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Measurement of quasielastic and transfer excitation functions in16O, 19F¿232Th reactions
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Quasielastic~QE! and transfer excitation function measurements have been carried out for the16O, 19F
1232Th systems atu lab5170° over a wide energy range above and below the Coulomb barrier. The data were
analyzed to obtain the representation of fusion barrier distributions as well as the mean square compound
nuclear spin values (^ l 2&), which are found to compare well with the results of the standard fusion model
~CCDEF! calculations. Further, the back-angle transfer cross-section data as a function of the bombarding
energy were transformed to give the transfer probabilities as a function of the distance of closest approach for
1p, 2p, 1a, and 1p1a transfer channels. The experimental ‘‘slope parameters’’ derived from these data were
compared with the predictions of the semiclassical model calculations. It is found that the results for single
nucleon or single cluster transfers are well explained by the semiclassical model, whereas for multinucleon or
cluster transfers, the calculations underpredict the transfer probabilities.

PACS number~s!: 25.70.Bc, 25.70.Hi, 25.70.Jj
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I. INTRODUCTION

In recent years, the study of heavy ion reactions at n
and below barrier energies has received a lot of attent
This is primarily because of the large enhancements
served in the fusion cross sections relative to that expe
from the one dimensional barrier penetration model calcu
tions at sub-barrier energies. In the simplest picture, the s
barrier fusion of two interacting nuclei is due to the quantu
mechanical tunneling through an effective potential bar
arising from Coulomb, nuclear and centrifugal interactio
between the two nuclei@1#. The enhancement in fusion cros
sections at energies below the barrier has been explaine
being due to coupling between the relative motion and
internal degrees of freedom of the colliding nuclei, such
static deformations, collective vibrations, inelastic exci
tions and nucleon transfer, etc.@2#. These channel coupling
also lead to a distribution of the fusion potential barriers a
are expected to influence both fusion and quasielastic r
tions at energies close to the Coulomb barrier. It has b
shown that the representation of fusion barrier distributio
can be extracted directly from the fusion excitation functi
measurements@3# by taking the second derivative of th
product of energyE and fusion cross sections fus(E) with
respect to the center-of-mass energy of the projec
„D fus(E)5(1/pR2)(d2/dE2)@Es fus(E)#…. The experimen-
tally derived barrier distributions, for various systems, ha
provided valuable information to study the effect of t
structure of target and projectile nuclei and the coupling
various excited states and transfer channels to the fusion
cess.

In heavy ion reactions, the dynamics of elastic, inelas
transfer and fusion reactions are interrelated. It has b
shown that the information on the fusion barrier distributi
can also be obtained from the quasielastic~QE! excitation
function measurements at backward angles@4#. The quasi-
0556-2813/2000/61~3!/034612~10!/$15.00 61 0346
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elastic scattering includes elastic as well as inelastic
transfer channels.

In an earlier work@5#, we have reported the measureme
of the representation of fusion barrier distribution and s
distribution via the quasielastic scattering at energies n
and below the Coulomb barrier. In the present work, we h
extended these studies to16O, 19F1232Th systems to deter
mine the fusion barrier distributions and spin distributio
from the QE excitation function measurements at backw
angles. A systematic study of the fusion barrier distributio
in these different systems is useful to investigate the role
channel couplings and projectile structure in governing
fusion dynamics in heavy fissile systems.

We have also investigated in detail the cross sections
various transfer channels in the16O, 19F1232Th reactions at
below and above barrier energies. The study of transfer
actions is expected to provide valuable insight into the re
tion mechanism of these direct and semidirect proces
One of the most important problems in these studies is
identify the relevant degrees of freedom that correctly
scribe the single and multinucleon transfer processes. M
specifically, it is important to understand if single nucle
transfer modes would describe the more complex mu
nucleon transfer processes or one needs to invoke com
mechanisms such as cluster and correlated nucleon tran
to describe these processes@6#.

It has been seen from earlier studies that the struct
properties of the two nuclei could influence the transfer pr
abilities (Ptr) in different transfer channels@7–9#. The trans-
fer cross sections are primarily governed by the tunnel
probability for the particle which is to be transferred from t
projectile to the target or vice versa. At reaction energ
near the Coulomb barrier, the semiclassical model pred
that Ptr should fall off exponentially with the distance o
closest approachD. Ptr is given by the relationPtr
}exp@22aD#. The slope parameter (a) is given by
A2mEb/\, wherem is the reduced mass of the transferr
©2000 The American Physical Society12-1
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FIG. 1. The DE–ERes correlation plots at
Elab599 MeV for 19F1232Th system.
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nucleon and the nucleus to which it is transferred andEb is
the binding energy of the transferred nucleons inside the
jectile. The two nucleon transfer probability, with this de
nition of Ptr should be approximately the square of the pro
ability for one-nucleon transfer, regardless of whether
process is sequential or correlated, i.e.,P25(P1)2}exp@2
(22aD)#. However, in many experiments, usually at abo
barrier energies, one finds that the slope parameter for t
nucleon transfer is greater than twice that for one-nucl
transfer@10#. This large departure of the two-nucleon slo
factors a2n ,a2p from the expected valuea2n ,a2p
'2a1n,2a1p has come to be known as the ‘‘slop
anomaly.’’ In the above,D is usually determined from the
Coulomb deflection functions of the projectile as a functi
of the scattering angle, and the ‘‘slope anomaly’’ observ
for one- and two-nucleon transfer reactions at large inter
clear distances has been explained to be due to contribu
to the transfer probability from the Coulomb and nucle
branches of the classical deflection function@11#. In the
present work, we have measured the transfer cross sectio
a fixed backward angle with projectile energies varying fro
above barrier to sub-barrier energies. The distance of clo
approachD, in this case is varied by varying the bombardi
energy in the sub-barrier region and can be calculated f
the Coulomb trajectories for near head on collisions co
sponding tol'0\. The present results on the transfer pro
abilities as a function ofD, therefore, can provide an alte
nate way to determine the ‘‘slope parameters’’ f
comparison with the semiclassical model calculations.

The paper is organized as follows. In Sec. II we descr
the experimental setup and data analysis procedure. Se
III gives the discussion of the experimental results on
fusion barrier and spin distributions as obtained from
quasielastic excitation functions. In Sec. IV, we discuss
results on the transfer probabilities in various transfer re
tion channels on the basis of the semiclassical model ca
lations. Section V contains a summary and conclusions
the present investigations.
03461
o-

-
e

o-
n

d
-
ns
r

s at

st

m
-

-

e
ion
e
e
e
c-
u-
of

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiments were carried out using the16O and 19F
beams from the 14 MV BARC-TIFR pelletron accelerat
facility in Mumbai. A self-supporting 232Th target of
1.8 mg/cm2 thickness was used in the experiment. The m
surements were carried out over the bombarding ene
range ofElab573–99 MeV for the16O projectile andElab

583–109 MeV for the19F projectile in steps of 2 MeV for
each projectile. A silicon surface barrier detector telesco
@DE(17 m) –E(1.0 mm)# was kept atu lab5170° to detect
the elastically scattered particle and projectilelike trans
products. Another silicon surface barrier detector, moun
at an angle ofu lab520°, was used to measure Rutherfo
scattering events for relative normalization between differ
runs and for the determination of the absolute cross secti
The energy loss in half the target thickness for16O beam is
between;1.1–1.5 MeV and for19F beam, the energy los
is between;1.6–1.9 MeV over the full range of bombard
ing energies. In all the experimental results discussed be
the energy loss corrections have been incorporated.

Figure 1 shows a typical two dimensional plot
DE–ERes from the detector telescope, showing elastic a
various transfer channels for19F1232Th reaction atElab
599 MeV. The various outgoing reaction product charg
~Z! are clearly identified in the experiment. The energy ca
bration of the telescope was done from the observed p
positions of the elastic peak at different bombarding energ
in both the reactions. The calibration for bothDE andERes
detectors was found to be quite linear in the entire ene
range. The mass and charge identification of the differ
isotopes was carried out using the multiplier algorithm@12#
PIO5DE3(ERes1k13DE1k2) where ‘‘k1’’ and ‘‘ k2’’ are
constants and PIO is the particle identification operator
was observed that the best mass and charge separation f
the elements is achieved with a value ofk152.7 andk25
210.0. One of the typical particle identification spectra o
tained for the 19F1232Th reaction at Elab599 MeV is
2-2
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MEASUREMENT OF QUASIELASTIC AND TRANSFER . . . PHYSICAL REVIEW C61 034612
shown in Fig. 2 along with a calibration plot of PIO~particle
identification operator! vs MZ2 for all possible isotopes o
transfer products. A linear relation between the PIO and M2

product for the dominant isotopes~shown as solid circles in
the inset! was observed which enabled us to locate the p
positions of all the possible isotopes in the particle ident
cation spectra~as shown by the stars in the plot in the inse!.
This linear relationship gave us reasonable confidence in
folding the particle identification spectra. The isotopic yiel
of different transfer products were obtained by deconvo
ing the PIO spectra with multiple Gaussian peak fitting as
shown in Fig. 3. Thes of the PIO as obtained from these fi
is seen to be less than 0.5 a.m.u. over the full range of
isotopes covered in the experiment, corresponding to
FWHM of around 1 mass unit. In the deconvolution proc

FIG. 2. Particle identification~PI! spectrum atElab599 MeV
for 19F1232Th atu lab5170°. The inset in the figure for PI spectra
a typical calibration curve where the particle identification opera
~PIO! is plotted as a function of MZ2.

FIG. 3. The various isotopic yields of the outgoing transfer
action products obtained by Gaussian deconvolution of the m
distribution of different elementsZ58, Z57, andZ56 at 99 MeV
for 19F1232Th reaction atu lab5170° are labeled.
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dure, the peak positions were fixed at values given by
above calibration, the area and FWHM were adjusted to g
the best fit to the data with minimumx2 values for each
isotope.

In case of 19F induced reaction, the dominant transf
products are seen to be18O, 15N, and 14C corresponding to
1p, 1a, and 1a1p transfers, whereas for16O induced reac-
tion, the dominant products are15N, 12C, and 14C corre-
sponding to 1p, 1a, and 2p transfers, respectively. The tw
body character of the transfer products can be seen by ex
ining the energetics of the reaction, as evidenced by the
ergy spectra of the reaction products. The observed ener
of the products were converted to the reactionQ values by
assuming two body kinematics. Figure 4 shows the ene
spectra corresponding to the most probable isotopes oZ
59, 8, 7, and 6 products plotted in terms of theQ value in
the 19F1232Th reaction atElab599 MeV. The observed en
ergies of the products were converted to the reactionQ val-
ues by assuming two body kinematics. The energy spe
are found to peak at energies corresponding to theQopt val-
ues@Qopt5Ec.m.„(zfZf /ziZi)21…, wherei and f refer to the
incoming and outgoing channels, respectively# as shown by
arrows in Fig. 4. In Fig. 4, the spectra are shown as a fu
tion of Q-Qgg , which gives directly the excitation energy o
the transfer partners (Qgg is the ground stateQ value for the
transfer channel!. It is seen that the excitation energy spec
move up by about 5–6 MeV for one unit increase in t
charge transfer. In the semiclassical picture, atQopt there is
maximum overlap of the Coulomb wave functions in t
initial and final channels giving rise to the maximum in th

r

-
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FIG. 4. Q-value spectra ofZ59, 8, 7, and 6 projectilelike frag-
ments in the19F1232Th reaction atu lab5170° for bombarding en-
ergy Elab599 MeV. The arrows indicate the correspondingQopt

values.
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FIG. 5. ~a! Quasielastic and transfer excitation functions for16O1232Th reactions atu lab5170°. ~b! Quasielastic and transfer excitatio
functions for 19F1232Th reactions atu lab5170°.
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the
transfer yields at that energy. The agreement between
average energy of the transfer product and theQopt implies
that the semiclassical picture seems to hold good for
average behavior of the most probable transfer channels.
energy integrated cross sections of the quasielastic scatt
and transfer channels normalized to the Rutherford scatte
cross sections for both16O, 19F1232Th reactions as mea
sured at the fixed backward angle ofu lab5170° are shown in
Figs. 5~a! and 5~b!. The quasielastic cross sections as sho
by the solid circles in the top part of the figures correspo
to the sum of elastic, inelastic and transfer channels whe
the hollow circles correspond to only the elastic scatter
channel. It is seen that the elastic scattering cross sectio
backward angles drops rapidly above the fusion barr
whereas the transfer channels have a bell-shaped beh
with broad maximum around the barrier energy. As will
shown later in Sec. IV, the below barrier data for the diffe
ent transfer channels were used to study the transfer p
abilities for both the systems as a function of the distance
closest approach obtained by using the Coulomb trajecto
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III. FUSION BARRIER AND SPIN DISTRIBUTIONS

A. Fusion barrier distribution

The representation of fusion barrier distributionsDqe(E)
for 16O, 19F1232Th systems has been extracted from t
quasielastic excitation functions measured atu lab5170° in a
manner similar to that mentioned in Ref.@5#. The results of
Dqe(E,170°) were converted to that ofDqe(E,180°) by re-
ducing the centrifugal energy from the energy scale.

The results of the barrier distributionDqe(E) obtained
from the present analysis for the16O and19F1232Th systems
along with the earlier results for12C1232Th @5# are shown in
Fig. 6. The fusion barrier distributions as calculated using
coupled channel fusion model CCDEF@13# which fits the
experimental fission excitation function data@14# are also
shown in Fig. 6. In the CCDEF calculations, the ground st
deformations and inelastic excitations of the target nucl
(b250.22 andb450.09 with excitation energy 0.774 MeV!
were used. For19F projectile, three excited states at 0.19
1.346, and 1.554 MeV withb250.55, b350.33, andb4
50.22 respectively were used. It is seen from Fig. 6 that
2-4
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MEASUREMENT OF QUASIELASTIC AND TRANSFER . . . PHYSICAL REVIEW C61 034612
predictions of the coupled channel fusion model qualitativ
agree with the experimentally determined fusion barrier d
tributions obtained from the quasielastic excitation functio
The barrier widths and barrier positions of the three syste
as obtained from the experimentally measured barrier di
butions for all the three systems are summarized in Table
is clear that the width of the experimental barrier distributi
increases with increasing charge and mass of the projec
One can understand the origin of the width of the barr
distribution by a simple geometrical argument valid for d
formed targets. As mentioned earlier, the structure of
interacting nuclei strongly influences the cross section
fusion which in turn affects the barrier distribution. Ge
metrically, the Coulomb barrier is lower when the project
approaches the tips of a deformed target nucleus an
higher when it approaches the equator of the target nuc

FIG. 6. The fusion barrier distribution obtained from quasiel
tic scattering measurements along with the barrier distribution
tained from the CCDEF for12C, 16O, and 19F1232Th reactions.
Also shown in the figure is the fusion barrier distribution obtain
from fusion excitation measurement of Ref.@23# for 12C1232Th.
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as compared to the case when the target nucleus is sphe
An average over all possible orientations of the target a
the projectile nuclei produces a distribution of barri
heights, some lower and some higher than the spherical c
One can, therefore, write the total cross section as

s fus5E
0

p/2

s fus~E,u!sinudu, ~1!

where theu is the angle between symmetry axis and t
point of interaction. Assuming classical description of t
fusion process, the barrier distribution can be written as

D~B!5
1

pR2

d2~Es!

~dE2!
5sinu

du

dB
. ~2!

D(B)dB5sinudu. For a deformed target nucleus with
sharp nuclear surface and a quadrupole deformationb2, the
barrier position and barrier height may be parametrized w
the prescription given in Ref.@15# as described below. The
radius parameter and barrier can be expressed as a fun
of angleu, with respect to the symmetry axis as

R~u!'RB1RTb2Y20~u,0! ~3!

and

B~u!'
Z1Z2e2

4pe0

1

RB1RTb2Y20~u,0!
. ~4!

One, therefore, obtains the width of the barrier distrib
tion as

DB'
3

2
A 5

4p

Z1Z2e2

4pe

RT

RB
2 b2 . ~5!

The barrier width is thus related to the product of the proj
tile and the target chargesZ1 and Z2, average target radiu
RT , average barrier radiusRB and deformationb2. The bar-
rier widths were calculated using Eq.~5! and are also tabu
lated in Table I. The calculated widths of the barrier dist
butions are larger than those extracted from
experimentally measured barrier distributions. Moreover,
experimental barrier widths seem to scale somewhat t
lesser extent with projectile charge than would be expec
out of the above simple relationship.

B. Spin distributions

As discussed in the previous section the barrier distri
tion obtained from quasielastic scattering excitation funct

-
-

TABLE I. Fusion barrier and optical model potential parameters.

Barrier parameters~MeV! ECIS parameters
System DBexpt Positions DBcalc V(MeV) W(MeV) r 0 (fm) a0 (fm) r i0 (fm) ai0 (fm)

12C1232Th 11.83 60.95 11.6 40.0 10.0 1.1 0.8 1.4 0.19
16O1232Th 12.81 81.25 15.40 40.0 15.0 1.1 0.8 1.4 0.19
19F1232Th 15.61 89.8 17.21 40.0 35.0 1.1 0.8 1.4 0.19
2-5
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SHRABANI SINHA et al. PHYSICAL REVIEW C 61 034612
shows reasonable agreement with the prediction of cou
channel fusion model~CCDEF! calculations as well as with
the barrier distributions obtained from fusion excitation fun
tion @5#. We have compared the fusion spin distributions o
tained from quasielastic excitation functions with that o
tained from fission fragment angular distributions in the
heavy fissile systems.

The measured quasielastic excitation function atu lab
5170° has been fitted with the optical model code EC
@16# to obtain potential parameters which give the best fit
the experimental data as shown in Fig. 7. The wide rang
bombarding energies covered in this study allowed us to
vestigate the global behavior of the optical model para
eters. The potential parameters so obtained for all the th
systems 12C, 16O, and 19F1232Th reactions are listed in
Table I. The values ofV0 , R0 , a0 , R0i , anda0i were kept
same for the three systems and only the depth of the im
nary potentialW0 was varied to fit the excitation functions.
is seen that the depth of the imaginary potential gener
increases with mass of the projectile. In the case of19F a
somewhat larger value of the imaginary potential as co
pared to the other two nuclei, was needed to fit the qu
elastic excitation function. This may indicate that in this r
action a large number of channels are opening up aiding
fusion process and thereby depleting the strength from
quasielastic excitation function. To include it theoretica
one needs a higher value of imaginary potential. The reac
cross sections and partial wave distributions obtained w
the tabulated potential parameters are identified as for
fusion channel. Thêl 2& was then obtained from the partia
waves leading to fusion as outlined in Ref.@17#.

FIG. 7. The measured QE excitation function atu lab5170° for
12C, 16O, and19F1232Th reactions. The continuous line is the pr
dictions of ECIS for the potential parameters listed in Table I.
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The dependence of^ l 2& values as a function of bombard
ing energy for all the three systems are shown in Fig. 8. T
^ l 2& values obtained from the analysis of the quasiela
scattering data and from the CCDEF code along with t
obtained from fission fragment measurements of Refs.@18–
24# are shown in Fig. 8. It is seen that the^ l 2& values ob-
tained from QE data and that from standard fusion mo
CCDEF are quite similar for all the three systems. The^ l 2&
values derived from the fission fragment angular anisotrop
using SSPM calculations are in complete disagreement w
those obtained from the QE data and the CCDEF calc
tions for all the three systems, especially at sub-barrier e
gies. As mentioned in Ref.@5# it implies that the formalism
employed to derivê l 2& in the sub-barrier region is not jus
tified, as theK0

2 parameter may be modified if other modes
fission@25# such as preequilibrium or quasifission@26# domi-
nate in this region. Some recent studies@27# show that the
fission K distribution may be altered due to the couplin
with the entrance channelK distribution arising from the
deformation of the target nucleus.

IV. TRANSFER CROSS SECTIONS AND TRANSFER
PROBABILITIES

The differential transfer cross-section data measured
the reactions16O1232Th and 19F1232Th as a function of

FIG. 8. The dependence of^ l 2& values as a function of bom
barding energy calculated from QE data are shown by solid l
Also shown in the figure are the predictions of CCDEF witho
coupling~dotted lines! and with coupling~dashed lines! along with
that obtained from fission fragment anisotropy measurement
Refs.@18–24# for 12C, 16O, and 19F1232Th reactions.
2-6
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FIG. 9. ~a! Variation of transfer probabilityPtr as a function of the ground stateQ value (2Qgg) for 16O1232Th system. The solid lines
are the exponential fit to the data.~b! Variation of transfer probabilityPtr as a function of the ground stateQ value (2Qgg) for 19F
1232Th system. The solid lines are the exponential fit to the data.
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bombarding energy at the fixed backward angle ofu5170°
have been shown in Figs. 5~a! and 5~b!. The cross-section
data have been shown as the ratio to the Rutherford sca
ing cross section at each energy, which corresponds to
transfer probability for each transfer channel (Ptr
5ds tr /dsRuth). It is seen from the Figs. 5~a! and 5~b! that
the transfer probability for backward emission of the ejecti
is maximum around Coulomb barrier energies. Transfe
hindered at energies much below the barrier because the
tance of closest approach becomes large, leading to dec
in the nuclear overlap. At above barrier energies, the
creased overlap results in more dissipative collisions wh
finally results in fusion. Since the transfer probability,Ptr for
a given transfer channel is known to depend strongly on
ground stateQ value (Qgg) of the reaction we have studie
the variation of the observedPtr with respect to the ground
stateQ value of the reaction. Figures 9~a! and 9~b! show the
variation of Ptr with the Qgg in 16O1232Th and 19F1232Th
reactions at different bombarding energies. The domin
cross sections in the19F1232Th reaction are the transfe
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channels of18O(1p), 17O(1p1n), 15N(1a), 14C(1a1p).
In the case of16O1232Th reaction, the dominant channe
are 15N(1p), 14C(2p), and 13C(2p1n). It is seen that in
both the systems, there is a general decrease inPtr with
increasing negativity of the ground stateQ value for the
transfer channels. ThePtr data were fitted with an exponen
tial function of the formPtr5A exp(QggB) as shown by the
solid lines. The slope of the exponential shows a system
variation with increasing bombarding energy ranging fro
about 3.5 to 5.2 MeV21 in 16O and 3.1 to 8.3 MeV21 in
19F. At lower bombarding energies, there is much stron
variation of Ptr with the Q value, which is expected on th
basis of the energetics of the reaction. One can also see
Figs. 9~a! and 9~b! that there are systematic deviations fro
the smooth exponential behavior for certain transfer ch
nels, which may be connected to the internal structure of
projectile. For the16O projectile, as the bombarding energ
increases, the14C channel corresponding to 2p transfer
shows a large enhancement, whereas the14N channel corre-
sponding to the 1p1n transfer has a large suppression. T
2-7
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FIG. 10. ~a! Variation of transfer probability (Ptr) as a function of distance of closest approach for various transfer channels obser
16O1232Th reaction. The solid lines have slopes corresponding to binding-energy-derived decay constants for various transfer cha~b!
Variation of transfer probability as a function of distance of closest approach for transfer channels observed in19F1232Th reaction. The solid
lines have slopes corresponding to binding-energy-derived decay constants for various transfer channels.
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1a-transfer channel corresponding to12C also shows a
slightly increasing strength as the bombarding energy is
creased. In case of19F projectile @Fig. 9~b!#, there is large
enhancement in the15N channel corresponding to 1a trans-
fer, as the bombarding energy increases. The14C channel
corresponding to (1a1p) transfer is seen to be enhanced
all bombarding energies. One also sees that the16O(1p2n)
transfer and15C(3p1n) transfer channels are suppressed
the 19F1232Th reaction at all energies. The large enhan
ment in certain transfer channels are possibly due to sim
taneous cluster or multinucleon transfers from the projec
to the target nucleus, as facilitated by their internal str
tures.

Inspite of considerable progress in the understanding
transfer reactions, the complex problem of multinucle
transfer has not yet been adequately understood and th
03461
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fore, much of the nuclear structure information extracted
far from the data is still of qualitative nature. A large amou
of work has been reported@28–32# on four nucleon or
a-particle transfer in order to establish the mechanism of
transfer process and to test the relevant nuclear struc
models involvinga clustering in nuclei. The present stud
has provided further experimental inputs to investigate
detail the mechanism of simultaneous and correlated tran
of particles and to study the clusterization aspects in he
ion induced reactions. The possibility of simultaneous cor
lated transfers of (ap), (ap,a), and (3a) from the 19F
projectile on to the target232Th were also reported earlie
@29#.

The present measurements at below barrier energies
provide an alternate way to study the ‘‘slope anomaly’’
transfer reactions. The present measurements on the vari
2-8
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of Ptr as a function ofD for various transfer channels hav
been shown in Figs. 10~a! and 10~b! for the 16O1232Th and
19F1232Th reactions. The data at higherD values were fitted
by an exponential function to get the slope parameters.
comparison of slope parametersacalc derived from binding-
energy based decay constant to that of experimental s
parametersaexpt is given in Table II. It is seen that in th
case of both16O, 19F1232Th induced reactions, the exper
mental slope parametersaexpt for 1p and 1a transfer show
good agreement with the calculated values ofacalc. How-
ever, for more complex transfers of 2p or 1a1p transfers,
the experimental slope parameters do not agree with ca
lated values. This is also shown graphically in Figs. 10~a!
and 10~b! by the solid lines corresponding to the calculat
slope parameters. It may be concluded that the semiclas
picture, is valid for one step transfer of nucleons or clust
and it breaks down while considering multistep or comp
multinucleon transfers in the transfer reactions.

V. SUMMARY AND CONCLUSIONS

In the present work, we have studied the fusion bar
distributions and spin distributions in16O, 19F1232Th reac-
tions from the measurement of the quasielastic excita
functions at backward angle ofu lab5170° at above and be
low the fusion barrier. The representation of the fusion b
rier distributions extracted from the present measurem
agree well with the calculations based on the CCDEF fus
model. The quasielastic scattering data have, therefore,
vided a useful method to extract fusion barrier distributio
for the heavy fissile systems. The compound nuclear m
square spin̂ l 2& derived from QE measurements also ag
with the results from standard fusion model CCDEF but
in complete disagreement with those obtained from fiss

TABLE II. Experimental decay constants obtained from an e
ponential fit to the measured transfer probability and also listed
decay constants calculated on the basis of the binding energy.

System Channel acalc aexpt

19F1232Th 18O 0.53 0.5460.09
15N 0.86 0.7560.07
14C ap,a51.44 0.7460.10

16O1232Th 15N 0.60 0.5460.03
14C a2p51.17 0.8960.07
12C 0.99 0.7560.11
uc

. B

C
N.

03461
e

pe

u-

cal
s
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r

n

r-
ts
n
ro-
s
an
e
e
n

fragment angular distribution based on the standard sa
point model calculations. The present measurements on
cross sections of different transfer channels in the react
of 16O, 19F1232Th at energies around Coulomb barrier ha
been analyzed to derive the transfer probabilities. The tra
fer probabilities, show an exponential decrease with
ground stateQgg value of the various transfer channel
However, for certain transfer channels strong variation inPtr
versus ground stateQgg value for different bombarding en
ergies was observed, which may be connected with the
ternal structure of the projectile. In case of16O1233Th reac-
tion, 2p stripping corresponding to14C shows a large
enhancement in comparison to 1p1n stripping in 14N chan-
nel which has a large suppression. The 1a transfer corre-
sponding to12C channel shows a slight increasing streng
as the bombarding energy is increased. In case of19F
1232Th reaction the 1a transfer corresponding to15N chan-
nel shows large enhancement whereas certain other cha
such as16O(1p2n) and 15C(3p1n) transfers are suppresse
The large enhancement in 2p transfer channel in16O in-
duced reaction and 1a transfer in19F induced reaction poin
out to the possibility of simultaneous cluster or multinucle
transfers as facilitated by their internal structures. T
present data were also analyzed to obtain the variation of
transfer probabilities as a function of the distance of clos
approach~D! for both the systems. The experimental slo
parameters obtained from the plot ofPtr versusD plot were
compared with semiclassical calculations. It is observed
the semiclassical picture is valid for 1p, 1a transfer around
Coulomb barrier energies. However, for more complex ch
nels of 2p and 1p1a transfers, the slope anomaly exis
between the experimental and calculated values. These s
ies have provided new insight into the mechanism of trans
reactions involving multinucleon and cluster transfers in
heavy ion collisions at near and below Coulomb barrier
ergies.
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