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Binary decay excitation functions have been measured for et 1% system at 22 MeV<E.,,
<24.5 MeV (SE.m~20 keV) and 17 MeE, ,<25 MeV (SE.,~190 keV) and for the"F+%C sys-
tem at 22 Me\KE, ,,<24.5 MeV (6E.,~20 keV). The binary fragments were identified by the kinematic
coincidence technique. The excitation functions for these systems show strong fluctuations and average decay
widths were obtained through the analysis of energy correlation functions. The small widths observed for the
160+ 198 (about 20 keV and *°F+ *2C (about 40 keV systems show a constant behavior with the fragments’
excitation energy and scattering angle. These widths correspond to an intermediate system time scale of about
2x10 %0 s, which is larger than its revolution time. These features suggest the presence of the fusion-fission
mechanism, where the compound nucleus takes a long time to acquire a relaxed shape and thermal equilibrium.
For the 1%0+19B system, larger widthgabout 350 keY were also observed, which are related to a faster
process. These widths show a clear dependence with the scattering angle in the elastic scattering channel.
These aspects are expected for a process where the time scale is comparable to the intermediate system
revolution time, like an orbiting mechanism. Theoretical predictions for fusion-fission and orbiting mecha-
nisms were compared to the experimental results and a good agreement was observed.
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I. INTRODUCTION case, the binary emission of the intermediate system does not
depend on the way the intermediate system is formed, which
In the last years, a large number of experimental evisuggests the formation of an equilibrated intermediate sys-
dences for binary decay of light nuclear systems have beetem, such as a compound nucleus, the experimental results
collected[1-8]. These evidences were first noticed in thebeing well explained within a fusion-fission cont¢®{. The
elastic scattering angular distribution afparticle-like sys- main characteristics of the mechanisms above suggest differ-
tems that show a strange behavior at very large scatteringnt time evolutions and time scale measurements could be a
angleslanomalous large angle scatterit®_AS)] [9] and it  suitable way to study the dynamics of these mechanisms.
was first explained as an elastic transfer between target and There are many techniques to investigate reaction time
projectile [10]. On the other hand, these phenomena werecales. In this work we concentrate on the cross section sta-
also observed for very high mass asymmetric systems, whictistical fluctuations. When an intermediate system is formed
suggests another reaction mechanism besides the elastithigh excitation energy, the average level widths are larger
transfer. The ALAS phenomenon could be explained by thehan the separation between them. In this situation it is not
presence of the “orbiting” mechanism that consists of thepossible to separate these levels and the cross section is
formation and decay into the elastic channel of a dinucleastrongly dominated by resonances, which can interfere with
complex systeni11,12. This mechanism is similar to the each other. This interference is random, and gives rise to
deep inelastic collisioDIC) for heavier systems and higher fluctuations in the cross section. The average fluctuation
energies. One of the orbiting mechanism characteristics iidths are related to the average level widih) (of the in-
the isotropic angular distributioma/d 6., . This fact sug- termediate system, which is related to the mean lifetime (
gests that the dinuclear system is bound for a time compahrough the uncertainty principle. These fluctuations were
rable or larger than its rotation time, which allows the par-theoretically explained for the first time by Ericson
ticipant nuclei to exchange part of their mass. Because of thgl9,2(] in the framework of a compound nucleus formation.
high angular momentum, the binary emission in this mechain the last years these fluctuations have been also observed in
nism is enhanced when compared to light particle emissiorDIC [21-25. Recently, the partially overlapping molecular
On the other hand, this time scale is not sufficient for alevel model(POMLM) [25—27] has been developed to take
complete equilibration and the decay yields are strongly deinto account the main characteristics of the fluctuations ob-
pendent on the entrance chanfiel2,13-16. These charac- served in DIC.
teristics were also observed for systems without the In this work we investigate the cross section fluctuations
a-particle-like structure, such as!®'"*+10Y8 1% for binary decay channels of tH8O+1°B and *°F+ °C sys-
+9Be, *Cl+1%C, and 3P+'%0 [3,4,17,18. But, in this tems. These fluctuations were analyzed in terms of the sta-
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TABLE |. Energy range measured in this work for tHéO
+198 and *°F+1%C systemsE,, and AE,,, are the energy range
and step in the laboratory frame aBd,,, andAE_ ,, are the energy
range and step in the center-of-mass frame.

SyStem EIab AEIab Ec.mA AEc.m.
(MeV) (MeV) (MeV) (MeV)
1604108 57<E<64 ~60 22<E<24 ~23
160+ 198 44<E<65 ~500 1= E<25 ~190
¥F+12c 57<E<64 ~70 2<E<24 ~27

tistical theory and the results were compared to model pre
dictions for compound nuclei and dinuclear systems’
formation. This paper is organized as follows. The experi-
mental setup and data reduction is briefly described in Se
[I. The results, discussions, and model predictions are pre
sented in Sec. Ill. The conclusions are presented in Sec. |

II. EXPERIMENTAL SETUP AND DATA REDUCTION

The experiments have been performed for tf@-+1°B
and 1°%F+ 1°C systemgsee Table | for details about the mea- L.
sured energy rangat the University of Sa Paulo Pelletron
Laboratory. The'®O and °F beams were extracted using a
SNICS(Source of Negative lons by Celsium Sputtejimn
source. The targets consisted of self-supporfi?g and *°C
foils of areal densities between 8 and 2g/cn? for the case
of small energy step measuremen@E(,,~60 keV) and
areal densities between 40 and fa@/cn? for the case of
large energy step measuremensg&;,~500 keV). A small
quantity of gold (~1—-2 ug/cn?) was evaporated on the tar-
get surface in order to allow normalization of the experimen- .
tal cross sections. The main contaminants present in the tar- FIG- 1. Photos of the experimental setéprepresent the tele-
gets were found to bé®0, 28Si, and Fe. The relative scopes,B reprgsents eletrical shield u§ed to protect the detectors
thicknesses of these contaminants were obtained using tf{@m sparksC is the target supporD being the PSD.
elastic scattering yield at very small angles and turned out to
be less than 1% of the total thickness of the target. The beasensitive detectord?SD were positioned at-30 and—60
energy resolution, considering both the accelerator resolutiodeg to perform coincidence measurements with A+E
and energy straggling on the target, was about 50 keV for thdetector. A photo of the experimental setup is shown in Fig.
thin targets and 150 keV for the thick on@s the laboratory 1. A typical AE-E spectrum is shown in Fig.(8). Using
frameg. The carbon buildup was checked using small anglewo-body kinematic calculations it is possible to identify the
elastic scattering excitation functions and the targets werparticles from binary processes by selecting events with re-
periodically changed to minimize this effect. constructed mass of the fragmerits andA, in such a way

In order to vary the beam energy in small steps, a speciahat A;+A,=Aargert Apeam- ThiS selection removes any
target support was built where it is possible to apply highsystematic uncertainty due to contamination in the target be-
voltage (—100 kV<V<100 kV), as seen in Fig. 1. With cause the reconstructed mass resolution is good enough to
this technique, the beam energy can be varied in small stegiiscriminate between the reaction on the target and contami-
avoiding uncertainties related to the hysteresis cycle of theants. A typicalA; versusA, spectrum for the!®0+1°B
analyzing magnet. system is shown in Fig.(B).

The experimental setup consisted of foNE-E tele- One of the excitation energy spectra for binary events is
scopeq 28] composed by an ionization chamber, to measureshown in Fig. 3. The continuous line represents the experi-
the energy loss, and a silicon detector, to measure the renental setup efficiency calculated from Monte Carlo simula-
sidual energy of the incident particle. It is possible to identifytions, where the experimental geometry, beam spot size, an-
the atomic numbe(Z) of the particles with a resolution of gular and energy stragglings in the target are considered. To
8Z1Z~5% up to Z=13. The telescopes were positioned obtain the experimental excitation function, the spectra were
from 10 to 40 deg with respect to the beam direction with arsliced, in the region where the experimental efficiency is
angular spacing of 10 deg. Each telescope has a solid angé#most constant, in excitation energy intervals of 1 MeV in
coverage ofAQ)~8 msr. Moreover, two silicon position order to reduce the statistical error bars.
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600 where Y/Y 4, is the relative yield between the process for
I which we would like to obtain the cross section and the the
500 . . L .
elastic scattering of the projectile by gold nuclggc and
Q' 400 jaca, are the laboratory to center-of-mass frame solid angle
Eﬂ 300 L transformation for both processeslof/d(}) 5, is the Ruther-
e ford cross section between the projectile and the gold nuclei
3” 200 s deposited in the targef,.¢; is the experimental setup effi-
v ciency for a given scattering angle and excitation energy and
100 Na,/N is the relative thickness between the gold layer de-
ok . posited in the target and the target itself. In order to obtain
0 100 200 _ 300 400 500 600 the absolute cross section this ratio should be experimentally
E (ADC) obtained. In the case of th&B target, once the relative
30F - v+ -~ v 1 T 1 T 1o thickness does not change during the data acquisition, this
o5 | (b)_— ratio was obtained by a measurement of the elastic scattering
I . | at E;,p,=12 MeV. This energy is well below the Coulomb
20 - o : : - barrier for this system and the absolute cross section is es-
o T o sentially Rutherford. Due to the carbon buildup the relative
18 ot ] thickness changes with time in the case'8E target. In this
10 | ~~Y0+"0 - case, the relative thickness was obtained from a measure-
5 \ 5042 1 ment of the elastic scattering at a very small angle for each
i %5 4+ °B ] energy and from a comparison to optical model predictions
0 T R S R [29]. This measurement was also used to monitor the carbon
0 5 10 15 20 25 30 buildup in the target. The final cross section error bars are
A, composed by the counting statistics and by the experimental

. uncertainties, such as target thickness, normalization effects,
FIG. 2. (a) Typical AE-E spectrum for the®0+*%B system(b)  and experimental efficiency and correspond to about 3—7 %
Reconstructed mass spectrum for t©+ %8 system. It is pos-  of the experimental value. In Fig. 4 we show, for thO
sible to notice a good separation between the various contaminants 10g system, a sample of excitation functions for the
in the target. + 1N exit channel at different fragment excitation energies.
hi K the absol ion in th flt is possible to notice the presence of strong fluctuations
n tf IS work, t eba .sodutbe cross sepﬂon ;n; € .Ceigte]['ohboth in the small and large energy step excitation functions.
mass Irame was obtained by comparison of the yield of the e 5 shows excitation functions for different reaction
process we are interested in and the yield of the elastic SCalhannels and fragments excitation energies forfifer 12C
tering of the prqjectile by the thin Iayer_ of gold dgposited ins stem where strong fluctuations are also observed. These
the target. In this case, the cross section for a given procegg,cations will be discussed in detail in the following sec-

can be written as tion. The continuous lines in Figs. 4 and 5 correspond to the
average cross section and will also be discussed in the fol-

d*o _ Y Nay jac d_") 1 (1)  lowing section.
dQdE*  Yau N jaca,\dQ/, ferr’
I1l. ANALYSIS AND DISCUSSION
60 o 16 e ' ' 1o The experimental normalized energy autocorrelation func-
- °B(*°0,"C) ‘N . . . . .
. ] tion (NEAF) for a given excitation function was obtained
[ 8,,=20 {08 from
Cn(e,0)=C(g,6)/C(0,0), 2
es]
£ & with
2 g
° < Cle ) o(E,0) . o(E+eg,0) L 3
0=\ 15, 0)) (0(E+e,0)) - G
In the expression above(E, ) is the differential cross
] ] section measured at a center-of-mass enErggd center-of-
0= & TR T mass anglef. ¢ is the energy increment and the brackets
E (MeV) denote energy averages. The energy averaged cross section

(o(E,0)) has been calculated using a polynomial fit. The
FIG. 3. Typical excitation energy spectrum for binary events.choice of the polynomial degree should isolate the structures
The continuous line represents the experimental setup efficiencgf interest and has been investigated caref{8l§]. The de-
calculated from Monte Carlo simulations. cay widths could be obtained directly from the NEAF when
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E  (MeV) FIG. 5. Typical excitation functions for thé°F+%°C system
cm. relative to the'>C+ %F (left) and the'® N+ %0 (right) decay chan-

nels for different detection angles and excitation energies. The lines

; ot ; 60 10
FIG. 4. Typical excitation functions for the®0-+*B system show the averaged cross section used to obtain the NEAF.

corresponding to th&*C+ N decay channel for different detection
angles and excitation energies and the srtleft) and large(right)
step measurements. The lines show the averaged cross section used
to obtain the NEAF.

IOB(1607160)10B

Cn(e,6) reaches the value of 0.5. Figures 6—9 show typical 1.2 ' . —
NEAF obtained for both measured systems. Solid lines are osl = 100 I\ 8. =120 |
predictions based on the POMLM and they will be discussed ’
later. The experimental error bars include the contributions 0.4}
due to the statistical counting and the finite range of data
(FRD) [30]. This latter error, as can been seen in the figures, 0.0
manifests itself also through wide oscillations for large val-
ues ofe. Typical error bars in the NEAF are about 5—10 % of =
the experimental value. 08
w
A. Comparison of the data with POMLM Z{;

The POMLM is being used to explain the low-density G.8)
qguasimolecular overlapped levels that can generate strong 04l
fluctuations in the cross section observed on DIC for heavier '
systems. 0.0l

The basic point of this model is the polar expansion of the
Smatrix that connects the initial stateand the final stat@ 041
[27,31-33. During this expansion, the effect of the coherent
rotation of the intermediate state is also taken into account to 0.8 . . ‘ . . .
reproduce the experimental dgfb,32,34,3% The polar ex- o 1 2 3 0 1 2 3 4
pansion is done by considering an overlap of many interme- e (MeV)

diate states with energy:
FIG. 6. NEAF for the large step elastic scattering'6®+1°B
(4) system for different detection angles. The lines show simulations
based on POMLM theory with the parameters in Table II.

E,(J —E°+h2J J+1 +'r
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FIG. 8. NEAF for the®0+19B system corresponding to the
FIG. 7. NEAF for the small step elastic scattering’®+'°B  12c1 14\ decay channel for different detection angles and excita-
system for different detection angles. The lines show simulationsion energies. Results for the smé#ft) and large(right) step mea-
based on POMLM theory with the parameters in Table II. surements are shown. The lines show simulations based on
POMLM theory with the parameters in Table II.

where7J is the moment of inertia of the intermediate system
and[ is the mean value of the level widt&, is the part of ~ observed that Eq5) is a coherent sum of different angular
the resonant energy that is not connected to the rotationahomenta. The degree of coherence is connected to the ratio
degree of freedom. In this work a sum over a large numbey=1"/fw, Where » is the average angular velocity of the
of levels is performed. In this case, the resulting cross sectioiiitermediate system. A detailed derivation of expressn

for a given energy and angle can be written as can be obtained in Ref27].
In this work, expression5) is evaluated by means of a

A Monte Carlo procedure. In this case, the NEAF can be ob-
o(B.0)=ga > (23+1)(20'+1) tained directly from the simulation in the same way as it is
39" done for the experimental data. The partial amplitudes, |
X[W(J)W(J/)]1/2ei[¢(J)f</>(J’)] are random numbers generated according to a Gaussian dis-
tribution with zero average. The energy levélg(J) are
pJ(g)pJ,(9)|bayﬂ|2 obtained through a sequence of levels spacedhy, 1,

(5 which are calculated under the assumption that the Hamil-
tonian random matrix elements are described by the Gauss-
ian orthogonal ensemble statisti@&6].

One important advantage of this method is the fact that

- > we can compare theoretical results with experimental ones

1Dl *= Ve ul Vil % (6) taking into account the distortions produced by the FRD er-
) . ) rors. Another important point to consider in this method is

P, is the Legendre polynomial of ordéy andW(J) is the  tne fact that avoiding simplifications necessary to perform

effective transmition coefficient modeled by a Gaussian cengng)ytical calculations makes more evident the spontaneous

tered atJ and a standard deviation df/\2. ¢(J)=®(J) spread of the wave packet describing the coherent rotation of

X (J—1J) is the nonresonant phase shift associated with théhe intermediate system. This spontaneous spread of the

scattering amplitude. In this cas@(J) is the deflection wave packet becomes prominent in a time intergg(f m)

angle corresponding to the angular momentlinit can be  ~ (Ac/4mhwA?)J, whered, w, andA represent the average

[E-E (DIE-EXIN]

where
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12 <1944 12~ 19 12~ 197+ 1551 16 TABLE Il. Parameters used to perform POMLM calculations.
C(°F,”C)"F C('F,°’N)"0 b

(*) corresponds to large energy step measurements *#nddor-

1.2 . . 1.2 . :
6, =20° 0, =20° responds to small energy step measurements.

0.8} E'=60MeV { 08 E =92 MeV . —
r=61+4keV r=514+3keV Reaction I'keV) fo(keV) @ A )

+20% *20% *=10% *10% =*2

108(160,160)1%B (*) 420.0 2200 22.0 40 14
108(160,12C) 1N (*) 250.0 2200 220 4.0 14
108(160,160)1%B (**) 25.0 2200 220 4.0 14

-0.4 4 ' ; -0.44 ; }
0 =30° 0 =30° 108(160,2C)N (**) 25.0 2200 220 4.0 14
- o 12019 19k 12C 45.0 2080 310 30 16
0.8} E=100Mev || 08 E'=62MeV 1 (“F.°F) : : :
=43 +4keV

=46+ 6 keV 2C(*%F,%0) 5N 45.0 2080 31.0 3.0 16

0.4}

C"(e)

00 : used to perform a better estimation of this. In this angular
W’ region, the elastic scattering is strongly dominated by a very
04 A 04 e Al fast process and, in this case, the parameters that contribute
lab. lab. i i i
08l E om0 Mev I sl B8 MeV most to the shape of the angular distribution are the phase

shift andy. In this case,;y should be very large to describe
the very fast falloff of the cross section in this angular re-
gion. Once this parameter is obtained it was kept constant.
The fit of the angular distributions is described latter in this
paper.

The angular velocityw was initially set supposing a
highly deformed intermediate syste(ifike barbells with an-

gular momentum]. This shape can be used to describe a
o 1 _ quasimolecular intermediate system where the overlap be-
) F'% 9. NEAF forltshe 1';+ “C system corresponding to the tween target and projectile is small but the system remains
“C-+ ' (left) and the'*N+"°0 (right) decay channels in different 1)qnd long enough to exchange mass. This shape can also be
detection angles and ex0|tat!on energies. The I|r_1es show smulaﬂor’@sed to describe a highly deformed compound nucleus that
based on POMLM theory with the parameters in Table I1. prefers to decay via a fission mechanism. For e+ 198
system this parameter is set free to fit the elastic scattering
value of the total angular momentum, the average angulalEAF for the large energy step. For th&F+1%C system this
velocity and the initial dispersion of the wave packet. Thisparameter is kept constant because there is no measurement
effect becomes important in the case of a long lived intermewith large energy steps and, in that case, the NEAF is not
diate state when compared to its rotation time. sensitive enough to this parameter. The average level width
In Table Il the POMLM parameters used to describe thel” is also set free during the fit procedure but it is constrained
experimental NEAF are shown. The procedure to find theo only one value for each decay channel. In Fig. 6 we show
better parameters is a little bit complex and involves a lot ofthe elastic scattering NEAF for th€O+ 1°B system for the
steps. In order to minimize the number of free parametertarge energy step measurements. The solid lines are fits using
some estimations were made. Because we are interested ROMLM predictions with the parameters of Table Il. The
describe binary processes where the mass assymetry of tgeod agreement between the data and the prediction is no-
fragments is small, the average angular momentum involveticeable. In the case of, ,,=120° there is a bump at
in these processes should be close to the critical one. In order2 MeV in the experimental NEAF as well in POMLM
to estimate the average angular momentum and its standapiediction, which can be related to the coherent rotation of
deviation, we used a simple compound-nucleus decay modéhe intermediate system. However, because this structure is
[37] that calculates the cross section as a function of th@ot well defined in the other NEAF and fluctuations due to
relative angular momentum of the final fragments assumingFRD are significant at these valuessgfit is not possible to
a compound-nucleus decay. From the same distribution it immake a strong argument about it. Figure 10 shows simula-
possible to estimate the angular momentum spreatihese  tions computed for different values 6f» andI". Solid lines
parameters were kept fixed during the fit procedure and theitepresent calculations obtained from the fit of the experimen-
uncertainties were estimated by varying model parametersl NEAF, while dotted and dashed lines show calculations
(level density parameters, critical angular momentum, anavhere one of the parametersd andT’) is changed by 20%.
shape of the compound nuclgusside the systematics for These simulations were used to estimate the uncertainties on
compound nuclei in this mass region. these parameters.
The phase shiftb was initially set as the same as the  Figures 7—9 show the experimental NEAF for both sys-
grazing angle for the systems studied in this work and theems and for the small energy steps. The solid lines corre-
elastic scattering angular distributions éf,,<90° were spond to POMLM calculations where the only free param-

'=43+5keV, r=47+8keV
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FIG. 11. Elastic scattering widths obtained from the NEAF as a
FIG. 10. NEAF simulated for the large step elastic scattering offunction of the scattering angle for tHé0+'°B system both for the
160+ 198 system for different detection angles. Solid lines represenmall (uppey and large(bottom energy step measurements. The
the calculation obtained from the fit of experimental NEAF while lines correspond to predictions from the POMLM theory.

dotted I|r_1es show CaICUIat'.Ons Whehef’ Is reduced by 20% and tering angle and excitation energy, even for the large step
dashed lines show calculations whétds reduced by 20%. These - . :
simulations were used to estimate the uncertainties on the fit parammeasuremem' In the latter .Case’ the t'.me Scale. involved is
oters. slower than that observed in the elastic scattering and the
interference with the rotation time is minimized. This large
time scale can be explained if we imagine that the interme-
eter isI". In some cases strong oscillations at lasgean be  diate system needs to remain bound a little bit longer to
observed. These oscillations are mostly due to the finitellow some mass exchange. In the case of the small energy
range of data. step, the time scales observed in the elastic scattering and in
Figure 11 shows the experimental decay widlttof the  this inelastic channel are almost the same. This behavior can
elastic scattering channel for th€0+1%B system for the be related to a completely thermalized system, like a com-
small and large energy step measurements. The solid linggound nucleus, and the decay channel does not affect the
are calculations using POMLM and there is a good agreetime scale. This behavior will be discussed in detail later in
ment between the data and the model. In the case of the largkis paper. In Fig. 13, the experimental decay wifitiob-
step measurement, the model describes very well the angulained for the'®F+ ?C system for different decay channels
dependence of the experimental width. However, this deperand excitation energies is shown.
dence does not mean different time scales, as the real decay From the results above it is clear that the binary decay
width does not depend on the scattering angle. It comes frorshannels for these systems have contributions of two differ-
the fact that the decay timei(I') is close to the rotation ent mechanisms. One of the mechanisms is very fast, with
time (2m/w), which creates an interference on the NEAF lifetime comparable to the rotation time of the intermediate
giving the impression of an angular dependence of the timaystem while the other mechanism is a very slow process
scale. This angular dependence is not present in the case where the intermediate state remains bound for a time long
the small energy step measurement where the measured derough to attain a complete thermalization. These two pro-

cay time is much smaller than the rotation time. cess compete with each other and it is important to determine
Figure 12 shows the experimental decay widlttof the  their relative yields.
inelastic decay channel’C+ N for the system'®0O+1%B Because of the small and large step measurements for the

for the small and large energy step measurements. The solitfO+ 1B system it is possible to estimate the ratio between
lines refer to calculations using POMLM. In both cases therecross section of the slow and fast processes. It can be done
is no evident dependence of the decay width with the scathy considering the EAF amplitude with the same energy av-
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FIG. 12. Experimental widths obtained from the NEAF for the Flg'c 13. Experimental widths obtained from NEAF for the
160+ 198 system as a function of the fragment excitation energy F+ system for the elastic scattering as a function of the scat-

and angle for thé?C+ %N decay channel and for the smélippe) tering angle(uppe)y. The middle and bottom figures show experi-

; 19 15N 4+ 16
and large(bottom) energy step measurements. The lines correspongiental widths for the12C+1 F and “N+ 70 decay channels as a
to predictions from the POMLM theory. function of the fragments’ excitation energies. The lines show pre-

dictions from the POMLM theory.

eraged cross sectiafr(E, )) for both measurements. The
EAF amplitude is given by38] 14 shows this ratio for the elastic scattering alf€+ ‘N

o 2 decay channels. The continuous line in Fig(dl4s a theo-
1_( 9’055> (7)  retical prediction based on POMLM, normalized to the data.

(o) It is clear that the slow process becomes more important as

whereNy; is the effective number of microscopic channelsthe scattering angle INCreases. For the+**N decay chan-
in the exit channeloyos is the gross structure cross section nel no angular dependence is observed but the slow process
and(o) is the averaged total cross section. If the total cros

dominates the fast one as the fragment excitation energy in-
section is composed by the sum of the gross and fluctuating©aSes-

cross sections and these processes are incoherent7)Eq. [N order to double check the set of parameters used to
perform the calculations with the POMLIK&ee Table I), the

1
C(0,0)= Nor,
e

becomes I \ _ I, the
predictions for the elastic scattering angular distributions

C(0.0)= 1 {ofictuation” 8 were compared to the experimental data. Because of the fact

(0.6)= Nt ()2 ' ®)  that the range of the angular distributions measured in this

work is very limited we used data extracted from the litera-

As the target used to perform the large step measuremeniidre [4]. Figure 15 shows the elastic scattering angular dis-
is thick enough to wash out the fluctuations due to the sloviribution for the '°0+1°B system. The lines show the
process, it is possible to write, after some algebraic manipuPOMLM predictions. Only the decay width'j was changed

lation, the ratio between the slow and fast cross sections a# the calculations to reproduce the behavior due to the shape
elastic contribution, and the slow and fast processes mea-

_(Tsiow _ [Cs+1(0,0) sured in this work. The only parameter fitted to the data was
R= (O fas) - C+(0,0) -1, ©) the amplitude of the predictions. The angular distribution in
the region between 100° and 160° is well reproduced by

whereCg, ¢(0,0) and C(0,0) are the EAF amplitudes ob- adding fast and slow processes with the relative wekght
tained from the small and large step measurements. Figuetermined in Fig. 14).
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A0, - 300 FIG. 15. Elastic scattering angular distribution for tA80
v 8, =40 + 198 system. The triangles show the data obtained in this work and

016 1'4 1'2 1'0 3 the circles represent data extracted from R4j. The dotted, dot-
E (MeV dashed, and dashed lines represent the POMLM model predictions
(MeV) withT'=16 MeV,I'=420 keV, and'=25 keV. The solid line is

FIG. 14. () Ratio between the slow and fast process cross secthe total cross section obtained from the incoherent sum of the

tions for the'®0+ 1%B system for the elastic scattering as a function different predictions.
of the scattering angléb) The same for thé?C+ “N decay chan-

nel for different angles. saddle point. The transmission coefficients were calculated
using a Fermi distribution where the maximum angular mo-
B. Compound-nucleus predictions mentum for each decay was fixed dg. The changes of

To determine the nature of the widths obtained in the’[his limit to Jc\/2 or I /3 did not cause significant changes

preceding section, we have performed calculations for théo the results. The transmission coefficient’s diffusivenesses

total level widths based on compound-nuc(€N) decay. We€'€ taken as 5% Q,CN: The integration over t_he kinetic
The relation used for the calculation of the mean level width€N€"9y was performed in steps of 0.1 MeV. Since we are
I'en(J) at a given angular momentudnis interested in calculating the total width at high excitation
CN energies(about 15 MeV, no discrete levels were incorpo-
1_‘CN(‘])=Fprot0n(‘])+Fneutron(‘])"_Fuz(J)"_Ffission(\])- rated in this calculation.
(10) The level densities are calculated using an angular mo-
mentum dependent Fermi gas expression of the {ei@h
The partial widths for proton, neutron, andwere calculated

by [39] 2J+1 [ h?\3”
P(Ien) 1 » [“demien S @(5)
cN) = e e,
2 EXy,Jd i=0 Jo h’
mpen(Ecn Jen) exp<2\/a u—==JJ+1)
Jent! s+i, 29
X hz 2 ) (12)

X E* i, 11
e o P 1Y W U= 5530+1)

where Eg, and Jcy are the compound-nucleus excitation

energy and angular momentuf&; , j,, andi, are the re- wherea is the level density parameter afids the moment
sidual excitation energy, angular momentum, and spjris  of inertia of the rotating system.

the fragments’ relative kinetic energgycy and p, are the The parameters that influence the width calculations the
level densities for the compound and residual nucleus, remost are the level density parameterand the moment of
spectively. The fission partial width was computed using thénertiaJ. Since we are interested in binary processes and the
transition state model formalism, and it is given by the sumpartial waves contributing to these processes are located near
over all fission partial widths. These widths can be calculatedhe critical value, we assume that a highly deformed
by an equation similar to Eq11), where the residual level compound-nucleus shape is formed and the moment of iner-
density is substituted by the system’s level density at theia is written asi= ur3(AY3+A}3?2 (barbelly, where u is
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FIG. 16. (a) and (b) are the averaged slow
process width as a function of the angular mo-
mentum for both measured systems. The solid
lines show predictions from Eq$10) and (11).

I (MeV)

| g Dashed lines correspond to predictions from Eq.
¢ Al
¢ 2 i = (13). (c) Experimentally averaged values inside a
107 | 1-"Ar 9-"Mg 17 T % 4 systematics obtained from Reff42—44. The
20 o 9 % ] dashed line is the empirical calculation from Eq.
F 3-TAr 19-7Cr 19 \ 1
[ 4-%si 12-%Al 20-*Ti 6 Q7 (13).
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the reduced mass. The level density paramateras taken culation from Eq.(13), respectively. The presence of two
from a systematics for light nucles,=A/6. different processes is clear. In one of them, the system sur-
Another way to calculate the compound-nucleus width isvives for a long time when compared to the rotation time and
through the use of a semiempirical form{#tL]. In this case, this suggests a compound-nucleus decay. In the other pro-
the compound-nucleus width is given by cess, one has a survival time comparable to the intermediate
system rotation time. This suggests the presence of an orbit-
ing mechanism for which the intermediate system does not

Acn live a period long enough to equilibrate.

xef
CN

MeV, (13

Ten(d)=14 ex;{ —4.69

40 T : .

10IB(16OI’12C)1AILN
30 .

where EXS'=E%— (7212 3)Icn(Jen+ 1) is the intrinsic
compound-nucleus excitation energy.

Figures 16a),(b) show the averaged slow process experi-
mental width as a function of angular momentum. The angu-
lar momentum value was calculated from compound nucleus
decay predictions for the reaction channels studied in this

20

work. The vertical error bar indicates the mean data devia-
tion and the horizontal error bar indicates the angular mo-
mentum window. The solid and dashed lines represent the
theoretical calculation from Eq§10) and(11) and empirical
calculation from Eq.(13). Figure 1€c) shows the experi-
mental average values inside a systematics obtained from
Refs.[42—44). The dashed line, in this case, is the empirical
calculation from Eq(13). It is possible to see a good agree-
ment between the experimental values and compound-nuclei
predictions in both cases. These results suggest that the slow
process is consistent with the compound-nucleus formation
and binary decay, i.e., a fusion-fission process.

Another point to be considered is the relation between the
time scales obtained in this work and the intermediate system
rotation time. The last one can be calculated considering the
moment of inertia and angular momentum calculated above.

10

Tot.

t/T

5 =30 m e

12 I 11
E (MeV)

Figure 17 shows the ratio between the experimental time FiG. 17. Ratio between the time scales and the intermediate

scales and the rotation time for tHéC+ ‘N decay channel

system rotation time for thé’C+ N decay channel of thé%0

of the %0+ 1B system for the small and large energy step+ %8 system for the slowuppe and fast(bottom) processes. The
measurements. The solid and dashed lines represent theoredtid line is related to predictions from Eqggl0) and (11). The

ical calculations from Eq910) and(11) and empirical cal-
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IV. CONCLUSIONS in both systems can be related to the fusion-fission mecha-
nism where the compound nucleus, because of the high ex-
Fluctuations in the excitation functions of elastic scatter-ijtation energy and angular momentum, deforms itself and
ing and dissipative binary collisions for the systetf®  decays through almost symmetric binary channels.
+198 and %F+1°C atE.,~20 MeV with energy steps of  The fast process observed in tH©+ 9B system can be
about 25 keV and 200 kelthe latter one only for the system be related to the formation of an intermediate quasimolecular
160+ 1%B) have been analyzed. The presence of a very slowystem with time scale comparable to its revolution time.
process with decay width~30 keV is evident in both sys- This time scale permits some mass exchange but it is not
tems. For the systertfO+1%B it is also evident the presence 10ng enough for a complete thermalization and formation of
of a faster process, with time scale comparable to the reve® compound-nucleus-like system. In the case of the elastic

lution time of the intermediate state, which is associated t¢cattering channel, it was also noticed the presence of a
an orbiting process. structure in the NEAF at =2 MeV that can be related to

The normalized experimental energy autocorrelation functhe observation of the coherent rotation of the dinuclear sys-
tions (NEAF) for both systems were studied in the frame- €M but no strong argument can be made in this case because
work of POMLM. In this analysis it is possible to obtain of the presence of strong oscillations in the NEAF at large

enough information to characterize the macroscopic intermedu€ to the finite data range of our measurement.
diate system formed during the reaction, such as average !t IS interesting to mention that we have also performed
angular momentum, angular velocity, and lifetime. These re0Mplementary measurements of time scales for the sequen-

sults suggest that a highly deformed intermediate system & decay of compound nuclei through the utilization of a
formed and this is in agreement with both the formation of al€chnique based on the analysis of particle-particle correla-
quasimolecular intermediate state where the system is bourf{pns at small relative momen{a5]. In this case, the time

for some time and the formation and decay of a deformegc@les are related to the sequential decay of the compound
compound nucleus where the lifetime is long enough to g/huclei. Even knowing that both techniques concentrate on

low a complete thermalization of the intermediate system. different stages of the intermediate system decay, it is pos-
For the system®O-+ 198 where the presence of two pro- sible to compare both methods by choosing the systems to be
cesses with different time scales is evident it was possible t§tudied in such a way that, for some decay channels, the

estimate the relative contribution of each one in the totaf€cONd decay step of the compound system is the same as the
binary decay yield. In the case of the elastic scattering it idntermediate states studied in this work. In this case, the re-

evident that the slow process becomes more important as tf¢/ltS obtained are consistent, suggesting that after the first
scattering angle increases. This behavior can be easily egMission, the daughter system is allowed to reequilibrate be-

plained in terms of POMLM simulations when we comparefore the following decay. A detailed comparison between the

the angular distributions for both time scales. For the inelas/€Sults obtained by both methods will be presented else-

tic channel it is also important to notice that the slow proces¥/"€€-
becomes more important as the excitation energy of the frag-
ments increases.

In order to understand the nature of these processes, decay This work was supported in part by Fundaae Ampara
width predictions based on the formation and binary decay o Pesquisa do Estado de@Raulo(FAPESR, Brazil, and
a compound nucleus were made and compared to the dat@onselho Nacional de Desenvolvimento Cifiot e Tecno-
The results strongly suggest that the slow process observéogico (CNPQ, Brazil.
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