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Mass dependence of fragment anisotropy in the fission of11B1237Np and 16O1209Bi systems
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Measurements were carried out on mass, energy correlations of fission fragments for the systems of11B1
237Np at Elab576 MeV and 16O1209Bi at Elab5100 MeV at forward and perpendicular angles of emission
with respect to the beam direction. The fragment anisotropy averaged over all fragment masses matches well
for both the systems with the standard saddle point statistical model calculations. Variation of the angular
anisotropy and total kinetic energy of fragments were studied as a function of the mass of the fragment pair.
For the 11B1237Np system, the fragment anisotropy is seen to be nearly independent of the fragment mass,
whereas for the16O1209Bi system, the anisotropy is seen to decrease with increasing fragment mass asym-
metry. The results are discussed on the basis of the statistical model of fragment angular distributions and mass
division in the fission process.@S0556-2813~96!00110-0#

PACS number~s!: 25.70.Jj, 24.60.2k
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In recent years there has been much interest in investi
ing the fusion-fission dynamics of heavy ion induced rea
tions@1–3#. Fission fragment angular distributions have be
used to provide important information on the fission proce
According to Bohr’s hypothesis@4# the angular distribution
of fission fragments is determined by the quantum state
the saddle point with the assumptions that~i! theK quantum
number is conserved during the transition from saddle
scission and~ii ! the fission fragments separate along t
nuclear symmetry axis.

In several cases of heavy ion induced fusion-fission re
tions, the fission fragment angular distributions have be
found to exhibit much higher anisotropies than predicted
the standard saddle point statistical model~SSPSM! @5#
based on the above hypothesis. The fission fragment m
distribution, on the other hand, is expected to be largely
termined closer to the scission point and is influenced by
dynamics during the saddle to scission transition stage@6#. In
order to understand the dynamics of the fission process,
ticularly that of the saddle to scission transition, it is of in
terest to study the correlation between the angular distri
tion of fission fragments and the fission fragment mass
This correlation can, however, be observed only when th
are meaningful differences in the quantum states at
saddle point for different mass splitting. Experimental
these measurements are also complicated by the presen
multiple chance fission which has to be properly taken c
of in the analysis and interpretation of data. In an earl
work, Vandenboschet al. @7# reported that there is no depen
dence of angular anisotropy on fragment mass for
234U(d13 MeV, p f) reaction. Flynnet al. @8# investigated al-
pha particle induced fission of209Bi and 206Pb at 42 MeV
and found no mass dependence of the angular anisotr
More recently, there have been measurements in alpha
duced as well as heavy ion induced fission reactions on v
540556-2813/96/54~4!/2037~4!/$10.00
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ous targets. Angular distributions in alpha induced fission
232Th and 238U show a mass asymmetry dependence w
higher anisotropy for the asymmetric fission products co
pared to the symmetric ones@9#, whereas Parkeret al. @10#
have reported higher anisotropy for symmetric fragments
compared to asymmetric ones for16O1 238U at 101 MeV.
They interpreted this result to be due to higher angular m
mentum involved in forming symmetric fragments. Similia
correlations of angular anisotropy with mass asymmetry
fission products have been reported for233U(a29 MeV, f )
@11#. Recently Johnet al. @12# have reported the results fo
10B1 232Th, 12C1 232Th, and16O1 232Th systems, for which
the mass asymmetry parametera @a5(AT2AP)/(AT
1AP), whereAT andAP are target and projectile mass num
bers# lie on either side of the Businaro-Gallone critical ma
asymmetry aBG @13#. They find that for systems with
a.aBG, the fragment anisotropies do not exhibit any d
pendence on fragment mass, whereas for16O1 232Th system,
for which a,aBG, they observe that symmetric masse
have higher anisotropy compared to asymmetric mass
They have also interpreted this result in terms of differen
in rotational energy for symmetric products as compared
asymmetric ones. It may be noted that for10B1 232Th and
12C1 232Th systems, the average anisotropy agrees with
statistical model, whereas for16O1 232Th, the average an-
isotropy is significantly higher than the predictions of th
statistical model. These measurements were based on ra
chemical methods and only a few select fission produ
masses could be measured by this technique. It would be
interest to investigate further different compound system
using physical techniques to determine the fragment mas
over a wide range.

In the present work, we report the measurements of m
and kinetic energy correlations and mass dependence of
sion fragment anisotropies in11B1 237Np (Elab576 MeV!
2037 © 1996 The American Physical Society
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and 16O1 209Bi (Elab5100 MeV! reactions. The experiment
were carried out using the11B and 16O beams from the
14UD Bhabha Atomic Research Centre-Tata Institute
Fundamental Research pelletron accelerator. A s
supporting 209Bi target of 420mg/cm2 thickness and a
237Np target of 220mg/cm2 thickness coated over a nicke
backing of 114mg/cm2 thickness were used in the exper
ment. Energies of the two complementary fission fragme
were measured in a back-to-back geometry to determine
fragment mass distributions at forward and perpendicu
angles to the beam direction. One of the fragment detec
was a surface barrier (DE,E) telescope, with theE detector
acting as a veto to eliminate the elastically scattered eve
This detector was kept at the angles of 20° and 75° w
respect to the beam direction for the11B1 237Np reaction and
at 22° and 82° for the16O1 209Bi reaction. The other detec
tor was a large area position sensitive surface barrier dete
kept at the corresponding folding angle for the two syste
to detect the complementary fragments. Angular coverage
the position sensitive detector, PSD, was6 10.8°. The av-
erage folding angle for both the systems was determined
locating the peak in the counting rate as a function of ang
Energy calibration of theDE and position sensitive detector
were done using a252Cf source. The fragment pulse heigh
spectra of252Cf fission fragments were monitored at regul
intervals to check for the stability of the detectors in th
pulse heights. The pulse heights from the two fragment
tectors, along with the veto detector output and the coin
dence pulse giving the time correlation between the two fra
ments, were recorded for further off line analysis. An eve
by event iterative analysis was carried out to convert fra
ment pulse height into fission fragment kinetic energies a
masses by applying various corrections in the following wa

The energy loss of the fragments in the target and back
material was obtained using energy loss tables@14# and the
average total energy loss for the most probable fragme
was seen to be of the order of 3.5 MeV in237Np and 5.5
MeV in nickel backing for the11B1 237Np reaction and of
the order of 3.2 MeV in209Bi for the 16O1 209Bi reactions.
The observed laboratory energy was converted into cente
mass energy using reaction kinematics assuming full m
mentum transfer to the compound nucleus. This is justifi
from the folding angle distributions measured at the tw
laboratory angles for both the systems. Figure 1 shows
typical folding angle distribution for the11B1 237Np system.
The distributions are seen to be symmetric with respect
the peak corresponding to the full momentum transfer in
cating that the fraction of the transfer induced fission in th
reaction is negligible at these energies. The center of m
energies of fragments derived after the kinematic transform
tion were corrected for neutron evaporation effects to obt
the preneutron emission masses. Mass dependent en
calibration was used to correct for the pulse height defec
the detectors using the parameters given by Weissenbe
et al. @15#. The center of mass energy and mass distributio
measured in the two complementary detectors were foun
be in close agreement with each other. The average t
kinetic energy at forward angles was found to be the same
at perpendicular angles, for both the systems and is in g
agreement with the values given by the Viola’s systemat
s
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@16,17#. Figure 2 shows the variation of the fragment tota
kinetic energy~TKE! with fragment mass~amu! at forward
and perpendicular angles for the two systems. The contino
lines are the calculated values from Viola’s systematics@17#.
The expression used for calculating TKE as a function
fragment mass is

TKE5
~0.68Z1Z2!

A1
1/31A2

1/3 122.2 MeV, ~1!

whereZ1, Z2 andA1, A2 are charges and masses of the tw
fragments. It is seen that on an average the measured t

FIG. 1. Folding angle distribution for the11B1237Np system at
perpendicular orientation~closed circle; telescope detector at 75°
and forward orientation~open circle; telescope detector at 20°).

FIG. 2. Variation of total kinetic energy, TKE, for the11B1
237Np and 16O 1 209Bi systems at forward~open circle! and per-
pendicular~closed circle! orientations, as a function of fragment
mass. Viola’s systematics for both the systems is shown by a co
tinous line.
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TABLE I. Relevant parameters for the system studied.a is the entrance channel mass asymmetry,aBG is
the Businaro-Gallone critical mass asymmetry,Elab is the bombarding energy,Ecn* is the excitation energy of
the compound nucleus,Bfis is the fission barrier, andJeff is the effective moment of inertia.

System a aBG

Elab
~MeV!

Elab*
~MeV!

Bfis
~MeV!

Jeff
(\2 MeV21)

lmax
(\)

Anisotropy

~expt! ~calc!

16O1209Bi 0.858 0.876 100 45.6 3.4 122 28 2.36 0.13 2.3

11B1237Np 0.911 0.893 76 59.0 1.4 215 25 1.66 0.08 1.6

16O1232Th 0.871 0.897 100 57.1 1.4 217 25 2.16 0.13 1.8
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kinetic energy follows Viola’s systematics in all the mas
regions. This result indicates that the fragments originat
in the fission reactions in both the systems correspond
fully equilibrated compound nuclear fission.

Variation of the angular anisotropy with respect to th
fragment mass has been determined for the two systems.
anisotropy values were determined from the laborato
yields at forward and perpendicular angles after applying
nematic corrections for the recoil of the compound nucle
following full momentum transfer. Table I gives the mas
averaged anisotropy value for the two systems measure
the present work as well as for the16O1 232Th system at
Elab5100 MeV, taken from literature@12#. The latter system
forms the same compound nucleus at about the same ex
tion energy as the11B1 237Np system. Some relevant param
eters used for the calculation of the angular anisotropy in
SSPSM model have also been listed in Table I. It is seen
the experimental anisotropies for the16O1 209Bi and the
11B1 237Np fission reactions are in agreement with those c
culated using the SSPSM model. For the16O1 232Th system,
the measured fission fragment anisotropy is higher than

FIG. 3. Variation in angular anisotropy as a function of fra
ment mass for16O1232Th ~open circle! and 11B1237Np ~closed
circle!. Data points for16O1232Th ~open circle! are taken from
@12#. SSPSM calculation for both the systems is shown by a das
line. Measured mass averaged anisotropy for16O1232Th system is
shown as a continous line.
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calculated value. This result has also been seen earlier
has been interpreted to be due to the contribution of preeq
librium fission events in this reaction@1#. In the present work
we have also measured the fragment angular anisotropy
function of mass of the fragments. Thel distribution for the
compound nucleus has been calculated using the W
model @18#. The values for effective moment of inertiaJeff
and the fission barrierBfis for the compound nucleus as
function of angular momentum have been calculated us
the codesMOMFIT andBARFIT @19#. Figure 3 shows the varia-
tion of angular anisotropy with fragment mass for th
11B1 237Np and 16O1 232Th systems. The data for16O1
232Th system have been taken from@12#, where the measure-
ments have been done by radiochemical methods, and he
only a few selected masses have been measured in tha
periment. Both the systems populate to the same compo
nucleus, 248Cf. The 11B1 237Np system corresponds to th
entrance channel mass asymmetry,a, larger thanaBG,
whereas for16O1 232Th, a is smaller thanaBG. The mass
averaged anisotropy expected from SSPSM calculations
shown by the dashed line. It is seen that for the11B1
237Np system the fragment anisotropy does not vary sign
cantly with mass, whereas for the16O1 232Th system the
fragment anisotropy for symmetric split is much larger

g-

hed FIG. 4. Variation in angular anisotropy as a function of frag
ment mass for16O1209Bi ~closed circle! SSPSM calculation for the
system is shown by a dotted line.
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compared to asymmetric split. Figure 4 shows the variati
of angular anisotropy with fragment mass for the16O1
209Bi system. This system corresponds toa,aBG. The cal-
culations of SSPSM are shown by the dashed line. It is se
that for this system although mass averaged anisotro
agrees with the SSPSM calculation, the anisotropy for t
symmetric mass split is larger as compared to the asymm
ric split. This feature is qualitatively similiar to that observe
for the 16O1 232Th system.

In the SSPSM formalism, the angular anisotropy of fi
sion fragments can be approximated by

A'11
^ l 2&
4K0

2 , ~2!

whereA is the angular anisotropy,^ l 2& is the mean square
value of the angular momentum distribution, andK0

2 is the
variance of theK distribution at the saddle point. Large
observed anisotropy for certain fragment mass divisions th
that given by the SSPSM calculations can be interpreted
due to either larger̂ l 2& or smaller value ofK0

2 for these
masses. As seen from Table I, thelmax values for all systems
are in the range 25\–28\, over which the fission barrier is
not expected to vary significantly with angular momentum
Moreover, the mass dependence of prescission neutron m
tiplicities is not sufficient to explain the required change
K0
2 as a function of mass for the16O1 232Th and 16O1

209Bi reactions. The present results may be a manifestat
of entrance channel effect while going from11B to 16O pro-
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jectiles in the two systems, in terms ofa being greater or
smaller thanaBG.

It may be noted that Saxenaet al. @2# have experimentally
investigated entrance channel effects in the prescission n
tron multiplicities in fusion-fission reactions and have show
that systems witha,aBG have a higher prescission neutro
multiplicity compared to systems witha.aBG. Larger
prescission neutron multiplicity implies a larger delay. Hind
et al. @20# have shown a larger value for dynamical delay f
symmetric masses as compared to asymmetric masses.
see that for systems havinga,aBG, the symmetric frag-
ments indicate larger anisotropy as compared to asymme
fragments, whereas for systems havinga.aBG, the anisot-
ropy is nearly the same for all the fragment masses. In
latter case the results are consistent with the assumption
the fragment angular distribution is decided at the sad
point during the fission process and is not affected by t
mass division, which may be decided at a later stage dur
the transition from saddle to scission. For systems w
a,aBG, larger anisotropies for symmetric fragments
compared to asymmetric fragments may indicate that the
namical paths followed by the fragments of different ma
asymmetries are different, and this aspect needs further
tematic investigations using other target-projectile system
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