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Abstract

Complete fusion cross sections for 6Li 4+ 152Sm reaction have been measured at beam energies (Ejqp =
20-40 MeV) near the Coulomb barrier. The sub-barrier fusion cross sections were found to be systemati-
cally larger than those for OLi+ Sm, as expected from the deformed shape of the 1525m nucleus. The
coupled-channels (CC) calculations including both projectile and target couplings overpredict the experi-
mental fusion cross sections at above barrier energies. Reduced fusion cross sections for the present system
at above barrier energies are found to be smaller compared to those with tightly-bound projectiles forming
similar compound nuclei and also to those predicted using proximity potential. These observations along
with the comparison of derived barrier distributions conclude that the complete fusion cross sections at en-
ergies above the Coulomb barrier are suppressed by 28 +4%. A large cross section measured for incomplete
fusion indicates that the above suppression is due to the loss of incident flux caused by projectile breakup.
Thus the effect of both target deformation and projectile breakup are found to coexist.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The effect of breakup of weakly bound (stable or radioactive) nuclei on fusion process is a
subject of current experimental and theoretical interest [1-7]. In a recent fusion measurement in-
volving a weakly bound projectile and a spherical target, i.e., °Li 4+ “*Sm [3], we have observed
that there is a suppression of complete fusion (CF) cross section compared to the coupled-
channels calculations, particularly at above barrier energies. The reduction in the CF cross section
was attributed to the loss of incident flux due to the projectile breakup. The target ('**Sm) be-
ing spherical, its static effects on fusion cross section was negligible. However, if the target is
deformed it is expected to play a significant role in governing the fusion process [8—18]. To de-
termine the effect of deformation in addition to the effect of projectile breakup on fusion requires
systematic experimental data with good precision at low bombarding energies, where penetrabil-
ity effects are important. Barrier distribution extracted from these fusion excitation functions can
provide additional information on the structure of the target/projectile [19,20].

The effect of target deformation on fusion cross section is expected to differ depending on
whether it is static or dynamically induced [21,22]. When averaged over all orientations of a
deformed nucleus [10,21], the fusion cross section becomes larger compared to a spherical nu-
cleus. However, the dynamical effects such as excitation of the vibrational states or the rotation
of the deformed nucleus during the collision can sometimes lead to reduction in fusion cross
section [13,21,22]. The static deformation effects could be very important and they may show
up partly through absorption below the barrier [11]. There are reports [12—14] that the fusion
cross sections involving a much deformed '>*Sm target nucleus are considerably larger than a
less deformed '*8Sm nucleus with strongly bound projectile 10O at sub-barrier energies. Similar
effects are also observed for two more projectiles 3>S and “°Ar [14,23]. While most of the stud-
ies on the effect of target deformation on fusion cross section involve strongly bound projectiles
such as 160, 328 etc., the studies involving loosely bound nuclei (6Li, L4, 9Be) with deformed
targets are scarce. Fusion reactions involving loosely bound projectiles would be more reveal-
ing towards the dominance of the effects of projectile breakup or target deformation, specially
at sub-barrier energies. It would be interesting to see if the sub-barrier fusion enhancement due
to deformation gets further magnified with the breakup coupling or it is neutralized by the sup-
pression of fusion cross section due to loss of incident flux caused by projectile breakup. It has
also been observed that although the effect of couplings of the target inelastic states (e.g., 27, 3™
vibrational states of 28 Pb) on elastic scattering or fusion in the systems involving tightly bound
projectiles (12C + 208Pb, 299Bi) are significant [24,25], it is negligible for the systems involving
weakly bound projectiles (> Li 4+ 2%8Pb, 29Bi) [26,27], where the effect of projectile breakup is
dominated. So, it would be interesting to investigate whether similar scenario is observed for a
system with a target (192Sm) having rotational inelastic states.

In this paper we present excitation function measurements for complete fusion of °Li with
152Sm (deformed) target by recoil catcher technique followed by off-line gamma-ray spectrom-
etry around Coulomb barrier energies. Fusion cross sections are compared with our previously
measured data for °Li 4+ #*Sm [3] to investigate the isotopic target dependence. The paper is
organised as follows. The details of the measurements and data analysis are described in Sec-
tion 2. Coupled-channels calculations have been performed to understand the effect of target
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Fig. 1. (Color online.) Typical y-ray spectrum in OLi + 152Sm reaction at projectile energy Ej,p, =34 MeV. y-rays from
the ERs populated via CF are marked.

deformation as well as projectile couplings on fusion cross section and the details are given
in Section 3.1. To see the effect of projectile breakup, the present fusion data have been com-
pared with those involving strongly bound projectiles forming nearly same compound nucleus
(12C 4+ 141Pr, 29Ne 4 133Cs) [28,29], as well as those predicted by Wong’s model using the fusion
barrier parameters from proximity potentials, as described in Sections 3.2 and 3.3. The contin-
uum discretized coupled-channels (CDCC) calculations with the projectile breakup channels and
their effect on fusion are discussed in Section 3.4. Discussion on incomplete fusion is given in
Section 3.5. Finally, the summary and conclusions are given in Section 4.

2. Experimental details and data reduction

The experiment was performed at the 14MV BARC-TIFR pelletron facility, Mumbai
using ®Li beam incident on '52Sm (98% enriched) target having thickness varying from
450-580 ug/cm?. The targets were prepared by electrodeposition method on Al backing of
thickness ~ 2 mg/cm?. The thickness of the targets was measured by Rutherford backscattering
(RBS) using 60 MeV '°0O beam as well as 4 MeV proton beam. The targets with the Al back-
ings were placed normal to the beam direction so that the recoiling nuclei, which are formed
during the interaction of the projectile and the target nucleus are stopped in target + Al backing
assembly. Each target was irradiated for 6-8 hours by ®Li beam with energy E;q;, = 20-40 MeV
in steps of 0.5-2.0 MeV. The beam current was ~ 40—-100 nA and the beam flux was calculated
by the total charge collected in the Faraday cup placed behind the target. The reaction prod-
ucts stopped in the target and Al backing were identified by their characteristic gamma rays by
off-line counting using HPGe detector coupled to a multichannel analyzer. The energy calibra-
tion and absolute efficiency for the HPGe detector was determined using calibrated radioactive
sources viz., 2Eu and '33Ba. The energy resolution of the HPGe detector was ~ 2.7 keV for
E, =778 keV and ~ 3 keV for E, = 1408 keV of the 152Eu source. A typical y-ray spectrum
for different evaporation residues (ERs) populated via CF in ®Li + 152Sm reaction at projectile
energy Ej,p = 34 MeV is shown in Fig. 1.

The excited compound nucleus formed by complete fusion decays predominantly by 2n, 3n,
4n and 5n evaporation forming the residual nuclei '>°Tb, 13Tb, 1>*Tb and >3 Tb either in ground
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Table 1
List of identified evaporation residues in the OLi + 152Sm reaction along with their radioactive decay half-lives (77 2),
y-ray energies and intensities following their decays.

Reactions ER Ty Ey (keV) I, (%)
1529m(6Li, 2n) 1561 5.35d 534.3 66.34
152§m(OLi, 3n) 155Tp 5.32d 180.1 7.45
532d 262.3 53
1529m(OLi, 4n) 15418 21.5h 1274.4 10.5
21.5h 722.1 7.7
1529m(OLi, 4n) 154pmi 9.4h 540.2 20.0
9.4h 649.6 10.9
1528m(OLi, 4n) 1547ma 22.7h 346.7 69.2
22.7h 1419.8 46.0
22.7h 225.9 26.8
1529m(Li, 5n) 153Tp 2.34d 212 31.0
2.34d 170.5 6.3
1529m(d, 2n) 152gymi 9.274h 841.6 14.2
9.274 h 963.4 11.67

state (g.s.) or in metastable state (m.s.), which then decay to Gd isotopes by electron capture
(EC). The respective half-lives of the decay of Tb isotopes at g.s. to Gd isotopes by EC are
5.35d, 532 d, 21.5 h and 2.34 d respectively. The >*Tb may also decay to '>*Gd from any
of its two metastable states with half-lives of 9.4 h and 22.7 h. Various nuclear data values like
half-lives (T1,2), y-ray energies (E,) and gamma-ray relative intensities (/,, (%)) for ERs were
taken from the table of Isotopes and Nuclear Wallet Card [30] and are given in Table 1. The
gamma-ray energies given in Table 1 correspond to the transitions in the Gd isotopes resulted by
the electron capture of the respective Tb isotopes. The half-lives of all the ERs of our interest are
confirmed by following their activities as a function of time. Various gamma lines corresponding
to the same ER having different /,, (%) have also been used for confirmation of estimated channel
cross section.

The ER cross section (ogg) at a particular beam energy E was obtained using the expression,

YA
(1 IR e_}‘ti”)(l _ e_)“Al)(e_)‘tm”])(NTNPIyg)

o™ (E) = (1)
where, Y is the area under the y-peak acquired during the interval Ar corresponding to the
residual nucleus with decay constant A; ¢ is the time duration for irradiation; N7 is the number
of target nuclei per unit area; Np is the number of projectile nuclei incident on the target per
unit time; f.,o; is the time elapsed between the end of irradiation and start of counting; € is
the efficiency of the HPGe detector at the peak energy and I, is the intensity branching ratio
associated with the particular gamma line corresponding to the residual nucleus.

Since an ER can be populated in either its ground or metastable states, the cross section of the
corresponding channel is equal to the sum of the contributions from both of these states. Fig. 2
shows the ER cross sections for 4n channels. Total cross section for 4n-ER (filled circles) were
obtained from the sum of the ground state of 134Th8 (hollow diamonds), 1st metastable state of
134Tp™1 ( hollow squares) and second metastable state of 134Tp™2 (hollow triangles).

The gamma line (534.3 keV) corresponding to 2n channel has the contamination from 5n
channel (533.08 keV). At low energies, the contribution from 5n channel is expected to be neg-
ligible because of its low cross section as well as low branching ratio, but at high energies where
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Fig. 2. (Color online.) Partial cross sections for 4n evaporation (filled circles) are obtained as a sum of 1548 (hollow
diamonds), 13#Tb™1 ( hollow squares) and 154THm2 (hollow triangles).

the cross section for 5n channel is very high its contribution is significant and needs correction.
This was done by fitting the gamma (534.3 keV) activity curve with two half lives (5.35 d for
2n and 2.34 d for 5n channels). Cross sections for 5n channel were obtained from independent
gamma lines (212 keV and 170.5 keV) and they were used as constraints in the above fit to extract
the ER cross section for the 2n channel only for few high energy data points.

The measured excitation functions for individual ER channels thus obtained are shown in
Fig. 3. The ER data for 2n, 3n, 4n and 5n channels are represented by triangles, stars, diamonds
and squares respectively.

To study the relative contributions of different ER channels to the CF, statistical model (SM)
calculations were performed using the code PACE [31]. The optical model potentials of Perey
and Perey [32] are used for neutron and proton, while that of Huizenga and Igo [33] for alpha
particle emission. For sub-barrier energies the £-distributions obtained from coupled-channels
calculations were used as input. Two important parameters in the statistical model calculations
are (i) transmission co-efficient of the outgoing particles and (ii) level density of the residual
nuclei. The transmission coefficients are calculated by Hill-Wheeler formula [34]. The level den-
sity parameter is ‘a’ = A/K MeV~!, where A is the mass number of the residual nucleus and
K is a free parameter. The ER cross sections for 2n, 3n, 4n and Sn channels predicted by SM
calculations with three different level density parameters are shown in Fig. 3(a). The ratio of
present experimental data of oy, to 03, is shown in Fig. 3(b). The ER cross sections obtained
from both theory (agCE ) and experiment (og?p ") in terms of percentage fraction of the complete
fusion cross section (ogf,CE) are shown in Fig. 3(c). Results for each ER are shown by dash—
dot—dot, medium dashed and solid lines corresponding to ¢ = A/9 MeV~!, A/10 MeV~! and
A/11 MeV~! respectively. It can be observed that the SM results with K = 10 MeV provide
the best description of the ratio of present experimental data of o4, to o3, over the entire energy
range.

The dominant channels for most of the energy range were found to be 3n and 4n ERs ex-
cept few points at extreme low energies where the contribution from 2n channel is significant.
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Fig. 3. (Color online.) Measured ER cross sections for 156Th — 2p-channel (triangles), 155Th — 3n-channel (stars),
1541p(+m) __ 45-channel (diamonds) and 153Th — 5p-channel (squares). Results of SM calculations corresponding to
the level densities of a = A/9 MevV—! A /10 MeV—! and A /11 MeV ! are shown as dash—dot—dot, medium-dashed and
solid lines respectively for each of the above channels. Open circles represent the experimental fusion cross sections data.
(b) Comparison of the ratio of o4, to 03,, obtained from PACE using different level densities with the experimental data.
(c) Normalized ER cross sections from the measurement and SM calculations (with different level densities) showing the
percentage contribution to CF cross section.



20 PK. Rath et al. / Nuclear Physics A 874 (2012) 14-31

Table 2

Complete fusion data are included in the 5th column of this table as a result of a combination of experimental data —
4th column — a sum of ER cross sections for 2n, 3n, 4n and 5n evaporation channels, and the ratio R, from PACE
calculations included in the 3rd column.

Ejap (MeV) Ec.m. (MeV) Ry (02n43n-+4n+50)"" (mb) ogr! (mb)
20.0 19.2 1.00 0.264+0.05 0.26+0.05
21.0 20.2 1.00 1.074+0.22 1.074+0.22
21.5 20.7 1.00 1.77+£0.34 1.77+£0.34
22.0 21.2 1.00 3.57+£0.45 3.57+£0.45
22.5 21.6 1.00 6.744+0.65 6.74+£0.65
23.0 22.1 1.00 9.62+0.80 9.644+0.80
23.5 22.6 1.00 17.3£1.5 173£1.5
24.0 23.1 1.00 25.7+2.1 25.8+2.1
24.5 23.6 0.99 394+3.2 39.7+£3.2
25.0 24.1 0.99 53.44+4.3 53.7+£4.3
25.5 24.5 0.99 76.2+6.1 76.8+6.1
26.0 25.0 0.99 96.4+5.7 97.0+5.7
27.0 26.0 0.99 150£7.0 151£7.0
28.0 26.9 0.99 196 £9.0 198 +£9.0
30.0 289 0.99 30110 304+£10
32.0 30.8 0.99 413+12 418+12
34.0 32.7 0.99 555+ 15 563+ 15
36.0 34.6 0.98 626+ 16 637+16
38.0 36.6 0.97 682+ 18 705+19
40.0 38.5 0.93 739418 797 £20

Presence of 5n channel was observed only at higher energies but its contribution was found to be
< 10%. From PACE calculations (with K = 10 MeV), it was found that the sum of the measured
ER cross sections corresponding to 2n, 3n, 4n and 5n channels (i.e., 02, + 03, + 04y + O5,)
accounts for about 97-100% of the complete fusion (ocr) in the entire energy range of our
interest except at Ej;p = 40 MeV. Thus the contribution from the missing channels (e.g., the
charged particles like p and « evaporation channels) that have not been measured is found to
be negligible (< 3%). The ratio of the combined ER cross section to the fusion cross section
(i.e., Ry =Y oxn/oF, for x =2, 3, 4 and 5) was calculated from the PACE results as given in
Table 2. The complete fusion cross sections (agft) are determined by dividing the cumulative
experimental cross section of four channels (i.e., oy + 05" + 0y +05l') by the ratio R,
following the procedure of Ref. [3]. The values of og_f’[ are given in Table 2 and also plotted
in Fig. 3(a) as open circles which clearly shows the dominance of o3, and o4, over the entire
energy range. Only for the lowest three energies i.e., Ej,p, = 20, 21 and 21.5 MeV, the fractional
contribution of o7, to ocF is significant (25-50%) where the agreement between the data and the
PACE prediction is good.

The errors on agé” were estimated directly from the errors attributed to the measured ER cross
sections. It can be observed that the errors are minimum (~ 2.5%) for the highest beam energies
and they increase slowly as one goes down in energy to a maximum of ~ 20% at the lowest
energy. The errors are mainly due to the statistical uncertainties but having small contributions
from systematic uncertainties. Since the contributions of the charged particle evaporation chan-
nels to CF are small (< 3% for Ej,; = 20-38 MeV), the uncertainties on the estimation of these
missing cross sections are negligible. Care has been taken to limit the systematic uncertainties
that could arise from different sources such as (i) current integrator reading, (ii) target thickness,
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(iii) detector efficiency, (iv) estimation of gamma yield, etc. The current integrator reading has
been calibrated using standard Keithley current source. The target thicknesses have been cross
checked by two measurements using different ion beams (proton and '°0) for elastic scattering
measurements at backward angles. The absolute energy dependent detector efficiency has been
measured every ten to twelve hours during off-line gamma counting using standard radioactive
sources of >?Eu and '3*Ba and found to remain invariant with time during the whole experi-
ment. However, the uncertainty (~ 1%) in the fitting parameters of the efficiency curve has been
taken into account in the final error of the ERs. So, most of the errors on ER cross sections are
due to the uncertainties on gamma yield extraction and gamma statistics. For lowest three beam
energies, the contribution from 2n ER channel to CF is substantial and the large uncertainties on
o2, lead to large errors in ogft.

To see the isotopic target dependence if any, the experimental CF cross sections obtained for
the present system have been compared with those for °Li + '*4Sm [3]. The reduced fusion cross
sections “O’g;{]t/(A};B + AIT/3)2” as a function of reduced energy “E. ., /[Zp ZT/(A}D/3 + AIT/3)]”
for the two systems are shown in Fig. 4(a). The above normalization was made following the
prescription by Gomes et al. [35] to remove the geometrical dependence. The solid and dashed
lines correspond to the CC calculations with only target inelastic couplings for °Li 4 >>Sm and
Li + '%4Sm systems respectively. Details of the calculations are given in the following section
and Ref. [3]. To emphasize the low energy enhancement for the present system, the ratio of the
CF cross sections of the present system to those for °Li + 44Sm is also plotted in Fig. 4(b).
The calculated ratio represented by the dash—dot line shows similar trend as that of the data.
These comparisons reveal that although the CF cross sections at above-barrier energies are of
similar order, they are much enhanced for the present system at sub-barrier energies as expected
from the influence of the deformed '?Sm target nucleus compared to that of spherical **Sm
nucleus. Similar effects have also been observed for the systems involving different isotopes of
Sm but with strongly bound projectiles e.g., 160 4 1481501521549, [12,13], 40 Ar 4 144,148, 1545y
[14] and 328 + 144154Sm [23]. This implies that the qualitative effect of the target deformation
on sub-barrier fusion, i.e., enhancement is independent of whether the projectile is weakly- or
strongly-bound.

The barrier distributions derived from the above experimental fusion cross sections for two
systems are also compared as shown in Fig. 4(c). There is no major difference found in the main
peaks of the two barrier distributions. However, the shoulder structure at high energy region
looks to be more prominent for the °Li 4+ '2Sm compared to the one for °Li + 4*Sm. Due to
the large error bars on the barrier distribution in this energy region, no conclusion can be drawn
on whether this difference is due to the effect of target deformation.

3. Discussions
3.1. Coupled-channels calculations

Coupled-channels calculations were performed using the modified version of CCFULL [36]
that can include the effect of projectile ground state spin and the projectile excitation. To make
a sensible coupled-channels calculation it is important to choose a proper set of potential pa-
rameters. The best way to do this is to find some experimental quantity that will constrain these
parameters. In the present measurement, there could be two constraints: the experimental fusion
excitation function at high energies or the average experimental fusion barrier. Since the barrier
distribution is more sensitive to the structure of the interacting nuclei compared to the fusion ex-
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Fig. 4. (Color online.) (a) Reduced fusion cross section data and calculations versus normalized energy for present
system (6Li + 152Sm) compared with those for OLi + 144sm by Rath et al. [3]; (b) Ratio of the above cross sections
versus normalized energy showing the target dependence; (c) Barrier distributions derived from the fusion cross sections
of (a).

citation function, in the present calculations we have used the average experimental fusion barrier
as the constraint. The weighted average of the experimental barrier distribution was found to be
25.1 £0.2 MeV. For CC calculations, the initial potential parameters chosen are obtained from
the parametrization of Broglia and Winther (BW) [37] and their values in Woods—Saxon form are
equal to Vo =42.6 MeV, ro = 1.02 fm, and ap = 0.65 fm. To reproduce the experimental barrier
of Vp =25.1 MeV and remove the oscillatory behavior of fusion cross section at high energies
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the depth of the real potential was increased. The final parameters that are used in the present CC
calculations are: Vo = 131 MeV, rg = 1.01 fm, and ap = 0.64 fm. Once the potential parameters
are fixed, one needs to find the possible channels along with their coupling parameters that are
to be coupled.

CC calculations were made first with only target inelastic states. The target (!2Sm) being a
deformed nucleus in its ground state, both quadrupole (2%, 0.122 MeV) and hexadecapole (4™)
rotational states with deformation parameters S = 0.26 and B4 = 0.05 [38] are coupled. The
results of the CC calculations with no couplings and only target couplings are shown in Fig. 5(a)
as dotted and dash—dot lines respectively. It can be seen that at energies below the barrier, there is
a large enhancement in the fusion cross sections calculated with only target couplings compared
to the uncoupled values. However, at above-barrier energies, it can be seen that the coupled
results overpredict the measured fusion data. The barrier distribution, d?(o E)/d E?, obtained
from both the experimental and the calculated fusion cross sections are shown in Fig. 5(b).

To improve the shape of the calculated barrier distribution the projectile couplings were also
included. In addition to the reorientation of the projectile ground state (1) with spectroscopic
quadrupole moment, Q = —0.082 fm?, the unbound 1st excited state (31, 2.186 MeV) was also
included as done in Refs. [3,39]. This however is a considerable simplification and does not
reflect the realistic breakup couplings. A value of B(E2; 1t — 37) =21.8 ¢>fm* was used for
the 37 (2.18 MeV) unbound excited state (same as in Ref. [39]). The parameters for the projectile
couplings that were used in the CCFULL calculations are: Bgp (i.e., B2 for the ground state
reorientation) = —0.079, Bo; (i.e., B2 for the transition between the ground and the first excited
states) = 1.51, and B (i.e., B for the reorientation of the 1st excited state) = 1.51. Inclusion of
both target as well as projectile couplings (dashed line) further enhances the fusion cross sections
at sub-barrier energies. However, the fusion cross sections at above-barrier energies were found to
be insensitive to the projectile couplings. It should be emphasized that the measured fusion cross
sections at above-barrier energies agree very well with the calculated ones when multiplied by a
factor of 0.72 (solid line), implying that there is an overall suppression of ~ 28% of the fusion
cross section in this energy range compared to the ones predicted by CCFULL. An uncertainty
of £4% in the suppression factor is estimated from the uncertainties in Vp and ocp. It was
also interesting to find that the barrier distribution derived from the calculated fusion with full
couplings when normalized by a factor of 0.72 (solid line) agrees quite well with the experimental
distribution (filled circles).

3.2. Fusion using proximity potential

CF cross sections for the present system were compared to those predicted using the “Prox-
imity potentials” [40,41]. These potentials are parameterized from the existing fusion data in the
literature for many systems mostly with strongly bound projectiles. Fusion barrier parameters,
i.e., barrier height and barrier radius, can be obtained by adding the Coulomb potential with the
proximity potentials as done by Dutt et al. [42] and they can be used to predict the fusion cross
section. The original version of this potential (Proximity 1977) was described by Blocki et al.
[40], which was later modified and renamed as “Proximity 1988” by Reisdorf [41] to incorporate
more refined mass formula of Moller and Nix [43,44]. Myers and Swiatecki [45], using their
concept of droplet model, have updated the values of nuclear radii and nuclear surface tension
coefficients in the latest version of the above potential and named as “Proximity 2000”. Using
1977, 1988 and 2000 forms of proximity potentials and corresponding expressions for the fusion
barrier parameters, the barrier heights were calculated to be 25.0 MeV, 24.5 MeV and 24.9 MeV,
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Fig. 5. (Color online.) (a) Complete fusion cross section (filled circles) and (b) corresponding barrier distribution (filled
circles) for OLi + 152Sm compared with no couplings (dotted lines), only target couplings (dash—dot lines), projectile +
target couplings (dashed lines) results from CCFULL [36] calculations. Solid lines are obtained by multiplying the
CCFULL results with full couplings by a factor of 0.72.

and barrier radii as 9.91 fm, 10.18 fm and 9.98 fm respectively. Using the above parameters in
simplified Wong’s formula, the fusion cross sections were calculated and the results are shown
as short-dashed, dotted and long dashed lines in Fig. 6 respectively. It was observed that the fu-
sion cross sections provided by proximity potentials are required to be scaled down by factors
0.74 (dash—dot line), 0.68 (solid line) and 0.72 (dash—dot—dot line) respectively to reproduce the
experimental data (filled circles) at above barrier energies. This implies that the measured fusion
cross sections at higher energies are suppressed by ~ 26-32% compared to the calculations us-
ing proximity potentials, which are consistent with our conclusions on fusion suppression that we
obtained from the CC analysis. These observations indicate that projectile breakup may be play-
ing a crucial role in reducing the flux from the entrance channel and leading to the suppression
of complete fusion cross section.

3.3. Comparison with tightly bound projectiles

In Fig. 7, the CF cross sections for the present system are compared with those for two other
systems '2C + *1Pr [28] and 2°Ne + !33Cs [29] forming nearly same compound nucleus 23 Tb.
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Fig. 6. (Color online.) Fusion cross sections predicted by Wong’s model using proximity potentials version 1977, 1988
and 2000 are represented by short-dashed, dotted and long dashed lines respectively. Dash—dot, solid and dash—dot—dot
lines are obtained by multiplying the above results by 0.74, 0.68 and 0.72 respectively. Filled circles correspond to the
measured CF data for °Li + 192Sm reaction.

Here, the CF cross sections normalized to (A}J/ 3 + AIT/ 3)2 are plotted as a function of normalized

energy Ec.m./[ZPZT/(A;/S + AIT/3)], similar to Fig. 4. Although the fusion cross section for
the reactions involving strongly bound projectiles ('>C + *!Pr and 2°Ne + '33Cs) are not very
precise, it can be observed that the reduced fusion cross sections for ®Li + '2Sm are in general
smaller than those for the former. It further confirms that the fusion cross section for the present
system at above-barrier energies is suppressed. It may be noted that the suppression in fusion
compared to the ones for the reactions induced by tightly-bound projectiles seems to be smaller
than the ones predicted by CCFULL. However, due to the low precision of literature data for
12C 4 1Pr and 2°Ne + !33Cs reactions no definite conclusions be made on the value of the
suppression factor.

3.4. Breakup coupling

Since CCFULL does not have the provision to include the realistic breakup coupling in the
CC calculations, one can use FRESCO [46] to understand the effect of projectile breakup on
fusion. To see the effect of both projectile breakup as well as target excitations together in an
approximate way as done in Ref. [27], one can first calculate the polarization potential due to
breakup coupling using FRESCO and then use the effective (bare 4 polarization) potential as an
input to the FRESCO where only target excitations are coupled. Since we already know about
the effect of the target deformation from the CC calculations using CCFULL, it would be inter-
esting to see the effect of projectile breakup employing FRESCO and find whether the results
qualitatively agree with the conclusion of ‘CF suppression due to projectile breakup’. However,
FRESCO calculations using cluster-folded potential with long range imaginary part for the en-
trance channel interaction do not provide the CF cross section. Instead, the cumulative absorption
cross section by the long range imaginary potential equals to the sum of the cross sections for
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Fig. 7. (Color online.) Reduced fusion cross section as a function of reduced energy for the present system (filled circles)
along with two other reactions forming the same compound nucleus i.e., 2¢ + 141py [28] (filled triangles) and 20Ne +
133Cs) [29] (hollow squares). The dashed line represents the CC results and the solid line corresponds to the CC results
multiplied by a factor of 0.72.

CF, ICF, transfer and target inelastic reactions. In a second method, fusion is calculated by the
barrier penetration model (BPM) as done by Rusek et al. [6]. But the BPM fusion too may not
explain the CF data as mentioned by Keeley et al. [2] and also observed recently by Santra et al.
for ®Li + 299Bi [27]. Thus, one can obtain a reasonable cross section for CF only when the in-
formation on the cross sections for the remaining reaction channels are available. Despite these
difficulties one can still perform the FRESCO calculations including only the projectile exci-
tations in the continuum and find the effect of breakup on fusion to see whether it is consistent
with the present experimental observations.

So, the continuum discretized coupled channels (CDCC) calculations are performed using
FRESCO- version 2.8 to understand the effect of projectile breakup coupling on fusion. The
projectile (°Li) is assumed to be a cluster of  and d with a breakup threshold of 1.48 MeV.
The projectile excited states in the continuum up to 7 MeV above the breakup threshold are
coupled. Each discretized state is assigned with L =0, 1 and 2, where L is the relative angular
momentum between the two breakup fragments (« and d). Both resonant and non-resonant states
in the continuum are included. For s- and p-waves, the continuum was discretized into 14 bins of
equal width in the momentum of «d relative motion. In the presence of resonances for d-waves,
the discretization of the continuum was slightly modified in order to avoid double counting. Three
resonant states, with widths corresponding to 0.1 MeV, 2.0 MeV and 3.0 MeV, respectively, were
also treated as momentum bins, but with finer steps. Reorientation coupling is also included. The
target is assumed to be in the ground state.

The cluster-folded potential obtained from the two fragment-target potentials (V,, 152, and
V4 152gy,) Was used for the entrance channel interaction potential (Vs ;, 1s25,,). The potential
parameters used for V, 1525y, (Vy 152g,,) are taken from Ref. [47] ([48]), and the values are
Vo = 60.5 (91.82) MeV, rg = 1.107 (1.013) fm, ag = 0.607 (0.938) fm for real part and W =
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Fig. 8. (Color online.) Shown are the results of FRESCO calculations for the fusion cross sections obtained by cumulative
absorption and barrier penetration with and without breakup coupling.

18.72 (21.04) MeV, ry, = 1.035 (1.116) fm, a,, = 0.735 (0.581) fm for the imaginary part. The
radius parameter used for the Coulomb term is 0.964 (1.011) fm. The « 4 d binding potentials are
same as those used in Ref. [49]. Two separate potentials were used for (i) ground state and s-wave
continuum and (ii) p- and d-wave continuum. These potentials were chosen as they reproduce
the resonances (energies and widths) correctly [50].

The dynamic polarization potential generated due to the breakup coupling in the CDCC cal-
culations was found to be repulsive around the nuclear surface region for all the beam energies
of our interest, similar to that observed in our recent study for SLi + 209Bj [27]. The effective
(bare 4 polarization) potential reduces the absorption/penetration of the flux from the entrance
channel into the attractive potential well. The Fusion cross sections obtained by cumulative ab-
sorption and barrier penetration model from the CDCC calculations are shown in Fig. 8. The
uncoupled (coupled) results for the above two methods are represented by dotted and dash—dot—
dotted (solid and long-dashed) lines respectively. It can be observed that the fusion cross sections
with breakup coupling obtained by both the methods are systematically lower than the uncou-
pled ones at energies above the Coulomb barrier. Thus, these results qualitatively agree with our
earlier conclusion on the fusion suppression due to projectile breakup.

3.5. Incomplete fusion

Incomplete fusion cross sections due to the capture of any of the breakup fragments, i.e., o or
d by the target were investigated. Since the ERs formed after a-capture, e.g. '°Gd (1n-ER) and
154Gd (2n-ER) are all stable, it was not possible to measure their formation cross section by
offline gamma-ray spectrometry.

However, for d-capture there are few ER channels with measurable half-lives. The dominant
channels of d-capture are expected to be 1n and 2n ERs as per PACE predictions at deuteron
energies equal to one-third of the beam (°Li) energies. Since the residue after 1n evaporation
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Fig. 9. (Color online.) ICF cross sections (filled circles) contributed by d-capture which are estimated from the formation
cross section of 152Eu™2 i.e., metastable state of 2n-ER channel (hollow diamonds).

following d-capture is stable, its cross section could not be measured. For 2n channel there
could be contributions from the decay of 152gy8 | 15S2Bym1 and 152Bu™2 states with half-lives
of 13.542 y, 9.274 h and 96 m respectively. Here m| and mj correspond to two metastable
states and g corresponds to ground state of 2Eu. Since the half-life of '52Eu¢ is very large, the
contributions from its metastable states were only possible to measure. Out of the two metastable
states, only the first metastable state with half-life of 9.274 hr has clearly been identified and the
cross sections are extracted as shown as hollow diamonds in Fig. 9. The cross section for second
metastable state (¢;,2 = 96 m) could not be extracted accurately because of the contamination
of its characteristic gamma line (89.85 KeV) with 88.97 keV gamma of '3Tb corresponding to
2n-ER of CF.

The experimental cross section for d-capture has been estimated from experimental 2n-ER
(132Eu™!) channel cross section by scaling with PACE predicted fusion for d + '>2Sm reaction
at energies E = Ey,,/3. Results are shown as filled circles in Fig. 9. Since d-capture is only part
of the ICF the above cross sections are considered to be as lower limits of the ICF.

The above ICF channel that we have discussed so far may also get populated via deuteron
transfer i.e., 1>2Sm(°Li, o) reaction. It is difficult to distinguish between these two contributions
from our present measurement. However, one can conclude that a significant cross section of ICF
observed above is probably due to breakup. Further theoretical and experimental investigations
will be required to pin down this point definitatively.

4. Summary and conclusions

The complete fusion cross sections for °Li 4 132Sm reaction have been measured at energies
near and above the Coulomb barrier. The decay of the compound nucleus formed by the complete
fusion process was dominated by neutron evaporation channels. Combined ER cross sections for
2n, 3n, 4n and 5n contributes to more than 97% of CF for most of the beam energies. ER cross
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sections were measured by recoil catcher technique followed by off-line gamma-ray spectrom-
etry. Statistical model calculations were performed using PACE to quantitatively understand
the ER cross sections, and estimate the contribution from the missing channels so as to obtain
the experimental complete fusion cross sections. A comparison of the experimental data with
Li + '*Sm [3] showed that at above-barrier energies the CF cross sections are comparable but
at sub-barrier energies they are largely enhanced for the present system. This implies that the
effect of target deformation on sub-barrier fusion, i.e., enhancement is independent of whether
the projectile is weakly- or strongly-bound. Coupled-channels calculations using CCFULL were
performed to understand the measured CF data. At sub-barrier energies, the coupling of target
deformation shows enhancements in CF cross sections and explain the data. However, at above-
barrier energies there is a suppression of 28 +4% in the CF data compared to the CC calculations.
The low energy threshold of the projectile seems to allow it to break up prior to fusion, leading
to loss of flux from the entrance channel. It can therefore be concluded that the complete fu-
sion cross section at energies above the barrier is suppressed due to projectile breakup. Thus
the effects of both the target deformation as well as the projectile breakup are present, and their
influence on each other seems to be negligible.

CF cross sections for the present system at above-barrier energies are found to be smaller by
a factor ~ 28-32% than those calculated by Wong’s formula using proximity potential, which is
consistent with the above conclusion on fusion suppression. Comparison with the other systems
involving strongly bound stable projectiles such as '>C + 41 Pr and 2°Ne + '33Cs forming similar
compound nucleus also shows that CF cross sections for the present system at above-barrier en-
ergies are systematically lower compared to those with strongly bound projectiles, which further
supports the above mentioned suppression. Since the CF cross sections at sub-barrier energies
are slightly higher than those predicted by CC calculations, it may be assumed that the net effect
of breakup (i.e., suppression due to loss of flux plus enhancement due to breakup coupling) is a
small enhancement in fusion at this region.

CDCC calculations with projectile breakup channels reveal that the dynamic polarization po-
tential generated due to breakup coupling is repulsive which leads to reduction in absorption
cross section. Fusion cross sections obtained by both the cumulative absorption and BPM meth-
ods are found to be smaller compared to the ones with no breakup coupling, supporting the above
conclusions on the effect of projectile breakup.

Present experimental data provide important input to the future realistic models of fusion
with weakly bound projectiles to predict both qualitative and quantitative effects of projectile
breakup at energies below as well as above Coulomb barrier energies, and how these effects get
modified in the presence of large target deformation specially at sub-barrier energies where the
deformation plays a significant role.
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