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Fusion and binary-decay mechanisms in the*>Cl+ 2*Mg system atE/A~8 MeV
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Compound-nucleus fusion and binary-reaction mechanisms have been investigated®fai #+@Mg sys-
tem at an incident beam energy of = 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[S0556-28188)02302-4

PACS numbegps): 25.70-z

[. INTRODUCTION regions Il and Ill. Heavy-ion resonances and orbiting mecha-
nisms have been shown to compete with fusion for the inci-
In recent years heavy-ion induced reactions, involving in-dent flux in region II[9], at least in some systems.
termediate mass systems as light ag /A 60 at bombarding In the incomplete fusion procestCF) only part of the
energies<10 MeV/nucleon, have been studied for variousentrance channel mass is incorporated into the resulting com-
targettprojectile combinations over a wide energy rangepound system. While this process is insignificant at lower
[1-8]. Near the Coulomb barriefregion I, the complete energies[10,11], it can quickly rise at higher energies in
fusion (CF) process is the dominant reaction mechanism. Atregion Ill, leading to a large reduction of the complete fusion
higher energiegregion Il), however, this process is limited cross sectiof10].
by the contributions of other, competing processes such as Classical trajectory models that include consideration of
quasielastic and deep-inelastic collisioBIC). The CF frictional forces and the effects of thermal fluctuations, can
cross section is still increasing with energy, but at a muctbe used to predict observables such as the mean values and
slower rate than in region I. At even higher enerdiegion  widths of the mass, charge and energy flow in damped, deep-
[11) the general instability of the composite system leads to @nelastic collisiong12,13. By the Langevin methodLM),
decreasing CF cross section with increasing beam energgnd on the basis of the surface friction model of H&#],
Strong competition between fusion and other dampedor instance, it is further possible to model the competition
mechanisms characterize regions Il and Ill. The present medetween fusion and DIC mechanisms by introducing
surement, which has been performed at an incident energgmperature-dependent coefficients for the radial, tangential
corresponding to region Ill for the complete-fusion cross secand deformation friction contributions, respectively. How-
tions, is designed to further study the competing reactiorever, the determination of these coefficients to the precision
mechanisms at higher energies. Several competing mechaeeded to reproduce the fluctuations around dynamical cen-
nisms have been suggested to absorb the reaction flux tnal values has only been accomplished for a few cases. More
experiments are needed where the excitation functions for
fusion and DIC are measured simultaneously for a given
*Also at Department of Chemistry, University of Rochester, nuclear system.

Rochester, New York 14627. The present measurement is part of a more general experi-
TPermanent address: Faculies Sciences, Universitee Nice, —mental program devoted to the study of the limits of com-
F-06034 Nice, France. pound nucleus formation by measuring the macroscopic ob-
*Permanent address: Faduites Sciences, Universitdassan II,  servables related to the formation and decay of a single
Casablanca, Maroc. nuclear system through several different entrance channels.
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Within the LM method a limit is reached when a given some information on the possible occurrence of three-body
trajectory starts to be captured in the pocket of the ion-iorbreakup processes.
potential. At this point there is no further information that
can be determined for the dynamical trajectofiEs, 16, and Il. EXPERIMENTAL PROCEDURE
the two interacting nuclei can be thought to form a dinuclear

system(DNC), from which they can either fuse into a fully A
o Accelerator Tandem Facility. A°Cl pulsed bean{charge
librat d I N f th

equilibrated compound nucleu€N, or escape from the state Z=14") accelerated to an energy,,5=282.4 MeV

ion-ion potential well, producing a damped orbiting process. .
The decay properties of the binary fragments produced agas focussed onto a self-supporting rollétiAg target, lo-

> e Cated h a 2 mdiameter scattering chamber. TA#g foils,
a conseqguence of the fission after fusj@] or after scission . . - .
. L ; of 99.9% isotopic enrichment, had areal densities of-3302
of a long-lived orbiting dinuclear systefi8] have been de-

i ” ) . 255+ 2 2 ively. The ti f th
scribed in the literature on the basis of the phase-space coand 5520 pgfem’, respectively. The time structure of the

. X : ) . ulsed beam had a period of 37 ns. The beam current was
figurations at the saddle point of the intermediate system. Waried from a few nA to<20 nA depending on the positions
has been found to be difficult to experimentally distinguish '

o - A of the detectors and the corresponding counting rates. Car-
between the fission and orbiting mechanisms as both are e, and oxygen contaminants were experimentally estimated
pe_c'Fed to give very similar behavigl9]. A fu_S|on-f|55|on_ at<10 ug/cm? each, usig a 2 MeV a-beam backscattering
origin has. been sugge_sted for fully dam!oed yields assoCIatq@Chnique_ Heavy fragmentZ € 13—-26 were detected by a
with reactions populating th&Ni [1], **Ni [2], and*"V [3]  Bragg-curve ionization chambéBIC) filled with CF4 gas at
compound nuclei. On the other hand, similar binary yieldsa pressure of 150 Torr in the 3° to 12° angular range with a
observed for certain lighter systems have been alternatively° step increment. Four small gas-ionization chambers, at a
explained in terms of a statistical dinucleus orbiting modelpressure of 51 Torr of CF4 gas, followed by silicBrdetec-
[4-6]. tors, were used to detect fragments with-3 to Z=26 in

This paper reports on the results of both the fusionthe 10°-90° angular range with a 2° step. An additional
evaporation and binary fragmeffusion-fission and DIC gas-silicon telescope was located at a fixed position, 10°
cross sections for the®®Cl+2*Mg reaction at E,,=282  with respect to the beam as a monitor. The beam current was
MeV, obtained by inclusive energy and angular distributionmeasured in a Faraday cup and integrated. To correct for
measurements as functions of the nuclear charge of the déarbon contamination, measurements were also made at the
tected fragments. Previously, this reaction has been studieghme detector angles and with comparable beam conditions
only at lower energief20] and only a few results have been Using a 100ug/cm? thick, self-supporting, carbon foil as a
published[21]. However, the composite system reached bytarget[30]. Absolute cross sections were determmeg by mea-
this reaction®®Cu has been extensively investigated in fusionSuring the elastic scattering of 282*Cl ions from the®*Mg
regions Il and 11l by the'F+ “°Ca[22] and 32S+ 2’Al reac-  target atf)ap=3°-16° and comparing with the elastic scat-
tions [22—-27. These previous measurements have showferng predictions. The op.tlcal model analy3|§ of the experi-
pronounced entrance-channel effects for the relative contrinental data performed with the coégoLEmY is shown in
butions of DIC and the ICF process. However, fission yieldFig- 1. This calculation was made using the parameigys
measurements were lacking. It is then also interesting tg=2-1 MeV, rg=1.46 fm, ag=0.5 fm, W;=9.3 MeV, r,
study the formation of the san®Cu nucleus in conditions =13 fm,a,=0.42 fm for the real and imaginary parts of the
of an intermediate entrance-channel mass asymmetry.  Potential, respectively, and a Coulomb radius parameger

Complementary information concerning the mean excita= 1.2 fm. These parameter values have been extrapolated
tion energies and average angular momenta of binaryrom the low-energy data of Ref31]. _ _
fragments from the®Cu intermediate system formed by the Taking into account the uncertainties associated with all

based on in- and out-of-plane angular correlations betweeHted to the absolute values of the differential cross sections

light particles and heavy fragmerita8]. repo_rted in this paper. unble differential cross sections de-
In the next section, the experimental procedure is deIerm|.ned. from the experiment ha\_/e been correcte.d for the
scribed. In Sec. lll, the fusion-evaporation yields are givercontribution of the carbon contaminant by subtracting from
and discussed. The properties of the binary fragments arf@e measured cross sections the component
presented in Sec. IV. In Sec. V, the compound-nucleus- 2 9
decay models used to discuss the data are briefly introduced, ( d°e ) :( d°o ) tCﬂt 1)
co

The experiment was performed by the Saclay Post-

and comparisons of the binary fragment experimental results dedE dedE
with the predictions from the fission transition-state model

are presented. In Sec. VI, the present data are discussedimere @20/d®dE). is the cross section determined for the
the context of previously reported results and used to exploreeaction 3°Cl+ 1%C [30], t., is the carbon-target thickness
how different competing mechanisms lead to limitations inand t.,,, the carbon contamination on th&Mg target.

the formation of the’®Cu compound nucleus. Finally, a sum- These corrections are genera#yl0%. However, because of
mary of the main results and conclusions are given in Sedheir very different kinematics, reactions induced on the car-
VII. A recent paper has presented the preliminary resultbon contaminant can contribute significantly to the yield of
obtained from the fragment-fragment angular correlatiorsome fragments at particular angles and energy ranges. The
measurements performed af,=278.4 MeV [29], which  energy calibrations of the BIC detector and of the gas-silicon
confirm well the main conclusions of this work and providestelescopes were determined by measuring the peak positions

c tearb
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FIG. 2. Energy spectra of fragments with-24—16, measured
1076 |— | | | | — at 6,,,=7°. To provide a more sensitive view of the results, data
ol L '5' = '10' = '15' = '20' = '25 size forz=20, 19, 18 andZ=17 have been scaled by the factors
indicated in the figure. The arrow positions indicate the expected
Ol ( degrees ) centroid values from Eq(3). ER spectra CF+ICF contributiong
FIG. 1. Comparison of the experimental angular distribution for?j:jﬁ:zti?s?gggﬁzﬂgritrztésr::(;iltgn V(\)/ﬁ;lzcgjetoarze:lri(él;c?t:: Il:():yFthe

e!as_tlc scatterlr?g to Rutherford con_trlt_)utlon, to optlcal model pre'(:omponent is indicated by the dashed-histograms for fragments
dictions. Experimental values are indicated by diamond symbols.

Calculations have been performed with the cedeLEMmy. with 2=21102=18.

with those expected from the full momentum transfer kine-

matics.

For complete fusion events, the light particles are emitted

the rest frame of the recoiling nucleus, with angular dis-

tributions symmetric around 90° and with Maxwellian en-
rgy spectra. If, in addition, the angular distributions are as-

of the elastically scattered®Cl nuclei from a 400ug/cm?
thick, gold target and using the known kinematics for this
reaction. In the energy calibration procedure, corrections fo[n
energy losses in thé*Mg target(in the half-thickness ap-
proximation and with exception of heaviest residues, se
laten), and for energy losses of the fragments passing throug : :

the Mylar windows of the BIC and the IC were included. esgpeodra':%gbrees:xggpé;’n Lheegxg:gsseen@g%y spectraof the
Pulse-height-defect corrections for the Si detectors were
taken into account using the procedure give3g].

d’c | K(2Egp'?
deEER N M:é/'%

I1l. FUSION-EVAPORATION CROSS SECTIONS
12 112

The dominant mechanism by which the compound system X e~ Ecnsi flap/sMeng ~ (Egr=Ec) s Men,
deexcites in this reaction, at least for lower spin values, is )
through the emission of light particles. Cross sections for the
evaporation residues arising from both the complete fusionvhereEgr and Mg are the kinetic energy and the mass of
and possibly by incomplete fusion processes were thereforgie evaporating fragment, respectivelygy is the kinetic
determined. Energy spectra obtaineddgi=7° are shown energy of the compound systei,is a normalization factor,
in Fig. 2. The bell-shaped patterns characteristic of evaporaand s is the standard deviation parameter of the Gaussian
tion residues can be seen f@r=24 to Z=21 fragments. velocity distribution of the recoiling residues. Fiteg, the
These data are compared to statistical-model calculationmiean values of isotope mass-distributions calculated by
with the codeLiLITA [33]. LILITA, have been assumed.

In making the comparison with model calculations it is  The E. term is given by
important to account for fragment energy losses in the target.
For the heavier fragments these losses can amount to 7 MeV,
as compared to &°Cl incident beam energy loss of only 2.6
MeV. The calculated spectra in Fig. 2 were obtained by con-
sidering the reaction as occurring in a stack of twenty thin-If the Egg energies are large compared with # ¢ term,
“targets” with a total thickness equivalent to the actual then the energy variation resulting from tEé/F% term can be
24Mg target used in the experiment. TheiTA spectra were neglected compared to that arising from the exponential term
calculated for each of the twenty “targets” and then cor-and the resulting energy spectra predicted by &).are
rected for the energy loss through the remaining targets. Theentered at the energies given by E8). The experimental
final, “degraded” LILITA spectrum was then obtained by a observation of energy spectra centered at these energies is
convolution of the twenty constituent spectra. This procedur¢hen a signature of full momentum transfer. Equatié®)s
allows one to compare the experimenifresidue spectra and (3) are no longer exact if the angular distributions of

_ MegrEcn

EC_ MCN C0320|ab. (3)
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evaporated particles are anisotropic, however departures =0
from Eq.(2) are expected to be relatively small, especially in
reverse kinematics conditions. In the present case, th€3Eq.
values are found to be lower than residue energy spectrum
centroids calculated by theLiTa code with anisotropic an-
gular distributions by only 1 to 1.5 %. Then, for the present
reaction, the centroid energies obtained using Bjare a
good measure of the extent to which incomplete momentum-
transfer processes occur.

In Fig. 2, the predicted centroids from E@) are shown
by arrows. The excellent agreement with the observed cen- &
troids indicates that there is no appreciable contribution of
incomplete fusion processes for fragments withsZ2<24. 0
For instance, if a preequilibrium particle was “lost” in the
reaction by either the projectile or target before the fusion
process occurs, centroid energy shifts -ef-14 or ~10 FIG. 3. Energy spectra af=20 fragments , measured 6,

MeV, respectively, would be expected. Since no shift was=4°, 7°, 13°, and 15°, respectively. Thig,=4° spectrum exhib-
found, these fragment yields have been ascribed to the conits a large energy threshold due to the identification energy-limit of
plete fusion mechanism. It should also be noted that théhe Bragg detector used for most forward angles. Diamond symbols
LILITA calculations reproduce quite well both the energy cenand histograms indicate the CF and the ICF contributions, respec-
troid and the shape of the experimental spectra for thesévely.

fragments. This justifies using these calculations to discrimi-

nate between the complete fusion process and other reacti@=18 and 19 fragments, are reported both the experimental
mechanisms. total yields, and the “extracted” CF and ICF contributions.

A departure from the bell-shaped behavior is clearly seefFor the projectilelikeZ=16 and 17 fragments, the spectra
for the fragments wittZ =20 and, to a lesser extent, also for become dominated by quasielastic and deep-inelastic scatter-
Z=21. The deviation from the compound-nucleus evaporaing contributions.
tion behavior becomes very large for fragments vidts 19, Evaporation-residue cross sections from complete fusion
indicating that faster mechanisms other than complete fusiowere determined by integration of associated angular distri-
are contributing to these yieldsee below. quasielastic and butions. In few cases where identification thresholds at the
deep-inelastic processes. most forwards angles prevented the use of the experimental

Evaporation-residue cross sections of complete fusiomlata,LILITA calculations, after normalization to the experi-
were generally determined for fragments with-21, by in-  mental data at a larger angles, were used to extrapolate the
tegration of experimental angular spectra. Bp<3°, and  angular distributions down to 0°. Evaporation residues from
only in a few cases where identification thresholds preventethcomplete fusion were determined in the same manner. The
the use of experimental datas at most forward angles for complete fusion-evaporation cross section amounts to 600
Z=24),LILITA calculations were used to extrapolate the an-+105 mb, whereas the incomplete fusion evaporation
gular distribution after normalization to the experimentalamounts to 6& 30 mb. Thus, the total evaporation residue
data at a larger angle. cross section is found to be 66A10 mb.

To better fit the energy spectra of $& <21 residues, at The complete-fusion evaporation-residue cross sections,
least at the most forward angles, it was necessary to introsbtained by integrating the angular distributions for the dif-
duce a contribution from an incomplete fusion process charferent charge channels, after subtraction of the estimated ICF
acterized by a loss of mass f8 amu from the target. This contribution, are shown in Fig. 5 by the full circles. Com-
effect was simulated by calculating evaporation-residugared to these experimental results are cross sections calcu-
spectra from the reactiod°Cl+ 60 using theLiLITA code lated using the.iLiTA and cASCADE [34] codes: For these
and assuming a critical angular momentum of 2Bor those  calculations, the diffuse cutoff approximation was assumed
spectra where a centroid shift was evident, the heights ofor the entrance-channel transmission coeffici¢Bd¢, tak-
both the complete- and incomplete-fusion components wergng the critical angular momentum for fusion hs= 38%
adjusted simultaneously in order to obtain the best overaland a diffuseness a = 1#, extracted from the total mea-
reproduction of the data. The decompositions in the CF andured fusion-evaporation cross section. Known low-lying
ICF contributions are shown in Fig. 2 and also in Fig. 3 forstates were used to determine the fragment level densities at
Z=20 residues detected at four different angles. Zerl9 low excitation energy. As seen in the figure, both calcula-
and Z=18 residues the presence of deep-inelastic compaions show an upward shift i@ values ofAZ~2 with re-
nents increased the difficulty of separating the various reacspect to experimental values. It has been suggested that this
tion components. shift may be due, to some extent, to the effects of deforma-

Experimental angular distributions including all mecha-tion in the evaporating syste(see, i.e., Refd.23,35)).
nism contributions are shown in Fig. 4 for fragments with  Taking deformation into account, however, represents a
16<Z<24. ForZ=22 to Z=24 residues, total yields are
attributed to the CF process and compared withra cal-
culations. For residues witd=18 to Z=21, contributions 1Se€[20], and references therein for light-particle optical potential
from the CF and ICF processes have been separated. For thed level density parameters.

/dwdE  ( rel. units)

2
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evaporation elemental distributioffsill circles) and the predictions

FIG. 4. Angular distributions of fragments with=24 to Z £ th d istical-model cod E hi
=16. The plus symbols are experimental data including all contri0f the LILITA and CASCADE statistical-model codes. Empty histo-

butions. For fragments witli=24 to Z=22 total yields are attrib- 9rams are foiLiTA : small width for standard parameter calcula-

uted to the CF process and are compared with the correspondintgons[%]_; large width, V\_/hgn deformation” of evaporatlng nu<_:Ie|
LiLITA calculations(histograms For fragments withz=21 andZ IS taken into account, Slmllarly_for thensCADE cod_e. hatched h_|s-
=20 the experimental yields are attributed to the fusion processe‘t‘ggr‘""mS fpr ftandard calculayorﬁ§4], and full-histograms with
(CF+ICF). For Z=19 andZ=18 the fusion contributions have deformation” effects, respectively.

been extracted from total yields as indicated by diamond symbol
joined by dashed lines. For fragments wtk- 21 toZ=18 the ICF
contributions are shown by squared symbols.

?or the ICF contributions together with correspondimgTA
calculations. When performing these statistical model calcu-
lations, a total ICF cross section 6=60 mb was assumed.

difficult task. Different procedures have been debated in the
literature in connection with fitting of proton and spectra

[36-41. Due to the lack of experimental transmission coef- g, fragments such that €Z=<17), the energy spectra
ficients for emission of light particles from hot deformed 40 o longer consistent with the behavior expected for
nuclei and limitations of available multistep evaporatingheayy residues arising from a fusion-evaporation process.
code for deformed nuclei, this problem is still open and therpese nuclei are mainly the remnants of quasiprojectile or
object of investigation$42,43. o quasitarget fragments from binary reactions. They may also
A simple, although schematic, way of taking into accountegy|t in part from a fusion-fission process as we will show

deformation effects is to increase the potential radius in caliaier |n this case, the corresponding cross section should be
culating the transmission coefficients for deformed nucleiyqqed to the fusion cross section.

and also to increase the moment of inertia radius parameters Figure 7 shows the double differential cross section
used in determin_ing the available phase space_for light frag(dzo/d(ac_m.d E...) contours, as a function of total kinetic
ment qle<_:ay. This proce_dure has been used_ln the preseé\tiergy(TKE) and angled ., in the center-of-mass system,
analysis in order to take into _account dgformatlon eff(_acts; afor 5=7<16 fragments. The data exhibit a large range of
a matter of fact the deformation could, in our case, simulat§;netic energies and angular distributions which are strongly

a similar effect as the ICF mechanism in the residue Chargﬁepending on both energy and fragm&ntalue. The angular
distribution. )

Data reported in literature for this mass region and lower 50
excitation energy36], indicate the need to increase the po-
tential radiusr by 10 to 25 % and to introduce an angular .

IV. BINARY FRAGMENTS

momentum dependent yrast line in the fitting procedure of 3 40

evaporation spectra, with a moment of inertia givenlby £

=1o(1+def)®+defs)*). The ranges for the related param- & 30

eters are abouty  py=1.15 to 1.28, defl to 3.2<10°*  §

and defs=0 to 20< 10"8, respectively. Based on the results 3 20

obtained at higher excitation energy for the safi€u ; T

nucleus by fragment-light particle coincidence measurement:g

[28], r=ry1.10 andrgy py=1.28 and def3.2x10 % and 10

defs=16x 10 8 have been here assumed in thescADE
calculations and =r;1.10 andrg | py=1.28 in theLiLITA

LI | LU | T 1T 1T | T T 1T | LI
—
11 (1 | 1111 | 1111 | 1111 | 1111

-+

-
[ex]

18

20

22

24

n
(o]

calculations. The resulting charge distributions are shown in
Fig. 5, indicating a better agreement between data and theo-
retical calculations.

Figure 6 reports the evaporation-residdedistributions

Z

FIG. 6. Comparisons between the ICF experimental dfath
squaresandLILITA code calculations.
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FIG. 7. Contour plots of double differential cross sections ver-
sus TKE and® ,, for fragments with Z16 to Z=5.

50 100 150 o
FIG. 9. The same as in Fig. 8, fd=6 to Z=12. The fully and

the partially damped components are reported on the left and right
sides, respectively. Energies up to 25—-30 MeV have been consid-
ered for fully damped components and energies from 25-30 MeV
up to the largest energies for the partially damped ones.

distributions show generally an ini_tialdfa/d@cl_declm) the angular distributions are almost flat. For fragments with
constancy at low energy, which is progressively lost at; _ 1310 16, a forward-peaked and partially damped compo-

higher energies. In order to extract more detailed mformahem (projectilelike componentis present together with a

tion, each map has been divided in 5-MeV wide eNer9¥second, angle independent component. The former becomes

slices and separate angular distributions generated for ea%ry small at energies higher than29 MeV. For fragments
slice. In some cases a single component dominates the enti\gﬁth Z=6 to 12, as shown in Fig. 9, a c.omponent with a
inetic energy range. This is. seen in Fig. 8 for t.he Iightconstant Cross s’ection can be seen 'up to 25-30 Mefv
fragments withZ=3 to 5. In this figure the contributions of side of figure, whereas for higher energies, anisotropic com-

alltefnergy sI;cetz Tit\r/]e tl)(gent'summec_i. One ff'nl?s ;or thecli'ghEonents are also present. Ebe 6 to Z= 10, the anisotropic
est iragments that the kinetic energies are iully damped an omponents are backward peakédrgetlike component

For fragments wittz=11 andZ= 12, both projectilelike and

T T T LI LI TT T T TT LI T TT 1]

E | | | Ex, | | | 3 targetlike components are present, indicating a net transfer of
T CX ] nucleons from both target to projectile and vice versa.
5 10 = — The energy dependence of the angular distributions
= 7 - 5 [ 63 clearly indicate different reaction times, not only for differ-
:? 10— L& ] ent fragment pairs, but also for same pair at different net
2 £ s s S 3 energy loss. The decay time estimates for a surface reaction
S r 57 can be deduced from the angular distribution analysis using a

g 10&- . = —= simple Regge-Pole model described in Rd#]. This analy-

e f—;:%%&%%%&%%@%@— 4F 47 sis leads, however, to almost flat distributions for decay
® 1ok L ] times comparable to the rotation time of the dinuclear sys-
o 10% — —bRmAngm 0. 3 E E .
~F o ovPa & 3 tem. In cases where there are both long- and short-lived re-
S F —W¢ 137 action components, the Regge model can be modified by the
| SR I RIS AP =i I I addition of a constant terrh to account for the long-lived

0 50 100 150 0 50 100 150 component:

®.m (deg)
FIG. 8. Angular distributionglo/d® . ,, for fragments withZ do :k[ef@)c_m_lwq e*(277*®c_m_)/wf]+h. (4)
=3,4 andZ=5, (left side; andZ=13, 14, 15, and 1Gright side, dO¢m.

as a function o®,. ForZ=13t0Z=16 and®. ,,<18.5°(graz- ) ) ] )
ing value, data are mainly due to the positive angteear-side  Here,w is the rotational frequency andis the decay time of
contributions. Curves are fits to the data as described in the text. the dinuclear system. The rotational energy and the angular
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TABLE I. Binary fragment cross sections and average c.m. kinetic energies, fo(bdtily damped and

737

(b) partially damped, components. Cross section values are obtained by integration of angular distributions

reported in Figs. 8 and 9. The kinetic energies, TKE values, are given in MeV. The decay-fiama$r, are

reported in units of the rotation tiniB~1.6x 10"2! s (see text

4 o, (Mb) oy, (Mb) (TKE) 3 (TKE) ) T Tl T

3 7.2+15 15.5-2

4 5.9+0.9 20.0:2

5 9.7+3.0 22.5-2

6 26.9-4.4 10.4-1.8 21.0-2 28+2 0.19+05
7 14.3-2.5 7.0:1.2 22.0:2 32+2 0.16x3%2
8 17.2+3.2 9.3:1.6 22.0:2 31+3 0.14+053
9 8.5+1.4 5.2£0.9 22.0:2 31+3 0.12+3%
10 15.2-1.8 8.5-1.4 22.0:2 31+3 0.10+553
11 14.1-2.5 7.651.3 24.0-2 33+2  0.04+5%2  0.07=39%
12 26.6-4.8 10.0-:1.5 22.0-2 332 003592 0.07=3%
13 8.8-1.8 26.6-4.2 22.0r2 30£2  0.080%

14 14.0-2.8 61.3-12.0  21.6:2 28+2  0.08+5%2

15 8.0:1.6 57.6:10.0  19.0-2 40+3  0.05-5%2

16 20.0:4.0 130.0:20.0  15.5-2 45+4  0.04x5%

momentum at the scission configuration which are related tparticle emissions can be thought of as one extreme of the
w, can be estimated following the procedure discussed ifission mass distribution[46]. Fission to the more
Ref. [45]. symmetric-mass binary channels tends to be restricted in
The rotation time of the dinuclear systef=27/w was  these systems to partial waves near to the critical angular
found to be~1.6x10 2! s. Fits of angular distributions by momentum for fusiori,. Calculations using the transition-
Eq. (4) are reported in Table |. The, parameter refers to the state model, where the fission decay width is determined by
decay time of the forward-peaked component. To obtain théhe density of states at the saddle point, have been found to
7, decay time of the backward-peaked comporieargetlike  successfully reproduce the observed fission cross sections in
behavioy, the ® abscissa has been changeddp=7—0. system of massA~100 [47] and lighter[17], when the
In the fitting procedure, the fully damped part of spectra ofsaddle-point energy is calculated for different mass asymme-
all fragments was successfully fitted with only a componentries and spins using the finite-range modsge, e.g., Ref.
with da/d® ,,=const, whereas the partially damped com-[48]). Binary fragment production is also predicted by the
ponents, with TKE=29 MeV and fragments witd=6 to 17  extended Hauser-Feshbach mettig&iFM) [49], where the
were fitted with Eq.(4). In these cases, the cross sectionspartial decay widths are determined by the available phase
corresponding to the constant term in E4) accounted for space at the scission, rather than the saddle, configuration.
only a few percent of the total yields. Table | reports theThis method has been successfully used to explain the yields
angle-integrated cross section and kinetic energy values for
both fully damped components and partially damped compo- _
nents for fragments witf =3 to Z=16. N
Figure 10, presents the total measured yields for frag-.2
ments withZ=3 to Z=25, the dashed-line histograms cor- =
respond to the fully damped cross sections Ze£ 3 to Z N 150
=17 fragments obtained by extrapolating the experimental}
distribution over the complete angular range. For the sake 0'.2

250|||||||||||||||||||||||||||||

Full: Fus—Evap.(CF)

200 pash: do/do, , =k

IIII|IIII|III||IIII|II|
—e—i
I —e—i
e

. . . 100
completeness, the figure also shows the contribution from theg
complete-fusion procesfull line histogram). The excess @ Ei
yield aroundZ=16-17 can be imputed to quasielastic and % 359 s S5 -
partially damped processes. ° U w1
O O II-,-’-*IIIILTJlllllll |
0 5 10 15 30
V. TRANSITION-STATE CALCULATIONS 7

Althoggh neutrpn, proton, and-particle emissions are FIG. 10. Measured total distribution(full circles). ForZ=3 to
the dominant particle-decay modes for compound nuclei 85— 17 the dashed line histogram is the contribution of the fully
formed in the fusion reactions of low-mass systems, binaryamped component obtained by integration of the isotropic compo-
fission is also a possible procefss7]. For lighter systems nent ofdo/d®,,,. The full-line histogram represents the experi-
that are below the Businaro-Gallone limit, the fission barriersmental complete fusion-evaporatiah distribution. The excess
are such as to favor the breakup of the compound nucleugeld observed around= 16 is due to important contribution from
into asymmetric-mass channels. For these systems, lightuasielastic or partially damped collisio(see text
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of both evaporation residues and intermediate mass frag- 10% g
ments, as well as the kinetic energies of the heavier frag-
ments.

Since the saddle-point shape in this mass region corre-
sponds to having two touching spheroids in an elongated
configuration, any process that leads to the formation of a
long-lived, dinuclear orbiting system of similar deformation
is likely to result in angular and excitation energy distribu-
tions that are indistinguishable from those of a fusion-fission
mechanism. The most unambiguous way to distinguish be-
tween the fusion-fission and long-lived orbiting mechanisms
in light systems is to establish an entrance channel depen- 107! s 0 v p” - -
dence of the fully energy-damped yields that cannot be ac- 7
counted for by differences in the expected compound-
nucleus spin distribution. Such studies have not been done FIG. 11. Measured elemental distributigfull circles) for CF
for the present system. Based on the number of open chaand completely damped processes. The open squscated down
nels systematics of Beckt al. [9], however, a significant by a factor 0.1 are the fission yields predicted by the FF model
Orb|t|ng yleld |S not expected for the present reactlon and)efore eVapOratiOn. The crosses are the fission y|@® scaled
consequently, in the following we will assume a fusion- down by a factor of O.Lafter evaporatioriusing the codeiLiTA).
fission origin for these yields. The calculate_cz_dlstrlbutlon for eva_poratlon residu@s given by

In the present analysis, the formulation of Rf7], with LILITA) a_nd _flssmn fragment$as_ glvgn by tht_a FF model after
its basic-parameter values, is used to calculate the mas§Y2Porationis shown by the full line histogram in very good agree-
dependent yields and kinetic energies for the fission frag[nent with the data.
ments. This calculation uses the spin and mass-asymmetry-
dependent saddle-point energies of the finite-range model
[48] to determine the transition-point phase space.

In light systems the saddle- and scission-point configura-

tions are believed to be s_im_ilar. .Therefore, the geometry Of/vhereFf(AL .Z,) is the decay width for the channel speci-
the two f(agmen.ts at scission is pased on the calculategy by the lighter fragment of chargg and massA, . The
saddle-point configuration of the finite-range model. branching ratios and fission cross sections are calculated us-
The total kinetic energy in the exit channel is assumed tqng energy-integrated widths for compound-nucleus decay.
(See Ref[17] for a more complete discussipn
h2L (Lot 1) Since it is possible that fission events will leave the re-
Z Toutrout’ sulting fragments at excitation energies above their particle-
2IMeg emission thresholds, secondary light-particle emission can
_ affect the mass and energy distributions of the observed frag-
with ments. In order to make a realistic comparison of the
transition-state model calculations to the experimental re-
_% sults, this secondary light-particle emission has been simu-
T IMyg lated by using the binary decay option of theita code
[33]. The cross sections for the primary mass distribution,
and obtained from the transition-state model calculations, have
been taken as input data. In each fission exit channel, a
IMior= 1M+ IMg+1my, Gaussian distribution was assumed for the total kinetic en-
ergy distribution, with the peak of the distribution obtained
where V¢ and Vy are the Coulomb and nuclear energies,using the double spheroid model and the standard deviation
respectively. Im, is the relative moment of inertia and jm taken as 21% of the average value. The total excitation en-
and Imy, are the moment of inertia of fragments 3 and 4,ergy was divided between the two fragments assuming equal
respectively. temperatures.

The diffuse cutoff mode]34] was used to determine the =~ Comparisons of transition-state model predictions with
fusion partial cross section distribution, with the diffusenesshe experimental cross sections are shown in Fig. 11 for all
and critical angular momentum for fusion taken &s 1% Z-fragment yields in the range<87<25. For 3=7<17
and | .= 38%, respectively, as assumed for the evaporatiorpnly the cross sections based on the fully damped yields are
residue analysis presented earlier. The ratio of the fissioahown. For 18&Z<25 the CF experimental yields are re-
decay widthI'; to the total decay width of the compound ported. It is worth noting the large shift to lower values that
nucleus,I",;, was determined using the statistical model,the evaporation process produces in the final fragment-
with distribution with respect to the primary one. Good overall

agreement is found between the experimental results and the
Fio=Tn+T+Tp+Ty, transition-state calculations. The calculated fission cross sec-
tion is 145 mb whereas the corresponding isotropic experi-
and mental cross section of 16830 mb.

Full :(FF)=T.S. Model+LILITA

102

10l

100

Cross section/Z (mb/Z)

.
ol b b b e

(=

Acn2 Acn/2+2

=2 > TyZ, A, (5)
A =6 Z =A[2-2

be

TKE:VC+VN+
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FIG. 12. Average total kinetic energies of the fragments for Ve/Eom,

completely damped processes as a function of their chardex-
perimental valuegcrosses with error bars are compared with the
fusion-fission model predictions: before evaporati@pen dia-
monds, after correction for evaporatiofopen squargs

FIG. 13. Fusion excitation functions versugAE. ,, for differ-
ent reactions leading to the same compound nucféGs.. Com-
plete fusion componerifull circles) and complete plus incomplete
(open circley fusion for the'%F+ “°Ca reactior{22]. Complete fu-
The calculated and experimental c.m. total kinetic enerSion (open triangles[22], full diamonds[23], cros.ses[24], full
gies of the fragments are compared in Fig. 12. Thesquare[ZS], open squaref26]) and complete plus incomplete fu-

. . . i i | 825+ 27, i . -
transition-state model calculations corrected for evaporatloﬁlon('nve.rted open triang _eéor the "S+ Al reaction[27]. Com
lete fusion-evaporatioridiamonds[20], + , present work and

are ggnerally in good agreement with the measured kineti tal (+, present work complete fusion(fusion-evaporation and
energies. _Then the °Ve_ra” agreemen_t sugge_sts that the ful )ésion) for the 3Cl+2*Mg reaction. The total reaction cross sec-
damped yields be ascribed to the fusion-fission process. tion, calculated with the optical model codeoLEmY for the reac-
tion 3Cl+2?*Mg is indicated by the long-dashed line. The three
VI. LIMITS TO THE %®Cu COMPOUND NUCLEUS intersecting straight lines represent region |, and Bass estimations
FORMATION for region Il and region lll, respectively.

The energy dependence of the total fusion cross section
can yield important information about the limits of energy cal distance modgH9] or by dynamical trajectories based on
and spin that can be sustained by nuclear systems. Fusidfiction models. Estimations of the Bass mo§ig0] for dis-
cross sections for thé°Cl+2*Mg (present work and Ref. appearance of pocket in the ion-ion potentif|,{38%),
[20]), 19+ *°Ca[22], and 3%S+ 27Al [22—27) reactions are and for the critical angular momentum valuk,{=55%)
shown in Fig. 13 as functions 6fc/E.,. The Coulomb rather overestimate the experimental datee in Fig. 13 the

barrier energy \ is taken as intersection of Bass region Il and region IlI lines
At higher energies, W E. ,=<0.3(region lll) incomplete
7,7, 0.63 fusion processes can be seen for all three systems, becoming
VC:1'44R_B( 1- R_B) 8  more important with increasing entrance-channel mass
asymmetry. In this higher energy region, a strong fission
with component can be assumed for tReCI+2?*Mg reaction
which should be taken into account when determining the
Rg=1.01A+ A% +2.73 (fm). complete fusion cross section. However, no fission data are

at present available for the two other entrance channels,
A, andA; are the projectile and target mass, respectively, irwhich makes interesting the question of how this process
atomic mass units, arfdz is the barrier radius. Each of these might influence the fusion cross sections deduced for these
reactions populate the’Cu compound nucleus. The energy systems. On the other hand, although there is some disper-
dependence of the total reaction cross section, based on ogion in the experimental data for the different systems, it is
tical model calculations for théCl+ Mg system(see cap- clear that the complete fusion cross sections decrease with
tion of Fig. 1, is shown by the long-dashed line in Fig. 13. increasing energies in region lll, suggesting that a common
At energies near and somewhat above the bavigrE.,,  limit is reached for the formation of thé°Cu compound
=0.6 (region |), the fusion cross section is close to the totalsystem. Also, this limit appears to be independent of the
reaction cross section, except for small departures that resugpecific entrance channel. In Fig. 14, the same data are
from quasielastic processes. In the rangesOR/E.,  shown in a plot where the excitation energy of the compound
=<0.6 (region ll) the fusion cross section initially continues nucleusE* is shown as a function of the critical angular
to increase with incident projectile energies, though at anomentum of the compound nucleus, as extracted from the
lower rate, and then reaches a saturation point. Competingata using the sharp cutoff approximation.
with fusion, in this energy range, are deep-inelastic processes The saturation value found for the critical angular mo-
that are strongly dependent on the entrance-channel massentumJ.~42+ 3.5, is consistent with the value at which
asymmetry. Region Il can be described in terms of the critithe fission barrier of th&°Cu compound nucleus vanishes, as
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2L e L L B R In the binary-decay elemental distributions the general in-
elastic contribution evolves from quasielastic to full energy
damping as the charges of fragments are more and more
remote from target and projectie values.

The partially damped exit channels show both projectile-
like and targetlike components, with a decay time much
shorter than the rotation time (083, /T<0.20). The total
amount of these processésum of the fragment contribu-
tions up toZ=16) can be evaluated to be335 mb. The
fully damped components of energy spectra can be associ-
ated with decay times which are longer than the rotation
time, therefore exhibiting their clear long-lived nuclear ori-
gin. These components, of constaat/d® angular distribu-
tions, have elemental cross sections and total kinetic energies
(corrected for secondary light-particle evaporatiavhich
are well reproduced by the transition state model of Ref.
[17]. The total cross section for this component is found to
oLl I N N e be or=~168 mb. An alternative explanation for these fully

0 10 20 30 40 50 60 damped yields in terms of a dinucleus orbiting mechanism
J(H) cannot be d_iscounted_, although there is no compelling e\_/i-
dence for this alternative based on the observed systematics.

FIG. 14. Excitation energf* versus experimental critical an- The other binary-decay mechanisms which compete strongly
gular momenta for th&°Cu CN. Thel,, values were extracted from with fusion evaporation 600 mb, or with fusion followed
the measured®S+2Al, '%F+4%Ca, and ¥Cl+2Mg excitation by evaporation or fission~768 mb, are the discussed
functions(see text The symbols represent the same measurementdamped processes-@335 mb, the incomplete fusion process
as in Fig. 13. The dashed line represents the disappearance of the60 mb), and a quasielastic mechanism, which could not
fission barrier. The full line is the statistical yrast line pe evaluated with the current experiment. Although with
given by [564d: E*=Eq+AQ=[J(J+1)A°)/27, with .7 some dispersion, the experimental data clearly indicate a
=(2/5)RoAcn, AQ=10 MeV, andRy=1.2 fm. saturation effect in region Ill which corresponds to a com-

. mon angular-momentum limitation reached for the formation
calculated by the Sierk mod@#8] and shown as a dashed of the 5%Cu compound system.

line in thel f'%We- S'T"sr behavior hg\s beler_1 obsheArs/&Sed for” Based on the present results, it would now be interesting
reactions leading to lighter compound nuclei such™®8a 1, oyisit the previously measuredS+2’Al and 19F+4Ca

47 56p1; 68 ic i
[51], *'V [8], *Ni [52,53, and **Se[54], and is in agree- gy g1oms to more clearly establish the compound nucleus ori-
ment with the systematics of Beck and Szanto de ToIedg@]in of the fully energy damped, binary decay yields. This
[55]- would also help to establish the significance of the observed

scatter in total fusion cross sections for the three systems at
VIl. SUMMARY AND CONCLUSIONS higher energies.

XOme

200 Ay 325+ Al R

ce 19F , 400, o

150
+@¢ 35| . 24Mq

100

E* (MeV)

50 (= oxnc®

T §
%

The properties of fusion and competing binary mecha-
nisms have been investigated by tF€l+ Mg reaction in
the region Il at an incident beam energy =282 MeV, by The authors wish to thank the Post-accelerated Tandem
measuring the inclusive energy spectra and angular distribiBervice, for the kind hospitality and the technical support
tions of the emitted fragments which have been identified inreceived during the experiment at the Saclay Laboratories. In
charge. The ratio of the incomplete fusion to the completeparticular they would like to mention the help of J. Girard, S.
fusion contributionsoce/ocp=0.05 to 0.10, has the same Leotta, and S. Reito of the University of Catania and Istituto
value that those found for th&S+ 2’Al reaction at similar  Nazionale di Fisica Nucleare di Catan{#NFN), respec-
bombarding energies, and therefore consistent with the sysively, and warmly thank them for their assistance during the
tematics of Morgensterat al. [10]. experiment.
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