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The fragment angular distribution and excitation functions of the 6ssion following complete
fusion (FFCF) have been measured after separating them from targetlike-fragment fission (TLFF)
for the F+ Th system in the bombarding energy range of 84.5 to 106.5 MeV. The fraction of the
targetlike-fragment 6ssion was observed to increase with decreasing bombarding energy below the
Coulomb barrier. The excitation function for 6ssion following complete fusion reaction agrees well
with coupled channel calculations. However, the (l ) values derived from the fragment anisotropy
data of the FFCF events are found to be much larger than those calculated using the coupled channel
transmission coefficient values. The discrepancy between the experimental and calculated (l ) values
increases as the bombarding energy is decreased below the barrier.
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I. INTR.ODUCTION

Anomalous anisotropies in the angular distribution of
fission fragments have been observed in several heavy-
ion-induced nuclear reactions at near- and sub-barrier
energies [1,2]. The fission-fragment anisotropy, i.e. ,
W(0 )/W(90'), is found to be larger than that pre-
dicted theoretically by the standard saddle-point statis-
tical model (SSPSM) [3] for the fission of the compound
nucleus formed by the fusion of the projectile and tar-
get nuclei. Several explanations have been forwarded to
account for the discrepancies: invoking new aspects of
reaction dynamics such as broadening of the l distribu-
tion at sub-barrier energies [2], and onset of new reaction
channels such as fast fission, quasifission [4], and pre-
equilibrium fission [5]. It is in this context that accurate
measurement of fission-fragment anisotropies for fission
following complete fusion (FFCF) events in heavy-ion re-
actions is of crucial importance.

At sub-barrier energies, FFCF cross sections fall very
rapidly, and a dominant fraction of the fission events
comes from the fission of a targetlike fragment (TLF)
formed by direct noncompound processes such as trans-
fer of a few nucleons from the projectile, nucleon ex-
change without a net transfer, or inelastic scattering. It
is, therefore, necessary to take into account the contri-
bution of the targetlike-f'ragment fission (TLFF) events
to obtain the fission-fragment angular distributions of
FFCF events for a proper comparison with the theo-
retical calculations. At present, there exist very little
data on the fragment anisotropies, separately for fission
following complete fusion and for targetlike-fragment fis-
sion, including transfer-induced fission events. Lestone
et aL [6] have measured the fragment angular distribu-
tions of transfer-induced fission integrated over all the re-

coil angles for the 0+ Th system at 86- and 90-MeV
beam energies, which are found to have lower anisotropies
[W(0')/W(90 ) = 1.2 and 1.3] as compared to the fission
following complete fusion events.

In the present work, we have investigated the fission-
fragment anisotropies for both FFCF and TLFF events
for the F+ Th system at sub-barrier energies. Leigh
et al. [7] have shown that in the F+ Th reaction at
near- and sub-barrier energies, a large fraction of all fis-
sion events arise from targetlike-&agment fission. Earlier
measurements of fission-fragment anisotropies reported
by Zhang et al. [8] and Kailas et al. [9,10] correspond to
all fission events, which are seen to be already anoma-
lously large compared to the SSPSM predictions. Fol-
lowing the result of Lestone et at. [6] on the anisotropy
of targetlike-fragment fission (TLFF) events, the elimi-
nation of the TLFF contribution is expected to result in
further enhancement in fragment anisotropy for the fis-
sion following complete fusion (FFCF) events compared
to that of all fission events. Recently Zhang et aL [ll]
have reported the measurements of angular distribution
of fission fragments in fission following complete fusion re-
actions of 0+ Th, F+ Th, and 0+ U by em-
ploying the folding angle method to separate the FFCF
from TLFF events. The authors, however, did not re-
port the anisotropies and the fractions of targetlike frag-
ment fission events that contribute at near- and sub-
barrier energies in these reactions. They concluded that
at sub-barrier energies anisotropies of the FFCF events
are lower than that for all fission events, suggesting that
the anisotropy of the TLFF events could be larger than
that of the FFCF events, which is opposite to the results
of Lestone et aL [6] for the isO+ Th system. In our
earlier work [12], we had reported that for the F+2 Th
reaction at 92.5-MeV bombarding energy the anisotropy
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of fission following complete fusion is higher than the
anisotropy for all fission events, which is again contrary
to the results of Zhang et al. [11]. In order to examine
afresh the anomalous behavior of the anisotropy of FFCF
events in the F+ Th reaction, we report here the re-
sults on the study of the angular anisotropies and exci-
tation functions for the fission following complete fusion
(FFCF) and targetlike-fragment fission (TLFF) events at
near- and sub-barrier energies.

In the present experiment, we have used the fission-
&agment folding angle technique to measure the yields
of FFCF and TLFF events as function of the fragment
angle with respect to the beam direction. Since in the
case of targetlike fragment fission there can be a large
spread in the recoil angle of the TLF with respect to
the direction of the beam, a proper analysis of the fold-
ing angle distribution requires a kinematic reconstruction
of the momenta and angles of the recoils from the mea-
sured angular distributions of the projectilelike fragments
(PLF). The analysis procedure adopted in the present
work to separately determine the TLFF and FFCF yields
is described briefly in the present paper, the details of
which are being reported separately elsewhere [13]. In
the present paper, we discuss the results obtained on the
angular anisotropies of the fission following complete fu-
sion after separating the contribution &om the targetlike-
fragment fission events and also the cross sections for
these two types of fission events in the F+ Th reac-
tion in bombarding energy range 84.5—106.5 MeV.

Section II describes the experimental details and data
analysis procedure for obtaining the folding angle dis-
tributions and fitting of the experimental data to ex-
tract the FFCF and TLFF components. Section III con-
tains the results and discussions on the fission-fragment
anisotropies and excitation function of the FFCF events.
Sectio~ IV contains the summary and conclusions of the
present investigations.

II. EXPERIMENTAL PB.OCEDUKE
AND DATA ANALYSIS

The experiments were carried out using F beams
from the Bhabha Atomic Research Center-Tata Institute
of Fundamental Research 14 UD Pelletron accelerator of
Bombay. A self-supporting 1.8 mg cm thick Th tar-
get was used for the experiments. Two X-Y position-
sensitive multistep avalanche counters of Breskin type
[14] having active dimensions of 6.5 cmx 5.0 cm and 15.0
cmx3. 5 cm were used to detect the two fission fragments
in coincidence. These position-sensitive detectors consist
of an anode wire plane in the middle, two cathode wire-
planes on either side of the anode, and X and Y sense
wire planes interposed between the anode and the cath-
ode wire planes. The detectors are operated typically at
2.5 torr of isobutane gas, and provide excellent timing,
position sensitivity, and discrimination of the fission frag-
ments from beamlike particles. The smaller detector was
kept at 20.0 cm from the target, subtending an in-plane
angle of about 18' at the target and was moved to cover
laboratory angles of 10 —110 in overlapping steps. The
longer detector was placed at a distance of 14.5 cm on
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FIG. 1. Fission-fragment folding angle distributions (solid
squares) at different laboratory angle for 5' bins of one of the
fragments for FFCF and TLFF are show'n. The arrows mark
the positions of full momentum transfer. Simulations of the
folding angle distributions for the TLFF and FFCF are shown

by solid lines.

the opposite side of the target covering about 60 in the
reaction plane to detect the complementary fission frag-
ments. A 300-pm-thick solid-state detector was placed in
forward direction at 25 angle to monitor the elastically
scattered F ions. The monitor counts were used to nor-
malize the angular distributions of fission fragments for
diferent angular settings.

The position calibration of the fission-fragment detec-
tors was achieved from the dips in the fragment yields
in the detectors due to the shadows caused by the 0.6-
mm-thick nylon wires used to support the thin windows
of the detectors. The calibration was done using a Cf
source, mounted at the point of the target location. From
the event-by-event information on the position of the two
fission fragments in the two detectors, their angles of
emission were calculated. The sum of the polar angles
of emission of the complementary fission fragments were
obtained for difFerent angular bins (bin size of 2 ) of the
smaller detector. The azimuthal angle (P) was restricted
to about +4'. Correction factors for the polar angle (0)
dependence of the solid angle and for the shadow of the
nylon support wires were calculated and used to obtain
the coincidence yields as a function of the folding angle
of the fission &agments. The timing information &om
the two fission-fragment detectors was used to define the
coincident fission events, and to reject any random coin-
cidences in the data.

Figure 1 shows the folding angle distributions of the
&agments for the F+ Th reaction at 92.5 MeV for
some typical angular bins for &agments detected in the
small detector. The components of targetlike-&agment
fission (TLFF) and fission following complete fusion
(FFCF) are seen distinctly in the data. The folding an-
gle distribution for TLFF events at near- and sub-barrier
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energies is expected to be much broader than that for
FFCF events due to broad recoil angle distributions in
the transfer reactions. Moreover, when the fixed detec-
tor angle is around one of the recoil directions, the fold-
ing angle distributions for the targetlike fragment fission
splits into two components as expected from kinematic
considerations. It may be noted that the earlier simi-
lar measurements by Zhang et al. [11] did not bring out
these features, presumably because of the limited folding
angle coverage in the geometry employed in their exper-
iment. In order to extract the fission following complete
fusion and targetlike fragment fission components from
the folding angle data, we have simulated the shape of
the folding angle distribution of the TLFF component
from the results on the angular distributions of the pro-
jectilelike transfer reaction products. The angular distri-
butions and energy spectra of the PLF's were measured
in a separate experiment by using solid-state detector
telescope [AE(17 pm)-E(500 pm)] at different labora-
tory angles. At sub-barrier energies, these angular dis-
tributions are seen to be broad and peaked at backward
angles. These data were used for kinetic calculation of
the energy and angular distribution of the recoiling nu-
clei, which are required to simulate the folding angle dis-
tribution of the targetlike-fragment fission events. Fur-
ther details of the simulation procedure and data analysis
are being reported separately [13]. The fission following
complete fusion events are seen to peak at the folding an-
gle expected for full momentum transfer, as calculations
with the fragment energies using Viola's systematics [15]
for symmetric mass split. The folding angle distributions
were fitted by a Gaussian distribution to the FFCF corn-
ponent and the simulated Gaussian averaged shapes for
the TLFF component. The areas of the simulated shape
functions were kept as free parameters to fit the folding
angle distribution data. The fits to the data are shown
as the solid lines in Fig. 1. The position of the mean
folding angle for fission following complete fusion (full
momentum transfer) is marked by arrows. From the fits
to the folding angle distributions, the laboratory angular
distributions of the fission following complete fusion and
targetlike-&agment fission components were extracted.
Figure 2 shows the laboratory fragment angular distri-
butions for all fission events, and for FFCF and TLFF
events measured at difFerent bombarding energies. In
order to obtain the angular distributions in the center-
of-mass frame, kinematic corrections are needed to be
applied to the laboratory angular distributions for FFCF
and TLFF data. The kinematic corrections for the FFCF
events were carried out assuming full momentum transfer
to the compound nucleus along the beam direction, and
the average fragment velocities to correspond to energies
given by Viola's systematics for symmetric mass split.
In the case of the TLFF events, the center-of-mass cor-
rection depends on the velocity and angle of the recoils,
which can in principle be calculated from the difFerential
cross sections of projectilelike fragments. It was found
that at a given laboratory angle there is a wide spread
in the center-of-mass angle because of the large variation
in the recoil directions and momenta of the recoiling nu-
clei undergoing fission. Thus an exact transformation of
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FIG. 2. Laboratory angular distributions for FFCF (solid
squares), TLFF (open squares), and all fission events (solid
circles) at difFerent bombarding energies.

III. RESULTS AND DISCUSSIONS

The fission-fragment angular distributions for fission
following complete fusion (FFCF) can be theoretically
calculated from the standard saddle-point statistical
model (SSPSM) [16]. The angular distribution of the fis-

the angular distribution of TLFF events to the center-
of-mass frame was not feasible, and we only report the
angular anisotropies in the laboratory frame for these
events. The center-of-mass angular distributions for the
FFCF events were fitted with Legendre polynomials up
to P6 terms to obtain the angular anisotropies. We have
seen that lower-order polynomial fits up to P4 terms are
not significantly difFerent, and are within statistical er-
rors of the data.

The excitation function for fission following complete
fusion (FFCF) was obtained after correcting the FFCF
yields for the measured angular distributions. We have
normalized the cross sections of fission following complete
fusion to the known value of the cross section measured
at above barrier energy in earlier experiments [8,10],
where the targetlike-fragment fission (TLFF) contributes
a small fraction of all fission. The results on the excita-
tion function and angular anisotropies are discussed in
the next section.
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sion fragments for spinless target and projectile is given
by

W(0) cx ) (2l + l)Ti
L=O

~
- (2~+ 1)14(0) I

"xp(-~'/2~o)
Ic= t, —Ez=—ie»( It /2~o)

Here, I is angular momentum of the fused nucleus, and
K is its projection on the symmetry axis. T~'s are the
transmission coefficients and de�(0)'s are the usual d func-
tions. The parameter Ko is the variance of the truncated
Gaussian distribution of K values, and is related to the
effective moment of inertia J,g and temperature T at the
transition state, by

Ko = J,gT/h (2)

where

J—1 J—1 J—1
e&

—
II

Here, JII and J~ refer to moments of inertia of the fis-
sioning nucleus at the saddle point parallel and perpen-
dicular to the symmetry axis, and are calculated from
the finite range rotating liquid drop model of Sierk [17].
The temperature at the saddle point is determined from
the relation

aT = E* —Bs„(l), (4)

where E is the excitation energy at saddle point, which
is calculated after correcting for prescission neutron emis-
sion, based on the experimental prescission neutron mul-
tiplicities of Hinde et al. [18] and by following the proce-
dure of Rossner et al. [19]and Saxena et ol. [20]. Bs„(l)is
the l-dependent fission barrier, which is calculated adopt-
ing the procedure followed in [17]. The level density
parameter a was taken to be a = A/10 as it describes
light-heavy-ion-induced fission data better. At medium
excitation energies, as in the present investigations, the
angular anisotropy, n = W(0')/W(90 ), can be very well
approximated by

n = 1+ (l')/4K

71.7 MeV. The subscripts (p, t) refer to the projectile
and target, respectively. The following inelastic channels
were included in the calculations: one of them being the
0.7744-MeV state of Th with Ps ——0.09 and others
being 0 197 ) 1 346

&
1 554 aIld 2 780 MeV states of F

with p2 ——0.55, ps ——0.33, p2
——0.58, and p4 ——0.22,

respectively.
The measured excitation function for the fission follow-

ing complete fusion events is shown in Fig. 3. The results
of Zhang et aL [11]have also been shown in the figure for
the fission following complete fusion reaction. The solid
line in the figure corresponds to the coupled. -channel the-
ory calculations, whereas the dashed line corresponds to
calculations without coupling. The agreement between
the experimental and the theoretical excitation functions
with inclusion of channel coupling is quite satisfactory
at all energies. At above barrier energies, the theoretical
curve also explains the inclusive measurement of Leigh
et al. [22] where the contribution of TLFF is small. We
have extracted the transmission coefBcients T~'s from the
coupled. -channel calculations and used these values to cal-
culate the SSPSM predicted angular distribution.

Figure 4 shows typical experimental fragment angular
distributions for fission following complete fusion (solid
squares) at 92.5-MeV bombarding energy, along with the
results of the theoretical (SSPSM) predictions (dashed
line). It has been seen that the theoretical angular dis-
tributions are less anisotropic than the observed angular
distributions. The angular anisotropies [W(0')/W(90 )]
were obtained by fitting the angular distribution data
with Legendre polynomials up to P6 terms for both FFCF
and all fission events. The center-of-mass angular distri-
butions of all fission events were obtained by applying
the same kinematic correction factors as that for FFCF
events. The results for all fission events are also reported
here to carry out a comparison with the earlier inclu-
sive measurements where separation of FFCF and TLFF
events was not carried out.

Figure 5(a) shows the results on the center-of-mass fis-
sion fragment anisotropies obtained for all fission events.
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where (l2) is the mean-square momentum of the fissioning
nucleus.

The angular momentum distribution of the fissioning
nucleus, which depends on the transmission coeKcients
Tj's as shown in Eq. (1), can be obtained from the
coupled-channel calculations (ccDEF code) [21] by fitting
the measured fission excitation functions. In the present
calculations, we have assumed axially symmetric shapes
of the target, characterized by nuclear quadrupole and
hexadecapole deformation parameters P2 ——0.217 and
P4 ——0.09. A nuclear potential Uiv(r, 0„,0q) of Woods-
Saxon type has been used:
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with B = B& + Bq + 0.29 fm, ao ——0.63 fm, and Vo ——

FIG. 3. The excitation function of fission following com-
plete fusion for F+ Th. The ccDEF calculation is shown
by solid. line.
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Earlier results of Kailas et al. [9,10], Fujiwara et al. [23],
and Zhang et at. [8] for all fission events are also shown
in the figure for comparison. It is seen that the present
result agrees with all the previous measurements except
those of Zhang et al. [8]. The large anisotropies for all
fission events reported by Zhang et at. [8] are not re-
produced by our measurements. The bumplike increase
in the anisotropy at E, 85 MeV is also not borne
out by the present work. In Fig. 5(b), we show the
present results on the fragment anisotropies for the fis-
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FIG. 5. The measured fragment anisotropies for (a) all fis-
sion events and (b) fission following complete fusion (FFCF)
as a function of the c.m. energy of the projectile. The SSPSM
calculations with (solid line) and without (dashed line) cor-
rections for prescission neutron emissions are for comparison.

FIG. 4. Typical fragment angular distributions in the c.m.
frame for FFCF at the bombarding energy of 92.5 MeV. The
theoretical SSPSM angular distribution with prescission neu-
tron emission correction is shown by the dashed line. The
best fitted Legendre polynomial up to P6 terms to the exper-
imental data is shown by solid line.

sion following complete fusion events along with the re-
cent results of Zhang et al. [11]. It is seen that the two
measurements agree with each other at all energies ex-
cept at the lowest energy measured by Zhang et al. [11],
where the anisotropy measured in the present experiment
is somewhat higher than that of Zhang et al. [11]. The
present measurements, however, extend to lower bom-
barding energies and the anisotropy is seen to be in-
creasing with decreasing bombarding energy. As pointed
out earlier, sub-barrier energies, the forward folding an-
gle distributions become complex due to mixture of recoil
angles and it is necessary to fit the full folding angle data
with suitable shapes for both FFCF and TLFF compo-
nents. Such a detailed Gtting was not done by Zhang
et al. [11],which might account for the discrepancy seen
in the two measurements at sub-barrier energies. How-
ever, in both the measurements, the experimental fission
fragment anisotropies for complete fusion events are seen
to be much larger than the predictions of the standard
saddle-point statistical model calculations, based on the
rotating liquid drop model barrier parameters, and using
the l distributions given by the coupled-channel calcula-
tions which fit the excitation function for FFCF events.

As pointed out earlier, in the statistical model formal-
ism, the fission-fragment anisotropy is given by o. = 1+
(l2)/4Ko2 The ob. served larger experimental anisotropy
inay imply either a larger value of (I ) or a smaller value
of Ko as compared to that given by theoretical mod-
els. Following the suggestion by Vandenbosch et al. [2],
one may assume that the compound nuclear spin distri-
bution gets broadened at sub-barrier energies, thereby
leading to the observed discrepancy between the cal-
culated and experimental values of the fission-fragment
anisotropies. We have calculated the experimental (I )
values ((I ),„),&om the anisotropy data using the above
equation and compared them with the (I )th, values
given by the CCDEF calculations. Table I summarizes the
present results on the experimental fragment anisotropy
and the (I ) and the fusion cross sections (oi„,) deter-
mined both experimentally and from theoretical CCDEF
calculations. The results of calculations without channel
coupling (corresponding to one-dimensional barrier pene-
tration) have been also given in the table for comparison.
As explained earlier, inclusion of channel coupling to the
projectile and target deformations and to inelastic exci-
tations improves the agreement between the calculated
and experimental fusion cross sections to a large extent
(see Fig. 3). At sub-barrier energies, the cross sections
are enhanced by orders of magnitude with inclusion of
channel coupling. However, the second moment of the
spin distribution (I ) is still grossly underpredicted even
with the inclusion of the deformation and inelastic exci-
tations in the coupled channel calculations, as seen from
the plot of (I ) with center-of-mass bombarding energy
(Fig. 6). It is seen that at above-barrier energies, (12) has
a decreasing trend with decreasing bombarding energy,
as expected from the calculations. However, at below-
barrier energies, the experimental values are much too
high and have an increasing tendency as the bombard-
ing energy decreases. High anisotropy values at above
barrier energies were explained earlier by Ramamurthy
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TABLE I. Experimental and calculated parameters of fission-fragment angular distribution.

E
(MeV)
98.44
87.35
85.50
81.80
79.95
78.10

2.11
2.05
2.19
2.24
2.32
2.47

(J. ')
1.77
1.72
1.72
1.71
1.70
1.69

T
(MeV/nucl)

1.].7
1.09
1.06
1.04
1.03
1.01

(l ),„

KII (5')
289 1283
262 1100
254 1209
248 1230
244 1288
238 1399

ex
~fus

(mb)
330.0
46.8
25.0
3.4
1.4
0.3

uD
Ofus

(mb)
406.0

28.3
13.9
0.94
0.087
0.006

Theory
(ts) un cou

(5 ) (mb)
520 383.5
87 42.9
87 22.6
87 4.7
87 1.5
87 0.32

(i2 )
coU

(5')
755
377
341
236
182
134

et al. [5] to be due to a small admixture of a new class of
events called "preequilibrium fission" which takes place
for the systems having entrance channel mass asymme-
try a~ = (AT —A~) j(AT + A~) less than the criti-
cal Businaro-Gallone mass asymmetry (n„,t). Preequi-
librium fission events are characterized by a narrow K
distribution at the Fission saddle point, thereby having
very large anisotropies as compared to the normal fission
events. According to the preequilibrium fission model
[5], the probability of preequilibrium increases with the
excitation energy of the system. Hence at lower bom-
barding energies, the contribution of preequilibrium fis-
sion events is expected to be less. The present observa-
tion of increasing anomaly in fragment anisotropy at sub-
barrier energies cannot be understood in the framework
of the preequilibrium fission model. Moreover, the sub-
barrier anomaly in the fragment anisotropy is observed
for a large number of systems which have entrance chan-
nel mass asymmetry on either sid.e of the liquid drop
Businaro-Gallone mass asymmetry. An alternative ex-
planation of larger fragment anisotropy is ascribable to
a broad. ening of the fusion I distribution at sub-barrier
energies as suggested by Vandenbosch et al. [2]. We have
seen that the CCDEF calculations with inclusion of defor-

2000

'I 500—

500—

mation and inelastic excitation of the target and projec-
tiles do give rise to certain broadening of the & distribu-
tion as shown in Fig. 6. However, the theoretical calcula-
tions still grossly underpredict the second moment of the
spin distribution. It is still to be seen whether incorpo-
rating nucleon and cluster transfer channels in the CCDEF
calculations can explain the present results. It may be
noted that some recent coupled reaction channel calcula-
tions do predict large broadening in the I distribution due
to coupling of Coulomb excitations and transfer channels
in certain systems [24]. We also notice that the fraction of
transfer-induced fission to compound nucleus fission has
a similar increasing trend as the fragment anisotropy, in-
dicating certain possible link of the anomalous behavior
with the nucleon transfer process.

IV. SUMMARY AND CONCLUSIONS

In the present work, we report the fragment
anisotropies in fission following complete fusion and
targetlike-fragment fission components at near- and sub-
barrier energies in the F+ Th reactions. It is found
that the fragments arising from fission following complete
fusion have larger angular anisotropies as compared to
the inclusive all fission events. The laboratory anisotropy
of the targetlike-fragment fission events is of the order
of 1.2—1.3 at all the energies measured in the present
work. The center-of-mass anisotropy of the FFCF events
are found to be larger than that expected from SSPSM
calculations. The (t ),„values derived from fragment
anisotropy data are also much larger than those given
by the CCDEF calculations at sub-barrier energies. The
broad. ening of the l distributions at sub-barrier energies
can possibly arise due to strong coupling of certain trans-
fer and Coulomb excitation channels to the fusion reac-
tions which have not been incorporated in the CCDEF
calculations. Measurement of fragment anisotropies for
more systems at sub-barrier energies is necessary for a
systematic understanding of the behavior of l distribu-
tions at below-barrier energies.

0 . I I

60
I I I I I I I I I I I I I I I I I I I

70 80 90 100
E, (MeV)

I I I I I I I I I I I I I

I 10 120 130

AC KNOVV LEDC MENTS
FIG. 6. Comparison of the experimental and calculated

(l ) values as a function of the center-of-mass projectile en-

ergy with (soiid line) and without channel coupling (dashed
line).
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