side!,
as a function ofQc.m.. For Z513 toZ516 andQc.m.<18.5° ~graz-
ing value!, data are mainly due to the positive angle~near-side!
contributions. Curves are fits to the data as described in the te
t
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y
ch

tire
t

t-
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the angular distributions are almost flat. For fragments w
Z513 to 16, a forward-peaked and partially damped com
nent ~projectilelike component! is present together with a
second, angle independent component. The former beco
very small at energies higher than'29 MeV. For fragments
with Z56 to 12, as shown in Fig. 9, a component with
constant cross section can be seen up to 25–30 MeV~left
side of figure!, whereas for higher energies, anisotropic co
ponents are also present. ForZ56 to Z510, the anisotropic
components are backward peaked~targetlike component!.
For fragments withZ511 andZ512, both projectilelike and
targetlike components are present, indicating a net transfe
nucleons from both target to projectile and vice versa.

The energy dependence of the angular distributio
clearly indicate different reaction times, not only for diffe
ent fragment pairs, but also for same pair at different
energy loss. The decay time estimates for a surface reac
can be deduced from the angular distribution analysis usin
simple Regge-Pole model described in Ref.@44#. This analy-
sis leads, however, to almost flat distributions for dec
times comparable to the rotation time of the dinuclear s
tem. In cases where there are both long- and short-lived
action components, the Regge model can be modified by
addition of a constant termh to account for the long-lived
component:

ds

dQc.m.
5k@e2Qc.m./vt1e2~2p2Qc.m.!/vt#1h. ~4!

Here,v is the rotational frequency andt is the decay time of
the dinuclear system. The rotational energy and the ang

-

.

FIG. 9. The same as in Fig. 8, forZ56 to Z512. The fully and
the partially damped components are reported on the left and r
sides, respectively. Energies up to 25–30 MeV have been con
ered for fully damped components and energies from 25–30 M
up to the largest energies for the partially damped ones.
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TABLE I. Binary fragment cross sections and average c.m. kinetic energies, for both~a! fully damped and
~b! partially damped, components. Cross section values are obtained by integration of angular distri
reported in Figs. 8 and 9. The kinetic energies, TKE values, are given in MeV. The decay timest1 andt2 are
reported in units of the rotation timeT'1.6310221 s ~see text!.

Z sa ~mb! sb ~mb! ~TKE! ~a! ~TKE! ~b! t1/T t2/T

3 7.261.5 15.562
4 5.960.9 20.062
5 9.763.0 22.562
6 26.964.4 10.461.8 21.062 2862 0.1960.02

0.02

7 14.362.5 7.061.2 22.062 3262 0.1660.02
0.02

8 17.263.2 9.361.6 22.062 3163 0.1460.02
0.02

9 8.561.4 5.260.9 22.062 3163 0.1260.02
0.02

10 15.261.8 8.561.4 22.062 3163 0.1060.02
0.01

11 14.162.5 7.661.3 24.062 3362 0.0460.01
0.02 0.0760.02

0.01

12 26.664.8 10.061.5 22.062 3362 0.0360.01
0.02 0.0760.03

0.01

13 8.861.8 26.664.2 22.062 3062 0.0860.02
0.02

14 14.062.8 61.3612.0 21.062 2862 0.0860.01
0.02

15 8.061.6 57.6610.0 19.062 4063 0.0560.01
0.02

16 20.064.0 130.0620.0 15.562 4564 0.0460.01
0.02
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momentum at the scission configuration which are relate
v, can be estimated following the procedure discussed
Ref. @45#.

The rotation time of the dinuclear systemT52p/v was
found to be'1.6310221 s. Fits of angular distributions by
Eq. ~4! are reported in Table I. Thet1 parameter refers to th
decay time of the forward-peaked component. To obtain
t2 decay time of the backward-peaked component~targetlike
behavior!, the Q abscissa has been changed inQ25p2Q.
In the fitting procedure, the fully damped part of spectra
all fragments was successfully fitted with only a compon
with ds/dQc.m.5const, whereas the partially damped co
ponents, with TKE>29 MeV and fragments withZ56 to 17
were fitted with Eq.~4!. In these cases, the cross sectio
corresponding to the constant term in Eq.~4! accounted for
only a few percent of the total yields. Table I reports t
angle-integrated cross section and kinetic energy values
both fully damped components and partially damped com
nents for fragments withZ53 to Z516.

Figure 10, presents the total measured yields for fr
ments withZ53 to Z525, the dashed-line histograms co
respond to the fully damped cross sections forZ53 to Z
517 fragments obtained by extrapolating the experime
distribution over the complete angular range. For the sak
completeness, the figure also shows the contribution from
complete-fusion process~full line histogram!. The excess
yield aroundZ516–17 can be imputed to quasielastic a
partially damped processes.

V. TRANSITION-STATE CALCULATIONS

Although neutron, proton, anda-particle emissions are
the dominant particle-decay modes for compound nucle
formed in the fusion reactions of low-mass systems, bin
fission is also a possible process@17#. For lighter systems
that are below the Businaro-Gallone limit, the fission barri
are such as to favor the breakup of the compound nuc
into asymmetric-mass channels. For these systems, l
to
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or
-

-

al
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e
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particle emissions can be thought of as one extreme of
fission mass distribution@46#. Fission to the more
symmetric-mass binary channels tends to be restricted
these systems to partial waves near to the critical ang
momentum for fusionl cr . Calculations using the transition
state model, where the fission decay width is determined
the density of states at the saddle point, have been foun
successfully reproduce the observed fission cross section
system of massA'100 @47# and lighter @17#, when the
saddle-point energy is calculated for different mass asym
tries and spins using the finite-range model~see, e.g., Ref.
@48#!. Binary fragment production is also predicted by t
extended Hauser-Feshbach method~EHFM! @49#, where the
partial decay widths are determined by the available ph
space at the scission, rather than the saddle, configura
This method has been successfully used to explain the yi

FIG. 10. Measured totalZ distribution~full circles!. ForZ53 to
Z517, the dashed line histogram is the contribution of the fu
damped component obtained by integration of the isotropic com
nent of ds/dQc.m.. The full-line histogram represents the expe
mental complete fusion-evaporationZ distribution. The excess
yield observed aroundZ516 is due to important contribution from
quasielastic or partially damped collisions~see text!.
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of both evaporation residues and intermediate mass f
ments, as well as the kinetic energies of the heavier fr
ments.

Since the saddle-point shape in this mass region co
sponds to having two touching spheroids in an elonga
configuration, any process that leads to the formation o
long-lived, dinuclear orbiting system of similar deformatio
is likely to result in angular and excitation energy distrib
tions that are indistinguishable from those of a fusion-fiss
mechanism. The most unambiguous way to distinguish
tween the fusion-fission and long-lived orbiting mechanis
in light systems is to establish an entrance channel de
dence of the fully energy-damped yields that cannot be
counted for by differences in the expected compou
nucleus spin distribution. Such studies have not been d
for the present system. Based on the number of open c
nels systematics of Becket al. @9#, however, a significan
orbiting yield is not expected for the present reaction a
consequently, in the following we will assume a fusio
fission origin for these yields.

In the present analysis, the formulation of Ref.@17#, with
its basic-parameter values, is used to calculate the m
dependent yields and kinetic energies for the fission fr
ments. This calculation uses the spin and mass-asymm
dependent saddle-point energies of the finite-range m
@48# to determine the transition-point phase space.

In light systems the saddle- and scission-point configu
tions are believed to be similar. Therefore, the geometry
the two fragments at scission is based on the calcula
saddle-point configuration of the finite-range model.

The total kinetic energy in the exit channel is assumed
be

TKE5VC1VN1
\2Lout~Lout11!

2Imrel

with

Lout5
Imrel

Imtot
Jtot

and

Imtot5Imrel1Im31Im4 ,

where VC and VN are the Coulomb and nuclear energie
respectively. Imrel is the relative moment of inertia and Im3
and Im4 are the moment of inertia of fragments 3 and
respectively.

The diffuse cutoff model@34# was used to determine th
fusion partial cross section distribution, with the diffusene
and critical angular momentum for fusion taken asD51\
and l cr538\, respectively, as assumed for the evaporat
residue analysis presented earlier. The ratio of the fiss
decay widthG f to the total decay width of the compoun
nucleus,G tot , was determined using the statistical mod
with

G tot5Gn1Ga1Gp1G f ,

and
g-
g-

e-
d
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,

G f5 (
AL56

ACN/2

(
ZL5AL/222

ACN/212

G f~ZL ,AL!, ~5!

whereG f(AL ,ZL) is the decay width for the channel spec
fied by the lighter fragment of chargeZL and massAL . The
branching ratios and fission cross sections are calculated
ing energy-integrated widths for compound-nucleus dec
~See Ref.@17# for a more complete discussion!.

Since it is possible that fission events will leave the
sulting fragments at excitation energies above their parti
emission thresholds, secondary light-particle emission
affect the mass and energy distributions of the observed f
ments. In order to make a realistic comparison of t
transition-state model calculations to the experimental
sults, this secondary light-particle emission has been si
lated by using the binary decay option of theLILITA code
@33#. The cross sections for the primary mass distributi
obtained from the transition-state model calculations, h
been taken as input data. In each fission exit channe
Gaussian distribution was assumed for the total kinetic
ergy distribution, with the peak of the distribution obtaine
using the double spheroid model and the standard devia
taken as 21% of the average value. The total excitation
ergy was divided between the two fragments assuming e
temperatures.

Comparisons of transition-state model predictions w
the experimental cross sections are shown in Fig. 11 for
Z-fragment yields in the range 3<Z<25. For 3<Z<17
only the cross sections based on the fully damped yields
shown. For 18<Z<25 the CF experimental yields are re
ported. It is worth noting the large shift to lower values th
the evaporation process produces in the final fragme
distribution with respect to the primary one. Good over
agreement is found between the experimental results and
transition-state calculations. The calculated fission cross
tion is 145 mb whereas the corresponding isotropic exp
mental cross section of 168630 mb.

FIG. 11. Measured elemental distribution~full circles! for CF
and completely damped processes. The open squares~scaled down
by a factor 0.1! are the fission yields predicted by the FF mod
before evaporation. The crosses are the fission yields~also scaled
down by a factor of 0.1! after evaporation~using the codeLILITA !.
The calculatedZ distribution for evaporation residue~as given by
LILITA ! and fission fragments~as given by the FF model afte
evaporation! is shown by the full line histogram in very good agre
ment with the data.
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The calculated and experimental c.m. total kinetic en
gies of the fragments are compared in Fig. 12. T
transition-state model calculations corrected for evapora
are generally in good agreement with the measured kin
energies. Then the overall agreement suggests that the
damped yields be ascribed to the fusion-fission process.

VI. LIMITS TO THE 59Cu COMPOUND NUCLEUS
FORMATION

The energy dependence of the total fusion cross sec
can yield important information about the limits of ener
and spin that can be sustained by nuclear systems. Fu
cross sections for the35Cl1 24Mg ~present work and Ref
@20#!, 19F1 40Ca @22#, and 32S1 27Al @22–27# reactions are
shown in Fig. 13 as functions ofVC /Ec.m.. The Coulomb
barrier energy VC is taken as

VC51.44
Z1Z2

RB
S 12

0.63

RB
D , ~6!

with

RB51.07~Ap
1/31At

1/3!12.73 ~ fm!.

Ap andAt are the projectile and target mass, respectively
atomic mass units, andRB is the barrier radius. Each of thes
reactions populate the59Cu compound nucleus. The energ
dependence of the total reaction cross section, based on
tical model calculations for the35Cl1 24Mg system~see cap-
tion of Fig. 1!, is shown by the long-dashed line in Fig. 1
At energies near and somewhat above the barrier,VC /Ec.m.
>0.6 ~region I!, the fusion cross section is close to the to
reaction cross section, except for small departures that re
from quasielastic processes. In the range 0.3<VC /Ec.m.
<0.6 ~region II! the fusion cross section initially continue
to increase with incident projectile energies, though a
lower rate, and then reaches a saturation point. Compe
with fusion, in this energy range, are deep-inelastic proce
that are strongly dependent on the entrance-channel m
asymmetry. Region II can be described in terms of the c

FIG. 12. Average total kinetic energies of the fragments
completely damped processes as a function of their chargeZ. Ex-
perimental values@crosses with error bars are compared with t
fusion-fission model predictions: before evaporation~open dia-
monds!, after correction for evaporation~open squares!#.
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cal distance model@49# or by dynamical trajectories based o
friction models. Estimations of the Bass model@50# for dis-
appearance of pocket in the ion-ion potential (l fus'38\),
and for the critical angular momentum value (l crit555\)
rather overestimate the experimental data~see in Fig. 13 the
intersection of Bass region II and region III lines!.

At higher energies, VC/Ec.m.<0.3 ~region III! incomplete
fusion processes can be seen for all three systems, beco
more important with increasing entrance-channel m
asymmetry. In this higher energy region, a strong fiss
component can be assumed for the35Cl1 24Mg reaction
which should be taken into account when determining
complete fusion cross section. However, no fission data
at present available for the two other entrance chann
which makes interesting the question of how this proc
might influence the fusion cross sections deduced for th
systems. On the other hand, although there is some dis
sion in the experimental data for the different systems, i
clear that the complete fusion cross sections decrease
increasing energies in region III, suggesting that a comm
limit is reached for the formation of the59Cu compound
system. Also, this limit appears to be independent of
specific entrance channel. In Fig. 14, the same data
shown in a plot where the excitation energy of the compou
nucleusE* is shown as a function of the critical angula
momentum of the compound nucleus, as extracted from
data using the sharp cutoff approximation.

The saturation value found for the critical angular m
mentum,Jcr'4263.5\, is consistent with the value at whic
the fission barrier of the59Cu compound nucleus vanishes,

r

FIG. 13. Fusion excitation functions versus VC/Ec.m. for differ-
ent reactions leading to the same compound nucleus69Cu. Com-
plete fusion component~full circles! and complete plus incomplet
~open circles! fusion for the19F140Ca reaction@22#. Complete fu-
sion ~open triangles@22#, full diamonds @23#, crosses@24#, full
square@25#, open squares@26#! and complete plus incomplete fu
sion ~inverted open triangles! for the 32S127Al reaction@27#. Com-
plete fusion-evaporation~diamonds@20#, 1 , present work! and
total ~1, present work! complete fusion~fusion-evaporation and
fission! for the 35Cl124Mg reaction. The total reaction cross se
tion, calculated with the optical model codePTOLEMY for the reac-
tion 35Cl124Mg is indicated by the long-dashed line. The thr
intersecting straight lines represent region I, and Bass estimat
for region II and region III, respectively.
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calculated by the Sierk model@48# and shown as a dashe
line in the figure. Similar behavior has been observed
reactions leading to lighter compound nuclei such as40Ca
@51#, 47V @8#, 56Ni @52,53#, and 68Se @54#, and is in agree-
ment with the systematics of Beck and Szanto de Tol
@55#.

VII. SUMMARY AND CONCLUSIONS

The properties of fusion and competing binary mec
nisms have been investigated by the35Cl1 24Mg reaction in
the region III at an incident beam energy Elab.282 MeV, by
measuring the inclusive energy spectra and angular distr
tions of the emitted fragments which have been identified
charge. The ratio of the incomplete fusion to the compl
fusion contributionss ICF /sCF'0.05 to 0.10, has the sam
value that those found for the32S1 27Al reaction at similar
bombarding energies, and therefore consistent with the
tematics of Morgensternet al. @10#.

FIG. 14. Excitation energyE* versus experimental critical an
gular momenta for the59Cu CN. TheJcr values were extracted from
the measured32S127Al, 19F140Ca, and 35Cl124Mg excitation
functions~see text!. The symbols represent the same measurem
as in Fig. 13. The dashed line represents the disappearance o
fission barrier. The full line is the statistical yrast lin
given by @56,49#: E* 5Ec.m.1DQ5@J(J11)\2#/2I , with I

5(2/5)R0ACN
5/3 , DQ510 MeV, andR051.2 fm.
er
T.

B

r

o

-

u-
n
e
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In the binary-decay elemental distributions the general
elastic contribution evolves from quasielastic to full ener
damping as the charges of fragments are more and m
remote from target and projectileZ values.

The partially damped exit channels show both project
like and targetlike components, with a decay time mu
shorter than the rotation time (0.03<t1 /T<0.20). The total
amount of these processes~sum of the fragment contribu
tions up toZ516) can be evaluated to be'335 mb. The
fully damped components of energy spectra can be ass
ated with decay times which are longer than the rotat
time, therefore exhibiting their clear long-lived nuclear o
gin. These components, of constantds/dQ angular distribu-
tions, have elemental cross sections and total kinetic ener
~corrected for secondary light-particle evaporation! which
are well reproduced by the transition state model of R
@17#. The total cross section for this component is found
be sFF'168 mb. An alternative explanation for these ful
damped yields in terms of a dinucleus orbiting mechani
cannot be discounted, although there is no compelling e
dence for this alternative based on the observed systema
The other binary-decay mechanisms which compete stron
with fusion evaporation ('600 mb!, or with fusion followed
by evaporation or fission ('768 mb!, are the discussed
damped processes ('335 mb!, the incomplete fusion proces
('60 mb!, and a quasielastic mechanism, which could n
be evaluated with the current experiment. Although w
some dispersion, the experimental data clearly indicat
saturation effect in region III which corresponds to a co
mon angular-momentum limitation reached for the format
of the 59Cu compound system.

Based on the present results, it would now be interes
to revisit the previously measured32S127Al and 19F140Ca
systems to more clearly establish the compound nucleus
gin of the fully energy damped, binary decay yields. Th
would also help to establish the significance of the obser
scatter in total fusion cross sections for the three system
higher energies.
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