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Breakup coupling effects on near-barrier quasi-elastic scattering of ®’Li on 1*Sm
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Excitation functions of quasi-elastic scattering at backward angles have been measured for the ®’Li 4 “Sm
systems at near-barrier energies, and fusion barrier distributions have been extracted from the first derivatives
of the experimental cross sections with respect to the bombarding energies. The data have been analyzed in the
framework of continuum discretized coupled-channel calculations, and the results have been obtained in terms
of the influence exerted by the inclusion of different reaction channels, with emphasis on the role played by the

projectile breakup.
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I. INTRODUCTION

The role of inelastic excitations and transfer channel
couplings on the fusion cross section has been extensively
investigated during the last decades. Huge subbarrier fusion
enhancements, when compared with no-coupled calculations,
were found in several systems, particularly when deformed
nuclei were involved. The coupling of different channels
gives rise to associated different Coulomb barriers, responsible
for the observed behavior of the fusion excitation functions,
especially at subbarrier energies.

Rowley proposed [1] a very sensitive method for investigat-
ing the role of different couplings on the fusion cross sections
at energies around the Coulomb barrier. The method consists
in deriving the fusion barrier distributions from very precise
fusion excitation functions. The fusion barrier distribution is
obtained by the expression [1]

fus d2 fus
D™(E) = E[EU (E)]. (1

Several works have been published on the derivation and
analysis of fusion barrier distributions (see, for instance, Refs.
[2,3]). However, in addition to the very precise measurements
of fusion excitation functions, this method requires the use of
its second derivative with respect to the energy.

Since the channel couplings also affect the scattering
process, an alternative procedure for obtaining information
about fusion barrier distributions is the derivation of back-
ward angle quasi-elastic scattering barrier distributions [4—6].
Quasi-elastic scattering (QES) is defined as the sum of all
direct processes such as elastic and inelastic scattering and
transfer reactions. Since fusion is connected with transmission
through a barrier and large angle quasi-elastic scattering
is connected with reflection at that barrier, because of the
conservation of the reaction flux, these two processes may
be considered as complementary to each other. Besides, it
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has been demonstrated [7,8] that the two representations of
the barrier distributions are equivalent. Therefore, information
about the fusion process may be obtained by QES cross
section measurements at backward angles, which in most
situations is much simpler to investigate experimentally than
fusion. Furthermore, the QES barrier distributions at backward
angles are obtained from the first derivative of the quasi-elastic
excitation functions [5]

Dqu(E) —

QES
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where oryy, 1s the Rutherford cross section, and therefore they
may carry lower uncertainties than the distributions derived
from fusion.

In the last few years, the influence of the breakup of
weakly bound nuclei on fusion cross section has been widely
investigated [9]. Since the breakup reaction channel feeds
states in the continuum, the role of this process on the fusion
and scattering channels is expected to be different from bound-
state inelastic excitations and direct transfer reactions. Among
others, Dasgupta et al. studied fusion barrier distributions
involving the weakly bound projectiles 7Li and *Be on heavy
targets [10]. However, there are only few preliminary reports
[11-14] on the investigation of fusion barrier distributions
derived from backward angle QES for systems involving
weakly bound nuclei. For such systems, the breakup channel
must be included as one of the quasi-elastic processes. Breakup
is a very complex channel, since following the projectile
fragmentation, the products may have different behaviors. If all
pieces fly away from the target, the process is called noncapture
breakup (NCBU); if one of the fragments fuses with the target,
the process is called incomplete fusion (ICF); if all fragments
fuse with the target, the process is called sequential complete
fusion (SCF). Therefore, for weakly bound systems, QES is
complementary to the complete fusion (CF) of the projectile
with the target and includes NCBU and ICF.

The measurements of fusion cross sections for systems with
weakly bound projectiles and medium-heavy target masses is
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particularly difficult, because the evaporation residues have
low energies to pass through a conventional detector window,
and they do not decay by either o emission or fission. Fusion
cross sections for the °Be + *4Sm system were measured by
our group [15] by the delayed x-ray detection method, but
fusion barrier distributions could not be derived. Fusion cross
sections measured for the °Li+ '**Sm system using y-ray
spectroscopy has been reported very recently [16]. Although
the fusion excitation function was determined by measuring at
a relatively small number of different bombarding energies, a
simplified fusion barrier distribution was able to be extracted
for that system.

In the present paper, we report the measurement of
the large-angle partial QES excitation function and the
corresponding barrier distribution for the ’Li+ '**Sm
system, at near-barrier energies. Furthermore, we analyzed
these data and previously reported measurements for
the °Li+'*Sm [12] by means of continuum discretized
coupled-channel (CDCC) calculations. This is the first
calculation of this type reported for QES for which there
are experimental data to compare with. For example, in
Ref. [12], the experimental partial QES cross sections for
the ®Li 4+ '**Sm system were compared with coupled-channel
estimates but without the inclusion of the breakup channel.
On the other hand, a QES barrier distribution extracted from
CDCC calculations involving the proton halo B projectile
was recently performed by our group for the ®B +7%Ni
system [14], which had no available experimental data.

In Sec. II of this paper, we present the experimental setups.
In Secs. III and IV, we show the experimental excitation
functions and barrier distributions for the "Li+ '“*Sm and
®Li+ '*Sm systems, respectively, and compare those results
with CDCC calculations. In Sec. V, we present a summary of
the results and the conclusions.

II. EXPERIMENTAL SETUPS

The experiments were performed at the Tandar Labora-
tory. Experimental details and results for °Li+ '**Sm have
already been reported [12]. As the experimental setup for
the "Li+ '**Sm system was similar to the other system,
only a brief description will be given in this paper. Beams
of °Li and "Li were delivered by the tandem accelerator at
bombarding energies ranging from 14 to 35 MeV and from
12 to 32 MeV, respectively, corresponding to energies well
below to above the Coulomb barrier. For °Li 4 '**Sm, energy
steps of 1 MeV were used at energies well below and well
above the barrier, whereas 0.5 MeV energy steps were used at
near-barrier energies. For "Li 4+ 1“*Sm, the chosen energy step
was 0.5 MeV for energies well bellow and near the Coulomb
barrier; for the rest of the energy range, the 1.0 MeV step was
used. The terminal voltage was varied monotonically to reduce
magnetic hysteresis effects [17]. The beam energy uncertainty
was of the order of 0.5% [12]. The target consisted of 88%
enriched '*#Sm, with 200 11g/cm? thickness, evaporated onto
a carbon backing. Most of the target impurities come from the
147,148,199 m isotopes.

The detection system consisted of two AE-E telescopes,
with thicknesses of 15-150 and 30-150 pm, respectively.
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FIG. 1. (Color online) Spectrum for the "Li + '“*Sm system, at
E, =27 MeV and 6, = —155°.

The detectors were placed at £170° relative to the beam
direction for the SLi experiment and at +165° and —155°
for the 7Li experiment. The corresponding angular apertures
were 1.7° and 1.3°, and 0.8° and 0.9°, respectively. Two
surface barrier silicon detectors used as monitors were placed
at +30.8° and 4-28.1° for normalization purposes for °Li and
"Li, respectively. The uncertainty in the angular positions of
the telescopes and monitors were 0.1°. The ratios between the
solid angles of the monitors and telescopes were determined by
bombarding a gold target at low beam energies, for which the
elastic scattering cross section is purely Rutherford. Details
of the normalization procedure are found in Ref. [12]. The
length of each run was defined such that the number of
counts recorded in the elastic peak was of the order of 10 000,
corresponding to 1% statistical uncertainties. However, for the
backward angles at the highest energies, only a few hundred
events were recorded.

Figure 1 shows a typical spectrum for the "Li+ '**Sm
system taken at a beam energy of 27 MeV and 6, = —155°.
Events corresponding to Z =1, Z =2, and Z = 3 could be
identified and separated.

Events associated with Z = 2 and Z = 1 were not used in
the subsequent analysis of quasi-elastic processes, since it was
not possible to distinguish clearly the corresponding reaction
channels, such as NCBU and transfer and evaporation of the
CF and ICF (deuteron, tritium, alpha, etc.) compound nuclei.
This means that, in fact, the data do not correspond strictly to
full quasi-elastic cross section, but rather a lower limit of it,
because contributions associated with NCBU and ICF are not
taken into account. For this reason, we will define partial QES
as the sum of elastic and inelastic scattering and one-neutron
transfer channels. Consequently, a direct correspondence to
CF cannot be done.

III. QUASI-ELASTIC EXCITATION FUNCTION AND
BARRIER DISTRIBUTION FOR THE
"Li + Sm SYSTEM

Figure 2 shows the partial QES excitation function for
the "Li + '**Sm system. Figure 3 shows the corresponding
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FIG. 2. (Color online) Partial QES excitation function measured
at Oy, = —155° for the "Li + '*“Sm system. The curves are results of
CRC calculations that do not take into account the breakup process.

barrier distribution obtained by using Eq. (2). The energy
steps correspond to 2 MeV [12] at all energies except at near-
barrier energies, where the step is 1 MeV. The center-of-mass
energies were corrected by the centrifugal potential at 165° and
155° [5].

To obtain the calculated QES excitation function, the
FRESCO code [18] was used throughout this work. As a bare
potential, we used the reliable parameter-free double-folding
Sao Paulo potential (SPP) [19,20], which is based on realistic
densities [21] and has been able to predict different reaction
mechanisms in a wide energy range for several systems
[22,23], including fusion barrier distributions for weakly
bound systems [24].

It is also important to point out that all theoretical
calculations of the barrier distributions were performed using
the same three points difference formula at the same energy
points for which experimental data were measured, in order
to obtain the same systematic errors for both theoretical and
experimental barrier distributions.

First we show the results of the coupled reaction channels
(CRC) calculations that do not take the breakup channel into
account, similar to what has been done for the °Li + **Sm
system [12]. The results of the calculations for the QES
excitation function and barrier distribution are shown in
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FIG. 3. (Color online) Corresponding partial QES barrier distri-
bution for the "Li + **Sm system. The curve is the result of CRC
calculations that do not take into account the breakup process.
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Figs. 2 and 3, respectively, in order to be compared with
the experimental values. The curves are the predictions from
the SPP with no parameter search. In the CRC calculations, the
inelastic and the one-neutron transfer channels were included.
The inelastic excitations taken into account were the first two
excited states of the '**Sm target (E* = 1.66 MeV, 2+, B, =
0.087, ro = 1.06 fm [25]; and E* = 1.81 MeV, 37, 83 =0.13,
ro = 1.06 fm [26]) and the first excited state of the ’Li projectile
(E* = 0. 478 MeV, 1/27, B, = 0.71 [27], ro = 1.06 fm).
The nuclear and Coulomb deformations were assumed to
be equal. To include the one-neutron transfer channel, finite
range approximation, prior interaction, and full real remnant
have been adopted. For the ’Li (g.s.):%Li (g.s.) overlap,
the 1p3 and 1p;, components were included, and the
spectroscopic factors were taken from Ref. [28] as equal to
0.735 and 0.657, respectively. For the '**Sm (g.s.):'43Sm (g.s.)
overlap, the spectroscopic factor 0.60 was used [29]. Only
transfer to the g.s. of ' Sm was considered, because the Q
value for this reaction is —0.493 MeV.

In Fig. 2, the dotted curve represents the excitation function
obtained from optical model calculations. The dashed curve
corresponds to the sum of the elastic and all the inelastic cross
sections of the target and projectile of the CRC calculation. The
full curve, almost superimposed onto the dashed one, results
from the addition of the theoretical one-neutron transfer cross
section. These calculations suggest that coupling of the one-
neutron transfer channel has almost no effect on the excitation
function. For this reason, this channel will not be included in
the CDCC calculations (see below). Nevertheless, some small
influence of the transfer channel coupling on the other reaction
mechanisms could be expected.

In Fig. 3, we show the partial QES barrier distribution
corresponding to the curves displayed in Fig. 2. Here again
the results considering elastic and inelastic scattering (dashed
curve) and elastic and inelastic scattering plus one neutron
transfer reaction (full curve) are almost undistinguishable
from each other. One can observe that neither the excitation
function nor the barrier distribution can be well described by
these simple calculations. The differences between theoretical
calculations and experimental data might be attributed to
the influence of the breakup channels, not included in these
calculations, on the other reaction mechanisms.

In Figs. 4 and 5, we present the results of full CDCC
calculations that take into account the noncapture breakup of
the projectile. Although there is recent evidence [30,31] for the
occurrence of a two-step transfer-breakup mechanism (i.e., for
the present reaction system: ’Li + '*Sm = ®Li+ ¥Sm =
’H + “He + ' Sm), this process has not been included in our
CDCC calculations.

The cluster model was used to represent the interaction
of the 7Li weakly bound projectile with the '**Sm target.
For the real parts of the *H + '**Sm and *He + '**Sm optical
potentials, a double-folding potential was used. For the matter
densities of the '**Sm target, those of the systematic of the
SPP were used. Under the assumption that the matter density
and the charge density have similar distributions, we have
calculated the matter distribution of the >H cluster as the sum
of the charge distributions of 3H and 3He, which were
obtained using the parameters of Ref. [32]. A similar procedure
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FIG. 4. (Color online) Partial QES excitation function measured
at O, = —155° for the "Li + '**Sm system. The curves are results of
CDCQC calculations.

was applied for “He, for which the matter distribution was
calculated as twice its charge distribution. The imaginary part
of the optical potential was taken as of the Woods-Saxon
form with the parameters W = 50.0 MeV, r,, = 1.06 fm, and
a, = 0.2 fm. The choice of these parameters is guided by
the incoming wave boundary conditions. The absorption of
the flux is supposed to occur only in the inner region of the
Coulomb barrier, and the mean free path of the projectile or of
the fragments in this region should be less than the potential
radius. The results are almost insensitive to the values of these
parameters. As we include explicitly the inelastic excitations
in the calculations, the choice of imaginary potential inside the
barrier avoids possible double counting of the effect of these
inelastic excitations on the elastic channel.

To obtain the bin wave functions, the same triton + o
scattering potential used in Ref. [33] was adopted. This
Woods-Saxon potential with a spin-orbit term guarantees the
description of the 7/2~ and 5/2~ (L = 3 coupled to the spin of
the triton s = 1/2) unbound resonant states. The discretization
was done by taking equally spaced bins in momentum breakup
subspace for both resonant and nonresonant states following
the procedure described in Ref. [33]. The bins are centered
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FIG. 5. (Color online) Corresponding partial QES barrier distri-
bution for the ’Li + “*Sm system. The curves are results of CDCC
calculations.
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at the a-triton relative energies and distributed up to 10 MeV
for well above the barrier energy regime. For energies near
and well below the Coulomb barrier, the convergence is
reached by decreasing the maximum value of bin energy as the
"Li 4 '*“Sm relative energy decreases. At the lowest relative
energy (E.n. = 13.35 MeV), the maximum bin energy was
€, =3 MeV.

The continuum bins were integrated up to Ry, = 190 fm.
The bins were constructed for the relative a-triton orbital
angular momentum 0 < L(%) < 3. The main collective states
of the target were also included in the coupling scheme (the
2% and 3~ states). The deformation parameters of the target
were described above. The projectile-target relative motion
wave function was integrated numerically up to 500 fm, and
it was expanded in partial waves up to Ly,x = 120 i, except
for energies larger than E.,, = 30.51 MeV, for which the
maximum values of the expansion was Lp,x = 180 7. In all
the CDCC calculations, both reorientation and continuum-
continuum couplings between 7Li states were considered. This
kind of coupling has been shown to be very important in
the CDCC cluster model calculations at near-barrier energies
[9,34,35]. The importance of the reorientation effects on the
elastic scattering was shown by Hnizdo et al. in Ref. [36].

In Figs. 4 and 5, the dotted curves are results of uncoupled
calculations. The diagonal potential for this optical model
calculation is obtained by single folding the *H + '**Sm plus
4He + '“*Sm interactions (both Coulomb and nuclear) over
the a-triton g.s. wave function. The dashed curves are the
elastic scattering excitation function and barrier distribution
obtained from the CDCC calculation that includes only the
continuum breakup states. The full curves are results of the full
CDCC calculations including, besides the continuum breakup
states, the inelastic excitations. Notice that although these
cross sections carry the effect of the Coulomb and nuclear
breakups, the cross sections of the breakup reactions are not
explicitly included in the partial QES cross section used to
perform the barrier distribution calculations, since this was
not done experimentally. One can observe that a reasonable
agreement is obtained for the excitation function and the
barrier distribution. The shift of the barrier height of about
1 MeV may arise from the multistep processes not included in
the present calculations.

By comparing the dotted and dashed curves of Fig. 5, one
can observe that the net effect of the breakup channels is to
increase the value of the Coulomb barrier. Thus, according
to this calculation, a hindrance of the fusion cross section
would be predicted as a consequence of the inclusion of the
continuum.

The comparison between the dashed and full curves in
either Figs. 4 or 5 reveals that the effect of coupling inelastic
excitations of the target is small in the framework of these
CDCC calculations, especially at near and below barrier
energies. From Fig. 5, it can be seen that the main effect is
a slight decrease of the position and the height of the barrier
distribution toward a better description of the experimental
data. It should be noticed that the effect of the inelastic
channels is larger in the case of CRC (see and compare
with the equivalent in Figs. 2 and 3). The main reason for
this behavior is that when one includes the coupling to the
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continuum breakup states, the inelastic channels are affected
considerably, because a relevant part of the reaction flux goes
to the breakup channels.

By looking at the bare Coulomb barriers of Figs. 3 and 5,
represented by dotted curves, one can notice that they are not
exactly the same. The reason for this difference lies in the
fact that they were calculated with different optical potentials.
The barrier of Fig. 3 is obtained by using a double-folding
potential of the "Li projectile and '**Sm target. The one for
Fig. 5 was obtained by single folding the interacting potential
of the a-'**Sm plus triton-"**Sm over the "Li ground state.

IV. QUASI-ELASTIC EXCITATION FUNCTION AND
BARRIER DISTRIBUTION FOR THE
SLi + 4Sm SYSTEM

Preliminary calculations were reported for the °Li + '#4Sm
system [12] using the SPP as a bare potential, but without
coupling channels at the continuum. No agreement was
observed between these calculations and the experimental
partial QES excitation function and barrier distribution. The
discrepancy was attributed to breakup effects not included in
the calculations [12].

As for the previous system, the cluster model was used to
represent the interaction of the ®Li weakly bound projectile
with the '**Sm target. For the real parts of the *H + '“Sm
and *He + '**Sm optical potentials, a double-folding potential
was used. The matter density distribution of the deuteron was
obtained following a procedure similar to that described in
Sec. III for the « particle, i.e., multiplying by 2 the charge
distribution obtained from Ref. [37]. The imaginary part of
the optical potentials was the same as for the 'Li + '“Sm
system.

To obtain the deuteron + « bin wave functions, we adopted
the scattering potential of Ref. [33]. The 3%, 2%, and 1"
(L = 2 coupled to the spin of the deuteron s = 1) unbound
resonant states of ®Li were obtained with a Woods-Saxon
potential including a spin-orbit term [33]. The details of the
bin construction can be found in the same reference.

The maximum energy of the bin energy distribution for
this system was 9 MeV for almost all the energy interval.
For energies below E. ., = 19.2 MeV, the maximum energy
needed for convergence starts to decrease. For the lowest
energy, E.,. = 13.44 MeV, it was 5 MeV. The continuum
bins were integrated up to Ry, = 160 fm. For each bin,
we considered states with relative «-deuteron orbital angular
momentum 0 < L) < 3. The main collective states of the
target were also included as for the previous system. The wave
function of the projectile-target relative motion was expanded
in partial waves up to L,x = 2007 and calculated numerically
up to 500 fm. In all the CDCC calculations, both reorientation
and continuum-continuum couplings between °Li states were
considered.

The results of the CDCC calculations are shown in Figs. 6
and 7. The meaning of the curves are the same as in Figs. 4
and 5. From Figs. 6 and 7, we can observe an excellent
agreement between the experimental results and the CDCC
calculations, without any parameter search.
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FIG. 6. (Color online) Partial QES excitation function measured
at @, = 170° for the °Li + '“*Sm system. The curves are results of
CDCC calculations.

By comparing the dotted and dashed curves of Fig. 7,
one may notice that the effect of the breakup channel is to
increase the value of the Coulomb barrier. The comparison
of the curves of Figs. 7 and 5 shows that the effect of the
breakup channel is greater for the °Li + '“*Sm system than
for the "Li + '**Sm system. This fact is in agreement with the
lower breakup threshold energy for the projectile of the first
system. The results obtained switching on and off the inelastic
excitations of the target (full and dashed curves, respectively)
on Figs. 6 and 7 indicate that the effect of this channel is
not very important for the °Li + '**Sm system. Once again,
its effect on the barrier distribution is to slightly decrease its
maximum, but in this case it was not enough to change the
value of the barrier.

In Ref. [12] it was shown that the inclusion of the resonant
3% state of ®Li on the coupling scheme decreases the barrier
considerably. This is expected because of the long half-life
of this state, which allows us to consider it as a usual
inelastic excited state in the coupling scheme. In the present
CDCC calculations, the influence of the inelastic excitations
of the target are less important than in the coupled-channel

0.20— — . .
Ay B experimental data

0.16} ; Hh CDCC (el. + inel §
2 Sl CDCC (el)
~ 0.12} : i/ }E' ----- oM ]

0 ; :

S o008t Y i _
5 0.04} { Ti .".il."?, |
Q I- I i -T_.‘_i_

0.00{ 1 i S

-0.04— L . .

16 20 24 28 32 36
E (MeV)

C.I

FIG. 7. (Color online) Corresponding partial QES barrier distri-
bution for the °Li + '“*Sm system. The curves are results of CDCC
calculations.
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calculations performed in Ref. [12]. Indeed, in the present
work, we have shown that the net dynamic effect of the
coupling to the continuum breakup channels is to increase
the Coulomb barrier.

V. SUMMARY AND CONCLUSIONS

We have measured the QES excitation function at backward
angle and derived its associated barrier distribution for the
"Li + *4Sm system, and we have reanalyzed previous exper-
imental results for the °Li + '“*Sm system. In the framework
of our theoretical calculations and for both studied systems,
neither the excitation function nor the associated barrier
distribution could be explained without taking into account the

PHYSICAL REVIEW C 80, 034614 (2009)

breakup process. In fact, the agreement with the experimental
data is very good for the °Li + '**Sm system and reasonable
for the Li + '**Sm reaction when CDCC calculations are
performed. We emphasize that the agreement between data and
theoretical results was obtained without using any adjustable
parameter in our calculations. The breakup coupling increases
the Coulomb barrier of the systems, whereas the coupling
of target inelastic excitations seems to be of relatively minor
importance.
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