PHYSICAL REVIEW C VOLUME 57, NUMBER 6 JUNE 1998

Fusion barrier and spin distributions in 2C+232Th reaction via quasielastic scattering
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Quasielasti¢QE) excitation function measurements have been carried out fol@e 2%2Th fissile system
at 6,,,=170° in the energy range &, = 51-79 MeV. The data has been analyzed to obtain a representation
of the fusion barrier distribution, which has been compared with that obtained from fusion-fission excitation
function measurements available from literature. The QE data have also been analyzed in the framework of
generalized elastic scattering model to obtain the mean-square average compound nuclét) spiales,
which has been compared with the prediction of standard fusion n{@@&IDER calculations and also with
that obtained from fission fragment angular anisotropy measurements. The results show that the barrier distri-
butions obtained from QE and fission excitation function measurement are consistent with each ottié). The
values are also consistent with prediction of CCDEF calculations, but are in disagreement with the experimen-
tal (12) values obtained from fission fragment anisotropy measuren&0556-281@8)01406-X|

PACS numbgs): 25.70.Bc, 25.70.Hi, 25.70.Jj

The study of heavy-ion-induced fusion-fission reactionssection andl?) values in comparison to the one-dimensional
around the Coulomb barrier in systems with high fissility hasbarrier penetration model is well known. However, the ex-
assumed importance because of the failure of the standapkrimentally observed anomalous fission fragment anisot-
saddle-point statistical modeéBSPSM [1-16] to reproduce ropy in highly fissile systems cannot still be explained by
the experimentally measured anisotropies in these systemisicluding the above effects. Moreover, the determination of
The measurement of fission-fragment angular distributions ifl?) values from fission excitation function measurement
°Be, 19B, °C, %0, and!°F induced reactions of*’Th and  does not show any anomalous valli2g]. Recent measure-
ZNp system¢$3-5] and in thelC+232Th systen{15,16 at ment of fusion| distributions throughy-ray multiplicity
bombarding energies above the fusion barrier has revealatieasurements of fission fragments also does not show any
that the measured anisotropy is consistent with the predicsuch anomalougl)cy values around the Coulomb barrier
tions of SSPSM for projectile$Be and 1°B. However, for  [18].
heavier projectileqlike 2C, %0, and !°F) induced reac- One of the methods of investigating the effect of coupling
tions, the measured anisotropies are much larger than then enhancement of fusion cross section and broadening of
prediction of SSPSM and have therefore been termethel distribution is by measuring fusion barrier distribution.
anomalous. This observation of entrance channel dependentrefissile systems, the fusion barrier distribution is inferred
of measured anisotropy has been interpreted as evidence ftirough the study of fission excitation function measure-
a small admixture of pre-equilibrium/quasifission events, inments. Indirect methods are again adopted to obtain mean-
addition to the fusion-fission events. On the other hand, agquare spin from the fission fragment anisotropies. These are
sub- and near-barrier energies, anomalous anisotropy hasodel dependent and have therefore invariably turned out to
also been reported for a large number of systems such ds anomalous around the Coulomb barrier energies. Hence
160+ 232Th and 2C+2%2Th and 12C+23%J by Vandenbosch there is a clear need to investigate the fusion barrier land
et al.[2], for the system'®0+ 238 by Hindeet al.[7,8], for  distribution, if possible, through a complementary method.
the 2C+2%Np and 'B+2%%U systems by Zhancet al. In the past, the determination of the reaction cross section
[9,11], for the 1B, 12C, %0, and 1°F+232Th systems by and partial wave distribution from the analysis of generalized
Majumdaret al.[12—14, and for the?C+232Th system by elastic scatteringGES data has been quite succesgfL9)].
Lestoneet al. [15] and by Meinet al. [16] irrespective of In this formalism, GES is defined as the sum of elastic and
entrance channel mass asymmetry. These measurements sagpropriate nonelastic channétpuasielastic and the corre-
gest that the anomalous fission anisotropy may either be dusponding reaction cross section is called the reduced reaction
to the enhancement of mean-square average compoumgoss section. Oeschlet al.[19] have shown that for heavy-
nuclear spin (12)) [2,6,19 or narrowing of theK distribu-  ion collisions, the reduced reaction cross section and its par-
tion at sub- and near-barrier energj@s3,10,11. tial wave distribution obtained by optical model fitting are

The importance of coupling of various other degrees ofconsistent with the total reaction cross section for the re-
freedom such as static deformation, inelastic excitationmaining channels that are not added to the generalized
transfer, etc., giving rise to the enhancement in fusion crosslastic-scattering data. RecenfB0] it has been shown that
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FIG. 2. The measured excitation functions of elastic and differ-

FIG. 1. TheAE andE correlation plots aE,,, = 73 MeV and  ent transfer channels in th8C+23%Th reaction atf,,,=170°.
6,.,=170° for elastic and transfer channels.
The measured excitation functions of elastic, quasielastic,

by an analysis of the quasielastic excitation function one ca@nd different transfer channels are shown in Fig. 2.

obtain a representation of fusion barrier distributions. There- In a purely classical picture, the projectiles can either be

fore, it is of interest to compare fusion barrier and spin dis_elastically scattered or undergo fusion. There is a direct re-

tributions obtained by both quasielastic scattering and fissio’?t'onsh'p b_etween_ the fusion cross section and the elastic-
excitation function measurements, which may provide infor-3cattering dlfferen_tlal cross section, since any loss fro”.‘ elas-
mation on fusion-fission dynamics in these highly fissile sys-tIC e$haaneI contrlbut'es directly to fusmn'. As the. rat|o of
tems. do®/do™(E) at 180° is equal to the reflection coefficidRg

In the present work we have carried out measurements off" @ngular momenturtvi =0, the transmission coefficieiy
quasielastic excitation function a#,=170° in the 2C is related to the reflection coefficieRy asTo=1—-R,, and

+232Th reaction over a wide energy range around the Coult follows [20] that

lomb barrier. The results were analyzed to obtain the fusion A dR, d [ do®
barrier distribution and fusion spin distributioti f)). These DY(E)= 4E- _dE_ dE doF =D%E), (1
g

results have been compared with the fusion barrier distribu-

tion obtained from fission excitation function and tié) o .
values obtained from fragment angular distribution measure¥hereD'(E) andD®(E) are the barrier distributions derived

ments[16]. from fu_sion anq elastic excitation functions. In the presence
The measurements were carried out usitf§ beams of multiple barriers Eq(1) becomes

from the 14UD pelletron accelerator at the BARC-TIFR pel-

letron facility, Mumbai. A self-supporting®2Th target of 1.8

mg/cn? thickness was used in the experiment. The measure-

ments were carried out in the beam energy rangigf = 5o thatD®\(E) reflects the distribution of barrier weights,,
51-79 MeV in steps of 2.0 MeV. The bombarding energysor a given barriera. Similarly the barrier distribution de-
has been corrected for the energy loss in half the target thickiyeqd from the fusion data can be written B (E)
ness which is~0.75 MeV. A silicon surface barrier detector —s \w pf  The quasielasti¢QE) excitation function for
telescope[ AE (17 um)-E (1.0 mm] was placed at an . 12c7 232r, system measured at the angledgg,=170°

angle of 170° to the beam direction to detect the projectiley a5 sed to determine the fusion barrier distribufis(E)
like fragments. Another silicon surface barrier detector at asing a point difference formula with a step of 2 MeV in

angle of 20° with respect to the beam direction was used iyporatory frame. In order to convert the results of
measure Rutherford scatterlng events fqr normahzatlon. Flque|(E,17OO) to that oD %!(E,180°), the energy scale of the
ure 1 shows one of the typical two—dlmenslonal plc_)ts of tormer was reduced by centrifugal energy as

AE—-E,. from the detector telescope, showing elastic and

various transfer channels Bt,,=73 MeV. The various out E _E cose¢t, m/2)—1 3
going product charges are clearly identified in the experi- cent =CM-cose¢h, m/2) +1°

ment. However, with the present resolution it is not possible

to separate the elastic peak from inelastic scattering from The results of the fusion barrier distributi®@f(E) ob-
low-lying rotational target states. In the data analysis, quasitained from the present analysis are shown in Fig. 3, along
elastic was defined as the sum of all the elastic, inelastic, andith the results oDf(E) determined from fission excitation
transfer events. The differential cross sections for the elastifunction measurements of R¢fl6]. Also plotted in the fig-
and quasielastic and transfer events were determined relativge is the prediction of the coupled channel fusion model
to the Rutherford scattering at corresponding energy anCCDEP [21] calculation which fits the experimental fission
laboratory angle. The ratios were normalized assuming thagxcitation function datd16]. One can see that the barrier
the elastic cross section was equal to the Rutherford crogdistributions obtained from quasielastic and fission excitation
section value at energies well below the Coulomb barriermeasurement are quite similar as both the methods probe the

De(E)=>, W,D¢, 2
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FIG. 3. The fusion barrier distribution obtained from present
quasielastic scattering measurement along with the barrier distribu-
tion obtained from the fission excitation function of REI6] for
the *2C+2%2Th system.

entrance channel dynamics. The experimental barrier distr
bution is, however, somewhat broader than that calculated i
the framework of CCDEF model which includes coupling of
static deformation and inelastic excitation of the targéj (
=0.22 andB,=0.09, 3 state with excitation energy 0.774
MeV), which fits the excitation function of Ref16]. This
may be due to the Widd])i' [Eq. (2)] for the elastic channel
as compared to th®' in the fusion channel for a given
barrier heighta [22].

As seen earlier, the barrier distributions obtained from
guasielastic scattering and fission reaction are similar. Thufs
it is of interest to compare the spin distributior($%} value
obtained from QE scattering and fission fragment angula
distribution measurements. More so because the spin distri"
bution obtained from fusion-fission measurements is cru-
cially dependent on the dynamics of the fission processm
Hence it probes the exit channel whereas the quasielastl%r
measurements probe the entrance channel. To dérje In
value from the QE scattering data, we have carried out analy"—‘
sis in terms of generalized elastic-scattering thdd§j. In
the present analysis, we have taken the sum of elastic, inelas-
tic, and transfer channels as QE. The QE excitation function
at 6,,,=170° has been fitted with optical model caggs to
obtain potential parameters for the best fit of the experimen-
tal data as shown in Fig. 4. The potential parameters so ob-
tained areV,=40.0 MeV, R;=10 fm, a=0.8 fm, W=10.0
MeV, Ryi=1.4 fm, anda;=0.19 fm, respectively. The cor-
responding reaction cross sections and partial wave distribu-
tions obtained for the above potential parameters are identi-
fied as for the fusion channel.

To derive the(l?) value in fusion fission reactions one has
to work within the framework of SSPSM which relies on the
assumption that fission fragments originate from fully equili-
brated compound systems and that there are no other dy-
namical processes giving rise to fissionlike phenomena. It
also assumes that the motion from saddle to scission is fast
enough, so tha (the projection of total angular momentum
on the nuclear symmetry ayi;emains a good quantum num-
ber. The(1?) value is determined by measuring fission frag-
ment anisotropyA through the approximate relation,

Swo) - (1H
_W(90°)~1+4_K(2)'

(4)
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FIG. 4. The QE excitation function #,,=170° has been fitted
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with optical model codecis to obtain potential parameters for the
hest fit of the experimental data in tHé&C+23%Th reaction.

HereK3 is the variance of the Gaussi#hdistribution.

The dependence df?) values as a function of bombard-
ing energy are shown in Fig. 5 as calculated from QE data
along with that obtained from fission fragment anisotropy
measurements of Reff6,14—164. Also shown are the pre-
dictions of CCDEF including the coupling of static deforma-
tion and inelastic excitation of the targef(=0.22 andg,
=0.09, 3 state with excitation energy 0.774 Mg\Wvhich
tation function of Ref16]. It is seen that thél )
yalues obtained from QE data and that from standard fusion
odel CCDEF are quite similar, whereas the experimental
values of (1%) obtained from fission fragment anisotropy
easurement are in large deviation from QE and CCDEF
edictions around the Coulomb barrier. The slight deviation
(I?) values obtained from QE data from that of CCDEF
round the barrier may be due to the energy-independent
potential parameters used in the present calculations to de-
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FIG. 5. The dependence ¢f?) values as a function of bom-

barding energy calculated from QE data along with that obtained
from the fission fragment anisotropy measurements of Refs.
[6,14,19, and[16]. Also shown are the predictions of CCDEF.
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rive <|2> values from QE data. It is known that potential served that for low fissility systems such &80+ 2%%Pb,
parameters are energy dependent around the Coulomb barrighere saddle-to-scission time is small, tHé) values de-
(threshold anomaly in elastic scatteringhus, one can see, rived from fusion-fission data agree with the SSPSM predic-
in general, the predictions of t¢”) values of QE data and tion [25]. However, for systems with large fissility, such as
standard fusion models are quite consistent. 12C+2%2Th, where the saddle-to-scission time is large the
Our measurements on QE data indicate {14} values  deduced value of|?) does not agree with fusion models.
are consistent with prediction of standard fusion modelsHence it may not be correct to use the SSPSM model to
Therefore, according to our results, it seems that in the obdeduce(I?) values for systems with high fissility. As our
servation of anomalous anisotropl?) may not be the cul-  results show, one can take thé) derived from quasielastic
prit. Therefore, a closer look at the distribution assumed in  scattering or fission excitation measurement to be a com-
SSPSM[1] is required. In SSPSM the value & depends pound nucleaf|?) value for such fissile systems.
on the effective moment of inertial §) and the temperature In summary, we have carried out measurements on fusion
(T) of the fused system at the saddle point. According tobarrier and spin distributions in th&C+232Th reaction via
SSPSM theK distribution is decided by thi2 value at the quasielastic scattering. The results on fusion barrier and spin
saddle point, with the assumption th&tis a good quantum distribution have been compared with those obtained from
number in saddle-to-scission dynamics. This is because mdission fragment excitation function and fission fragment an-
tion from saddle to scission is assumed to be very fast. Howgular distribution measuremef5]. It was observed that the
ever, recent measurements on prescission neutron multiplicbarrier distributions obtained from both the methods are con-
ties have shown that for systems with high fissility, thesistent, whereas the spin distributions are inconsistent. It is
saddle-to-scission time is much larger than assumed btherefore suggested that in the systems having large saddle-
SSPSM 23] and these systems also show anomalous anisote-scission times, the derivation of average compound
ropy. Hence for these systens may not remain a good nuclear spin from fusion-fission data may not be correct.
guantum number. In the past, to explain the anomalous an- The authors are thankful to Dr. S. S. Kapoor for many
isotropy, K distribution has been altered either by invoking helpful discussions on this work. We also would like to ac-
the admixture of pre-equilibrium fissiof8] or orientation- knowledge the help of D. V. Shetty and B. V. Dinesh during
dependent quasifissiof24] with fully equilibrated fission the experiment. Thanks are also due to the Pelletron staff for
and using the SSPSM to calculate #1é) values. It is ob- their help in providing the beam from the accelerator.
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