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Fission fragment (FF) angular distributions for ®7Li + 235238U reactions have been measured at energies near
and above the Coulomb barrier. The angle integrated fission cross sections for °Li induced reactions at sub-barrier
energies are found to be higher than "Li induced reactions possibly due to a larger contribution of breakup or
transfer induced fission in cases of the former compared to the latter. The FF anisotropies for ®Li+2*U are found
to be slightly smaller than ®7Li+2>**U, manifesting the effect of target spin. The statistical saddle point model
predictions underestimate the measured FF anisotropy for all four systems at measured energies. Anisotropy
calculation by entrance channel dependent K -state distribution model and determination of (£?) from continuum
discretized coupled channels calculations suggest that the above enhancement in experimental anisotropy is
due to a combined effect of entrance channel dependent pre-equilibrium fission and projectile breakup induced

fission.
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I. INTRODUCTION

The study of nuclear reaction mechanisms involving weakly
bound stable heavy ions has been very interesting due to the
observation of many nonconventional behaviors compared to
those involving strongly bound projectiles. Fusion suppres-
sion at above barrier energies [1-6], absence of threshold
anomaly in the real part of the optical potential [7-11],
and large production of « particles [12—15] are some of
the important features associated with the above reactions.
These observations are known to be largely due to the effect
of projectile breakup on other channels. Study of fission
involving weakly bound projectiles is another avenue. The
fission fragment (FF) mass and angular distributions provide a
lot of information about the structure and reaction mechanism
involving two interacting nuclei [16]. Effect of projectile
breakup on different observables like FF angular anisotropy
and FF mass distribution has also been discussed in a few
studies [17,18]. However, there are very few works in the
literature having detailed descriptions on the reaction mecha-
nisms involved in the breakup affected fission observables.
Freiesleben et al. [17] in their study on 6.7 i4+-22Th, 28U
have done a systematic work on fission fragment angular
distribution and found characteristic differences between °Li
and “Li induced reactions. They have also mentioned the
possibility of projectile breakup and its effect on fission.

Due to a low breakup threshold, the projectile °Li(’Li) can
break up into o and d(¢) and one of these breakup fragments
may get captured by the target forming a composite system
which finally fissions into two fragments. Since the breakup
fragment carries only a fraction of the total energy of the
projectile to the target, the composite system formed by the
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capture of one of these fragments [incomplete fusion (ICF)]
acquires lower excitation energy compared to the compound
nucleus (CN) formed by complete capture of the projectile
by the target [i.e., complete fusion (CF)]. The change in the
excitation energy may affect FF angular anisotropy because
its value depends upon the temperature of the compound
nucleus at the saddle point. The anisotropy ‘A’ increases with

2\ K2
the decrease of the CN temperature ‘7° as A =1+ %1):7 ,

where (£?) is the mean square angular momentum and
L is the effective moment of inertia of the CN. Thus a
non-negligible contribution from breakup fragment induced
fission may lead to a significant change in ‘7"’ which in turn
will change the value of FF angular anisotropy A. Similar
effect can also be observed due to transfer induced fission
where a few nucleons are first transferred from the projectile
to the target nucleus which then breaks into two fission
fragments. Distinguishing these two non-CN fission processes
experimentally is a difficult task. Thus, any deviation in the
behavior of the observed fission fragments from the CN fission
could be due to the contamination of breakup and/or transfer
induced fissions.

The value of ‘A’ may also get modified by any change in the
value of the angular momentum ‘¢’ transferred to the CN. In
the measurement of (£) for the ’Li+'%*Ho reaction by Tripathi
etal. [19]ithas been shown that the effect of the coupling of the
breakup channel is coherent with inelastic or transfer channels.
However, with many measurements on the complete fusion
cross sections involving weakly bound projectiles providing
different conclusions than above, the question of coherence or
incoherence of the breakup coupling effect is still unresolved.
Since some of the breakup fragments get captured by the target
leading to incomplete fusion followed by fission reaction, it
contaminates the compound nuclear fission yield. In this case,
the inclusive fission data will carry the combined behavior of
both CN and non-CN processes. When a breakup fragment

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.90.014603

A. PARIHARI et al.

is captured by a target nucleus, a different angular momenta
is transferred to the target which is expected to change the
properties of the composite system and its fission fragments.
Alternately, the moments of angular momentum, e.g., (£) and
(€%) of the composite system which are interlinked with its
formation cross section and angular momentum transfer to
the target, can provide information on different processes
leading to fusion followed by fission reaction. So, it would
be of interest to determine the (£2) from the measured fission
fragment anisotropy and compare them with the ones obtained
from coupled channels calculations to investigate the effect of
projectile breakup/transfer.

In the present work, we measure the FF angular distribution
for ®7Li+233U systems with a target having a large ground state
(g.s.) spin (7/2) to see if their conclusions differ from the study
made by Freiesleben et al. with the targets (>*>Th,?33U) having
zero g.s spin. We also repeat the measurements of the FF
angular distributions for ®7Li+2*®U reactions using the present
experimental setup for comparing the data for both targets.
Thus any systematic error on the data due to the experimental
setup between the present reactions with the 23U target and the
ones from the literature involving the *U target is avoided.
The reaction with 23U as a target involving a strongly bound
projectile is known [20,21] to have different fission anisotropy
as compared to the one (>*¢233U,232Th) having zero g.s. spin.
By comparing the data for ®"Li+2**U with &7Li+>8U, it is
proposed to investigate if the effect of the target g.s. spin
on the FF anisotropy still exists for the reactions involving a
weakly bound projectile too, i.e., it is independent of the nature
of projectile binding. The FF anisotropy values calculated
using different models are compared with the experimental
anisotropy to find out the possible factors affecting the
observed FF angular distributions.

The paper is organized as follows. Experimental details
of the measurements for the FF angular distributions for
67Li + 2352380 reactions are given in Sec. II. The results for
fission cross sections and the FF angular anisotropy along
with theoretical calculations are given in Sec. III. Discussion
on mean square angular momentum is given in Sec. I'V. Finally
the results are summarized in Sec. V.

II. MEASUREMENT AND DATA ANALYSIS

The FF angular distribution measurements were carried
out using the 14 UD BARC-TIFR pelletron accelerator at
Mumbai. Beam (®7Li) energies between 28 to 42 MeV in
steps of 2 MeV have been used. Targets of 23>238U of thickness
~280 pg/cm? were prepared by electrodeposition on Al foil
(~800 ug/cm?) as backing. The FFs were detected using
five telescopes (AE-E) of silicon surface barrier detectors
of thickness 12—15 um for A E and 300-1000 pm for E. Two
Si surface barrier detectors, one kept at 15° and another kept
at 50° were used as monitors for the absolute normalization
of fission cross sections. The use of two monitors at two
different angles provides a normalization of the data suitable
for different beam energies as well as the comparison at
the same energies. Contributions of the elastically scattered
particles from an Al backing were estimated by independent
measurements using a pure Al target of the same thickness as
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in the backing. Fission fragment angular distributions for all
four systems (®7Li + 23>23U) along with the theoretical fits
at measured beam energies are shown in Fig. 1. The average
interaction energies are smaller by ~30-40 keV due to energy
loss in the half-target thickness.

The measured FF angular distributions in the center-of-
mass frame ‘W(6)’ are fitted with the standard expression for
angular distribution [22] as given in the equation

W) « £5,(2J + DT,
Q2J + Dldjy_g £ (0)?e K /2K

J —K2/2K?
Ty e KK

J
X k=

ey

Here d 1{4=0 x (0) is the rotational wave function [23] and Kf
is the variance of the K distributions which is used as a
fitting parameter. FF anisotropies, A = W(180°)/ W(90°), are
obtained from the above fit to the angular distribution.

III. FISSION CROSS SECTIONS AND
FF ANGULAR ANISOTROPY

A. Fission cross sections

The total fission cross section (ofss) has been obtained
by integrating the measured FF angular distribution using
the fitted parameters at each beam energy and is shown
in Fig. 2. Fission cross sections for all the ®7Li 4 233233U
reactions at above-barrier energies are found to be almost
the same. However, at sub-barrier energies, the fission cross
sections for ®Li induced reactions (represented by hollow and
filled circles) are much higher than those for ’Li induced
reactions (represented by hollow and filled stars) which are
consistent with the observation made by Freiesleben e al. [17]
for ®7Li+232Th,>*3U reactions. Since the breakup threshold
of °Li is lower compared to Li, a larger contribution of
breakup induced fission could be the reason for the observation
of higher integrated fission cross sections for SLi induced
reactions at these energies. In addition to breakup, there could
be some contribution coming from transfer induced fission too.
Differences in transfer cross sections involving two different
projectiles may also lead to some of the above differences.

From the statistical model calculations using PACE it was
observed that the fission probabilities of the CN formed by
the above reactions are almost 100% . So, the fusion cross
sections calculated by coupled-channels calculations can be
assumed to be the same as the complete fusion-fission cross
sections for the present reactions and hence they can be
compared with the measured fission data. In Fig. 3, the fusion
cross sections calculated by the CCDEF code [24] have been
compared with the measured fission data for all the systems.
The coupling parameters (8, and B4) used for target ground
state deformation are taken from the literature [25-27]. For
238U, B, = 0.286 [25] has been used. An average of 8, values
of 234U and °U[25] (=0.276) has been used for 2°U. Similar
to Refs. [26,27] the B4 = 0.05 is used for both the targets.
The potential depth was adjusted by a parameter ‘dV’ [24,28]
in order to change the fusion barrier height so that the
calculated fusion reproduces the measured fission excitation
function at high energies. The barrier parameters (Vj, rp, and
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that the relative contribution of breakup/transfer induced
fissions are higher for ®Li compared to those for "Li induced

they are underpredicted for °Li induced reactions implying
reactions.

67Li + 23528 systems measured at beam energies in the range of 28—42 MeV. Solid
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100 120 140 160
line corresponds to the fit using the standard expression (see text for details).

FIG. 1. Fission fragment angular distributions for
hw) used in the above calculations for all four systems are

given in Table I. It can be observed from Fig. 3 that the CC

predictions at above-barrier energies are close to the measured
data for all four reactions. However, at sub-barrier energies,
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FIG. 2. (Color online) Angle integrated fission excitation func-
tions for ®7Li + 23523U reactions, showing larger cross sections for
®Li induced reactions (compared to "Li) at sub-barrier energies.

B. Fission fragment angular anisotropy

The FF angular anisotropy (A) values are obtained from the
measured FF angular distribution data and their corresponding
fits for all four reactions at different beam energies and are
shown in Fig. 4. It can be observed that the newly measured
anisotropy for ®7Li+23¥U reactions has a nonsmooth energy
dependence behavior and is consistent with the previously
measured data by Freiesleben et al. [17]. However, the absolute
values of the present anisotropy values are slightly different
from the literature. The present FF angular anisotropy values
for the SLi + 233U reaction are found to be slightly larger and

10°
10% &
10! &

10°
10° |

Ofjgs (mb)

102 |

B,= 0286
By= 005 F

10! |

100"1‘ wuuxuumi‘1””1””HH‘
25 30 35 40 25 30 35 40

E.., MeV)

FIG. 3. Fusion cross sections for ®7Li + 23*23%U reactions cal-
culated by coupled-channels calculations using CCDEF [24] are
compared with the measured fission/fusion cross sections.
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TABLE 1. Fusion barrier parameters (V,, r,, and hw) for
6.71j + 23231 reactions used in CCDEF calculations.

Reaction Vi, (MeV) rp (fm) hw (MeV)
°Li 4 2¥U 32.6 11.31 5.37
"Li+ U 32.7 11.26 5.37
oLj 4+ 28U 32.2 11.45 4.92
"Li+ 28U 32.3 11.40 4.92

for the "Li + 2*8U reaction they are slightly smaller compared
to the ones in the literature. The FF angular anisotropies for
the two new systems, i.e., 6.7Li+42%U are found to have rather
smooth behavior as a function of beam energy.

In Fig. 5, the FF anisotropies for the reactions involving
the same projectile but two different targets, i.e., 2>>23U,
are compared. It can be observed that the anisotropy values
for the reactions with 238U targets are higher than the ones
with 233U targets. Such a difference could be attributed to
the difference in the target ground-state spin, as all other
relevant features (like deformation, mass, charge, etc.) of the
two targets are practically the same. FF anisotropy calculated
from the entrance channel dependent (ECD) pre-equilibrium
model that includes the effect of target spin, described
later in a separate subsection, are also plotted as solid and
dashed lines corresponding to the reactions involving the >>U
and 23U targets, respectively. The difference in the ECD
model calculated anisotropy values for reactions involving
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FIG. 4. (Color online) Experimental (filled circles) and calcu-
lated fission fragment anisotropies as a function of center of mass
energy for (a) °Li +2¥U, (b) °Li +>¥U, (c) "Li +>*U, and (d)
"Li 428U reactions. Hollow circles represent the data from the
literature [17]. Dashed lines correspond to the SSPM calculations.
The ECD calculations with and without the spin of the target
and projectile are represented by the solid and dash-dot-dot lines,
respectively.
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FIG. 5. (Color online) Experimental fission fragment
anisotropies as a function of center of mass energy for (a)
SLi 4233280 reactions and (b) ’Li +>2%U reactions showing
the effect of target dependence. Solid and dashed lines correspond
to the entrance channel dependent (ECD) pre-equilibrium model
calculated FF anisotropy for reactions involving the U and 2*U
targets, respectively.

two different targets shows a similar trend explaining the
experimental observation.

C. SSPM calculations

The experimental anisotropies have also been compared
with the predictions of the statistical saddle point model
(SSPM). Here ‘A’ is calculated using the equation “A =
1 + (I?)/4K?2” which is approximated from the expression
for fission fragment angular distribution as given in Eq. (1).
From the simplified coupled-channels calculations using the
CCDEF code mentioned earlier, the values of (I%) are derived
from the fit to ojss. Using the £ distribution (i.e., o; versus £)
calculated from the coupled-channels calculations, the average
of the square of the angular momentum, i.e., (/?) for fusion
is obtained at each energy. These values of (/?) are used for
anisotropy calculations by the SSPM model.

The variance of the K distributions is K2 = (Iegt/h*)T.
Here, I is the effective moment of inertia and T [= /(E*/a)
with a = Acy /10 MeV~'] is the saddle point temperature of
the compound nucleus. Excitation energy E* at the saddle
pointis givenby E* = E., + QO — By — Eyo — E,, where O
is the Q value for the formation of the compound nucleus. The
spin dependent fission barrier ‘B ’, ground-state rotational en-
ergy ‘E’, and effective moment of inertia ‘. are calculated
using the Sierk model [29]. ‘E,,’ is the average energy removed
by the evaporated neutrons from the compound nucleus.

The predicted values of anisotropy by SSPM calculations
are shown in Fig. 4 as dashed lines. The SSPM results for
all four systems ®7Li + 23>238U are smaller compared to the
measured anisotropy. However, the difference between theory
and experiment for ®’Li+23%U systems is larger compared
to 7Li+?*U systems. There could be several factors behind
the above differences in the anisotropy between theoretical
SSPM calculations and experimental data. For example, it is
known that a reduction in the variance of the K distribution
due to pre-equilibrium fission [30] contribution can increase
the value of FF anisotropy, and on the other hand, a large
g.s. spin of the target or projectile can reduce the anisotropy
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at near- and sub-barrier energies [20,21,31]. In addition, a
large contribution of break-up induced fission can lead to a
reduction in CN temperature [18] which in turn reduces the
value of K2 and hence increases the anisotropy (assuming (¢2)
to be similar for both CF and ICF fissions). Therefore the above
discrepancy between SSPM calculations and experiment could
be due to any of the following effects: (a) the change in the K
distributions due to the pre-equilibrium fission contribution
which has a dependence on the entrance channel, (b) the
difference in the ground-state spin of the targets, and (c) the
change in average compound nucleus excitation energy and/or
(€%) due to the break-up induced fission contribution.

D. Entrance channel dependence

To understand the above difference in the FF angular
anisotropy between the SSPM and experimental data for all
the reactions at different energies, the role of pre-equilibrium
fission is investigated to find the entrance channel dependence
(ECD) on anisotropy if any. In the pre-equilibrium model,
it is assumed that the CN is equilibrated in all degrees of
freedom except the K degrees of freedom. At sub-barrier
energies the FF anisotropy for several reactions involving
deformed heavy targets is found to be much larger compared
to the standard SSPM model. This is ascribed to the effect
of pre-equilibrium fission [30,32,33]. In addition, there is
a strong dependence on the entrance channel ground state
spin [20,21,31] as well as projectile-target mass asymmetry,
ap =[A; —A,l/[A; + A,]. Pre-equilibrium effect on the
FF anisotropy is supposed to be present for the systems
with o), < apg, where apg is the Businaro-Gallone critical
point of mass asymmetry which is parametrized [34,35] as

apc = 0forx < xpg, and apg = p«/ﬁ for x > xpg.

Here, p =1.12, ¢ =0.24, xpg = 0.396 with x being the
2
compound nucleus fissility defined as x = W/{;A)_l and

(B derie = [1— LT8(AZEY),

The value of «p; and apg for the present reactions are
calculated and given in Table II. It can be observed that
the value of «,; is larger than the aps for all the reactions
suggesting that the effect of pre-equilibrium fission may be
negligible. However, the relation used for calculating o g is
valid only for £ = 0. So, it may be possible that an £ dependent
ape can favor some pre-equilibrium fission in addition to CN
fission which will lead to a difference between the SSPM result
and experimental anisotropy. Besides, the difference in the
ground-state target spin in the present systems may provide
some explanation to the observed difference between the

TABLE II. Entrance channel mass asymmetry o, and apg
calculated for 57Li + 235238U systems using the relations given in
Refs. [34,35].

Entrance channel apy opG

°Li + 23U 0.950 0.887
Li+ U 0.942 0.886
SLi 4 28U 0.951 0.885
TLi + 28U 0.943 0.885
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reactions having two different targets 2*>23U with g.s. spin of
7/2 and 0, respectively. Therefore, detailed calculations have
been made to investigate the effect of ECD on FF anisotropy
using the formalism given in Refs. [20,30,32].

The angular distribution according to the SSPM model
is given by Eq. (1). Where e~X*/2K0) is the equilibrated
K distribution at the saddle point just after the fusion.
A = W(180°%)/W(90°) gives the anisotropy of the fission
fragments. Using the above equation, the anisotropy can be

approximated as A = 1 + %.

But according to the ECD K -state distribution model, it is
expected that, because of the large entrance channel ground-
state spin, the anisotropies for deformed actinide targets around
the barrier energies get lowered and approach the values
expected from the SSPM calculations. This has been confirmed
with the experimental observations made in the anisotropy
measured for several systems having large g.s. spin of the
target, e.g., '*""B4+%"Np(s = ) [31], "B+**U(s = 1) [21],
etc. Here, the K distribution gets modified depending on the
entrance channel ground-state spin of the target and projectile
as given below:

F(J,K,K") —(K - Ky —K*
K, =exp| —— [ xex ,
Pl7 202 Pl2k?

where K’ = J sinw and o = qJ~/Tt with  being the Bohr
Wheeler fission time and g being a constant obtained from
the fit to the experimental data. The entrance channel K -state
population for a particular angular momentum value J and
w decides the fusion cross section o ,,(J,w) for the angular
momentum value J at various target projectile orientations w.
Now the modified angular distribution is given by

W(0) o SIIEY s Z0oms(j,0)
5 Ti__ 1+ Dldj_o xO)F(J.K,K")

T4  ,F(J,K,K")

Here ops(J,w) is the orientation dependent partial cross
section. We have extracted op,(J,w) from the CCDEF code.
Results of the above calculations with (without) g.s. spin
of the projectile+target (S) are shown in Fig. 4 as solid
(dash-dot-dot) lines. The anisotropy values obtained from the
ECD K-state distributions are much higher than the SSPM
values (dashed lines) and they reproduce the measured values
reasonably well. The parameter ‘g’ has been adjusted to 0.3
(MeV x 1072! §)71/2 to reproduce the measured anisotropy
data assuming the discrepancy between the SSPM anisotropy
and experiment is totally due to pre-equilibrium fission. By
comparing the solid and dash-dot-dot lines, one can observe
that the effect of the g.s. spin ‘s’ on anisotropy is prominent in
case of %7Li+2*U as 23U has a large nonzero spin (s = 7/2)
compared to 238U (s = 0).

Although the ECD results reproduce the experimental
anisotropy for all the four systems quite well, it is not clear
whether the enhancement in anisotropy is only due to the pres-
ence of pre-equilibrium fission or projectile breakup/transfer
induced fission or due to both. The projectile breakup cross
section for the reactions involving ®7Li projectiles with heavy
targets at near barrier energies is known to be substan-
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tial [1,13,36-39] which alters the CN formation cross sections.
For example, in TLi+1%°Tb reactions [37], it is observed that
the energy spectrum of the tritons and « particles measured at
forward angles show a broad bump at energies corresponding
to beam velocity which is a characteristic of breakup mecha-
nism. In this measurement, almost half of the « particles are
found to be produced due to breakup fusion in which one of the
breakup fragments is captured by the target nucleus. Similarly
for the °Li+'*Sm reaction [1], about 30% suppression
observed in complete fusion cross section is believed to be
due to the presence of same fraction of incomplete fusion
cross sections. In the present systems, the exact contribution
of the complete and incomplete (breakup/transfer-induced)
fusion-fission cross sections at different energies are not yet
known. A measurement of fission fragments in coincidence
with the breakup fragments with large solid angle coverage
can help disentangle the above contributions. Alternately, by
coupled-channels calculations including the projectile breakup
channels, one can estimate the effect of breakup on (¢2) and
hence the effect on anisotropy ‘A’.

IV. DETERMINATION OF (¢2)

A. (£?) from anisotropy data

The mean square angular momenta (£2) for &7Li 4 233238y
reactions are derived from different methods and compared
to each other to get the information on possible effects of
projectile breakup or pre-equilibrium fission on FF angular
anisotropy. First, the (£?) was obtained from the measured FF
anisotropy Acxp using the relation (€2 aniso = (Aexp — 14K 2,
where the value of Kg = (I.gt/R*)T, the variance of the K
distribution is obtained as explained in Sec. II. The results for
the (£2)niso Obtained from the measured anisotropy Aexp using
the above relations are shown as hollow circles in Fig. 6. It
should be pointed out that the 7 and I used for calculating
K, g assume complete fusion-fission.

Extraction of (£2) from anisotropy data and possible cor-
rections due to uncertainty in assuming the Kg for this system
involving both complete and incomplete fusion components
can be justified as follows. The experimental anisotropy has
contributions from ®Li (complete fusion-fission) and from the
fragments « or deuteron (incomplete fusion-fission), and can
be written as

Ao = aASP? +DASY + AP,

where a, b, and c are fractional contributions to the anisotropy
from the CF (°Li+?%U) reaction and ICF («¢+2*U and
d+8U) reactions, respectively. As A = 1+ [(¢?)/4K3], the
above equation can be simplified as
(£2>aniso _ (Z2>Li <£2>d

= +b
2 2 2
Keff KOLi KOd

(%)a
K

+c

Itkis et al. have found [18] that for energies above 30 MeV
or so, the breakup fusion-fission has a value of ~20%
of the total fusion-fission and this factor remains constant
with energy. These ICF contributions modify the values of
effective K7 (i.e., K2;) which should be used to obtain the
values of (€2)aniso. The values of Kg for individual reactions
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FIG. 6. (Color online) Mean square angular momentum derived
from FF anisotropy with and without effective K?, denoted by
(€%) aniso—c and  (£2)aniso, are shown as filled and hollow circles,
respectively, for (a) SLi+>*U, (b) °Li+?3U, (c) "Li+?*U, and (d)
7Li+?*#U reactions. The same obtained from CCDEF calculations
({(€%)ccopr) and from fusion fit by Baba’s method ((£2)g) [40] are
respectively shown as solid and dashed lines.

corresponding to CF and ICF channels have been calculated
and shown in Fig. 7. It can be observed that K for «+>**U and
d+738U are similar and roughly ~0.7 times that of °Li4+>3U at
all energies. While saddle point temperatures differ by a factor
of two, the effective moment of inertia values will be nearly the
same for complete and incomplete fusion-fission. Assuming
the anisotropy contribution to be proportional to their cross
sections, i.e., a = 0.8, b + ¢ = 0.2, the above equation can be
rewritten as follows:

()aniso _ 0.8(€%)1i + 1LAD(L?) g + c(€7)a)
2 = 2 :
Keff KOLi

200 \ \ \ \ ]
150 jQ o © o ©O o © .
- [ o
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i o 6 2380 ]
r ©  Li+"U A
50 3 5 o™y ]
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E, (MeV)

FIG. 7. (Color online) K2 calculated from the Sierk model for
°Li,*He,’H +238U systems.
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So, one can use the Kg value for °Li in extracting the
effective (£2) from the fission anisotropy data for comparison
with the theoretical calculations. If the (£2) values for the
projectile and the fragments are similar, then the extracted
effective (£2) will have to be multiplied by a factor 1.08. If
the (£2) values for the fragments are significantly smaller than
that of the projectile, then the correction to (¢2) will be less. In
the present work, the extracted (¢2) from the anisotropy data
(assuming the K¢ to be determined for the projectile) shown
as hollow circles in Fig. 6 have been corrected upwards by
a maximum of 8% and replotted as solid circles in the same
figure.

B. (£%) from CC calculation and Baba’s method

From the simplified coupled-channels calculations using
CCDEF as explained earlier in Sec. III, the ¢ distributions are
obtained using whichever values for (£2)¢c are calculated. The
results are plotted as solid lines in Fig. 6. It can be observed that
the (£2)aniso derived from the experimental anisotropy for all
the systems are on an average higher than the ones calculated
from CC calculations. It may indicate that the above difference
between (£2)aniso and (£2)cc may be due to the effect of
additional breakup or transfer channels which are not included
in the CC calculations. So, the effect of breakup coupling on
(€%) cc needs to be further investigated.

In a third method, following the prescription by Baba [40],
(€*)4s is obtained from the measured fission excitation
function o (E) using the expression

1 E
WE) = 2 / o (EVE'dE'.

where B = h? /ZMR,% with u being the reduced mass. R}, is the
barrier radius obtained by adding the Akyuz-Winther nuclear
potential and Coulomb potential for projectile+target nuclei.
The results for (£2)4 shown by dashed lines are reasonably
close to the values of (£2)niso for ©"Li4+23>U and are slightly
underestimated for ®7Li+23U. It may be mentioned that the
values of u and R, calculated above correspond to complete
fusion only.

C. Effect of breakup on (£%)

In order to investigate the effect of breakup coupling on (£2)
the continuum discretized coupled channels (CDCC) method
is employed to include the unbound excitations (breakup) of
the projectiles in the couplings using the code FRESCO[41]. The
projectile °Li ("Li) is considered to be the cluster of & + d (o +
t) in bound as well as continuum states. Breakup is assumed
to occur via inelastic excitations due to nuclear as well as
Coulomb interactions of the projectile with the target. In the
continuum, the inelastic excitations up to § MeV and «-d («-t)
relative angular momenta up to L = 2 (L = 3) are included in
the couplings. The continuum is discretized into small bins of
equal momentum space (dk ~ 0.14 fm~!). Bin sizes around
the resonant states are kept much smaller depending upon the
resonance widths.

The projectile-target interaction potentials (Vij;y) are
obtained by cluster folding [42] the two fragment-target
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TABLE III. Fragment-target potentials used for FRESCO
calculations.

Fragment + target Vo o ay w Fy Ay Te

MeV fm fm MeV fm fm fm

a+28U 90.0 1.361 0578 200 10 04 13

d+*3U 850 1.150 0.973 200 10 04 13

1+3¥U 140.0 1.150 0973 200 10 04 13

potentials (V,4y and Vg/,4u). Woods-Saxon volume potential
parameters used for the fragment-target interactions are given
in Table III. The real part of the V,,y potential, with radius
(ro) and diffuseness (ag) parameters, is to be same as that of
the «+2%Bi potential at E},, = 24.8 MeV [43]. Similarly, the
above parameters for the real part of V,;,y are taken to be the
same as that of d+2%Pb at 12 MeV [44]. The same geometry
is used for the real part of the V,,y potential as that of the
Vaiiu potential. However, the depth of the real part (V) for
the above potentials is suitably normalized to reproduce the
overall fusion excitation function for the present reactions.
For the imaginary part, with parameters V,,, r,,, and a,,, only
short-range potentials are used to simulate the total fusion
cross section due to the absorption of the breakup fragments
by the target. Binding potentials for ‘ad’ and ‘at’ clusters at
the ground state and excited states are taken to be the same as
given in Ref. [45].

Using the above potentials the detailed CDCC calculations
are performed for the present ®7Li + 2*3233U reactions. The
results for total fusion cross sections and mean square angular
momenta for ®7Li+2>3*U reactions with (without) breakup cou-
pling are shown as solid (dash-dot-dot) lines in Fig. 8. The ex-
perimental fission cross sections for the °Li+>*>U (°Li+23%U)
reaction are shown in Fig. 8(a) as filled (hollow) squares and for
the "Li+?U ("Li+?33U) reaction in Fig. 8(b) as filled (hollow)
diamonds. It can be observed that the total fusion obtained from
CDCC calculations reasonably reproduce the experimental
data. It is also observed that at sub-barrier energies the fusion
cross sections are enhanced compared to the no-coupling
results.

The mean square angular momenta obtained from experi-
mental FF anisotropy values, i.e., (£2)aniso have been plotted
in Fig. 8(c,d) as hollow circles to compare with the CC
results. It can be observed that the values of (62)coup1 with
BU coupling are enhanced compared to the ones without BU
coupling, i.e., (Ez)uncoupl for both the reactions, as expected.
However, the enhancement in (¢2) for the °Li 4+ 23%U reaction
is larger than that of 7Li + 2*U, manifesting the effect of
the breakup threshold. No visible change is observed in the
values of (£2) by replacing 23U by 23U along with associated
spin/parities in the CDCC calculations. Hence, the CDCC
results for only ®7Li+23%U reactions are shown to bring out
the effect of breakup and the breakup threshold energy on
(€%). The absolute value of (¢£%) may depend on how the
fragment-target potential parameters are chosen, however, the
enhancement of (£2) due to breakup is confirmed. Thus, the
difference in (£2)niso and Aexp compared to the ones obtained
from SSPM calculations can also be understood in terms of
projectile breakup couplings.
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FIG. 8. (Color online) Results of FRESCO calculations with (with-
out) breakup coupling are shown as solid lines (dash-dot-dot lines)
for (a,b) total fusion cross sections and (c,d) mean square angular
momenta. Experimental angle integrated fission cross sections are
shown as symbols for (a) °Li+2>*>23¥U reactions (filled and hollow
diamonds) and (b) "Li+?*>23U reactions (filled and hollow stars).
Mean square angular momenta derived from FF anisotropy ({(€2) aniso)
are shown as hollow circles for (c) °Li+>*U and (d) "Li+>¥U
reactions.

But comparing the experimental anisotropy values in-
volving the same target but different projectiles, i.e., either
67Li+35U or ®7Li+2%U, one does not find the expected
dependence on the projectile breakup threshold energy. Also,
by comparing the anisotropy data for the reactions involving
the same projectile but different targets, e.g., comparing
®Li + 233U with °Li 4 23U one finds that target spin plays an
important role as shown in Fig. 5. So, it may be concluded that
for the present reactions, the effect of both entrance channel
dependent pre-equilibrium fission as well as the projectile
breakup contribute to the observed anisotropy and mean square
angular momentum.

V. SUMMARY

Fission fragment angular distributions for ®7Li 4 23323U
reactions are measured at energies around the Coulomb barrier.
The angle integrated fission cross sections for ®Li-induced
reactions at sub-barrier energies are found to be higher than
Li-induced reactions with a particular target indicating more
contributions from breakup or transfer induced fissions for the
former compared to the latter. This can be partially understood
in terms of low breakup threshold energy for °Li that leads
to higher breakup cross sections compared to "Li. In addition,
there could be contributions coming from transfer induced fis-
sions which are indistinguishable in the present experimental
data. Measurements in line with Refs. [36—39] may provide
some qualitative idea of these two non-compound-nuclear

014603-8



FISSION FRAGMENT ANGULAR DISTRIBUTIONS IN ...

fission processes but separating the two contributions may
still be difficult as a conventional fragment transfer reaction at
optimum Q value gives rise to a similar excitation energy as
that of a projectile breakup reaction forming the same outgoing
particles. However, Tripathi et al. [38] and Udagawa et al. [46]
have concluded that breakup fusion dominates over transfer.

As observed in Fig. 5, the FF angular anisotropy for
reactions involving the ?U target at near-barrier energies
is smaller compared to the ones for reactions involving the
238U target with a particular projectile, i.e., °Li or ’Li. This
is understood to be due to a larger ground state spin for
235U target. SSPM calculations underestimate the FF angular
anisotropy for all four measured reactions. Investigations are
made to understand these differences on the basis of an
entrance channel dependent K-state distribution as well as
projectile breakup coupling. It is found that the measured
anisotropy can be understood in terms of ECD K-state
distribution and ground-state spin of projectile+target using
a g parameter equal to 0.3 (MeV x 1072! s)71/2,

Mean square angular momenta of the compound nuclei
formed in the above reactions are determined by three
different methods: (i) using measured anisotropy data and the
simplified equation (€2)uniso = 4K3(Aexp — 1), (ii) coupled-
channels calculations using CCDEF without breakup couplings,
and (iii) fitting the measured fission excitation function and
applying Baba’s formula. It is observed that the (£?) obtained
from experimental anisotropy and Baba’s method are larger
compared to the ones from CC calculations without breakup
couplings. In addition to the above, CDCC calculations are
also performed to investigate separately the effect of projectile

PHYSICAL REVIEW C 90, 014603 (2014)

breakup on a compound nucleus angular momentum and
ultimately on FF anisotropy. It is observed that the breakup
coupling enhances the values of (£2) which in turn will increase
the values of A for all reactions. However, the enhancement is
found to be larger for the reactions induced by °Li compared
to "Li, manifesting the effect of breakup threshold.

Thus one can explain the enhancement in measured
anisotropy data compared to the SSPM calculations by either
the ECD K -state distribution or projectile breakup coupling.
However, not all the differences can be understood by a
single effect. For example, if breakup is a dominant effect
then for 7Li induced reactions the value of (¢2) should be
less, Kg should be larger, and A should be smaller compared
to that of °Li induced reactions. But, with the ratio of the
probability of neutron evaporation to fission ‘I',/ "¢’ being
larger for the initial compound nucleus with an additional
neutron, the anisotropy for "Li+2*>238U is expected to be
larger compared to ®Li+2*323U reactions which is actually
observed in the present data. Hence, it can be concluded that
the observed differences between the SSPM calculations and
the experimental data are due to a combined effect of projectile
breakup coupling and entrance channel dependent fission.
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