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Fusion reaction studies for the °Li + °’Zr system at near-barrier energies
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Complete fusion cross sections have been measured using the off-line y-ray spectroscopy method for the
®Li + *Zr system around barrier energies. Statistical and coupled-channel calculations have been performed to
investigate the effect of coupling on complete fusion. It is observed that the complete fusion is suppressed by 34 &
8% compared to the coupled channel predictions. The effect of breakup coupling is estimated using the continuum
discretized coupled channels (CDCC) method and it is found to reduce the complete fusion probability. Contrary
to earlier predictions, a universal behavior of complete fusion suppression factor for the °Li projectile with target

charge is observed.
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I. INTRODUCTION

Fusion of two colliding nuclei around the Coulomb bar-
rier is a complex phenomena. Quantum mechanical barrier
penetration occurs in a multidimensional space and coupling
to the internal degrees of freedom of the participating nuclei
plays an important role. There are several interesting features
associated with the fusion process. Experimentally measured
sub-barrier fusion cross sections for tightly bound nuclei
are enhanced [1-4] by several orders of magnitude over the
predictions of the simple one-dimensional barrier penetration
models (IDBPM). The observed enhancement is understood
in terms of couplings to the low-lying collective excited states
of target and projectile and to transfer of one or more nucleons.
Understanding the fusion process with weakly bound nuclei,
either stable or short-lived, brings in a new set of challenges. To
start with, the definition of fusion cross section itself needs to
be clarified. There are similar processes such as the incomplete
fusion (ICF), wherein only part of the projectile fuses with the
target. Hence, a distinction needs to be made wherever possible
between complete fusion (CF), which involves the fusion of
the projectile as a whole with the target, and total fusion (TF),
which also includes the ICF component.

In general, the reaction cross section for weakly bound nu-
clei is found to be much larger as compared to that for the corre-
sponding tightly bound nuclei [5]. But unlike the tightly bound
nuclei where the fusion cross section accounts for the major
part of the reaction cross section at near-barrier energies, the
contribution of direct reaction channels, such as breakup and
transfer is significant in case of the weakly bound nuclei [6].
The complete fusion cross sections for weakly bound nuclei at
energies above the Coulomb barrier show a large suppression
as compared to predictions of 1DBPM. However, there
have been conflicting experimental results and theoretical
interpretations [7-10] regarding suppression or enhancement
of fusion cross sections as compared with coupled-channel
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calculations. The detailed treatment of breakup using the
continuum discretized coupled channels (CDCC) approach
shows that the continuum-continuum couplings lead to fusion
suppression at all energies [11,12]. In spite of extensive work
[13—18], there is not a definitive explanation of the influence of
breakup and transfer on fusion for the weakly bound systems.

A consistent correlation of complete fusion suppression
factor with breakup threshold energy of the ®7Li, °Be, and
10.11B projectiles [ 19] was found with heavy targets. Generally,
experimental data seem to indicate that the magnitude of CF
suppression above the barrier may be consistent with the yield
of incomplete fusion [20]. The behavior of the suppression for
different targets deduced from coupled-channel calculations
are contradictory [13,19,21]. Based on the ICF measurement
for °Be on heavy targets, it was predicted [20,21] that the
complete fusion suppression factor will decrease with target
charge. Even for the °Li projectile, the CF suppression factor
was expected [13] to decrease with target charge. Therefore,
fusion measurements are necessary for light mass systems to
study the systematic behavior of the CF suppression factor. The
breakup due to Coulomb and nuclear processes are expected
to contribute to the CF and the ICF in a different way.

The disentangling of CF and ICF becomes difficult for
the light mass systems where these components are mixed
up. Therefore, it is important to perform experimental mea-
surements for the systems where CF and ICF cross sections
can be measured separately. In this context, we report the
measurement of the CF cross sections for the °Li 4+ *°Zr system
at near-barrier energies. Due to the low breakup threshold
of SLi, the dominant contribution from the couplings to the
breakup channel is expected. A very significant breakup
threshold anomaly was found [22] to exist for this system,
which has been explained in terms of the breakup coupling
due to the nuclear part of the potential. Further, the analysis of
the a-production cross section in Ref. [23] shows that the 1n
transfer contribution is more than the exclusive breakup cross
section over the whole energy range.

The article is organized as follows. In Sec. II we present
experimental details regarding the measurements. Section III
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FIG. 1. The off-line y-ray spectrum depicting the y lines of
evaporation residues (ERs) populated for the ®Li+ *°Zr system at
the projectile energy of 25 MeV.

contains the analysis procedure to obtain the experimental
results. Section IV describes the coupled-channel calculations.
Breakup coupling effects are presented in Sec. V. The
systematic behavior of CF suppression is discussed in Sec. VI
and a summary is presented in Sec. VIL.

II. EXPERIMENT DETAILS

The experiment was performed using a ’Li** beam deliv-
ered by the 14UD Pelletron accelerator of Bhabha Atomic
Research Centre/Tata Institute of Fundamental Research
(TIFR/BARC) Facility in Mumbai, India at bombarding
energies from 13-30 MeV. The beam energies were corrected
for the half target thickness in the analysis process and the
correction was a minimum of 88 keV for 30 MeV and
a maximum of 132 keV for 13 MeV. Beam current was
typically in the range of 5-30 pnA. The beam impinged on
a ~500 pg/cm?, self-supported enriched *°Zr (>99%) target.
The irradiation was done using several targets of thickness
~500 s1g/cm?. In all the irradiations, aluminum catcher foils
of thickness ~1 mg/cm? were used along with the target
to stop the recoiling ERs. Each irradiation was done for
4-6 hours and counting was started after ~5 minutes. Beam
current was recorded using a CAMAC scalar in a list mode.
One high-purity germanium (HPGe) detector of resolution
~2 keV at 1332 keV y line of ®°Co source was used to
measure the decay y lines. The absolute efficiency and energy
calibration of the detector were achieved using a set of standard
radioactive sources ('32Eu, '**Ba, and ®°Co) mounted in the
same geometry as the target. The typical spectrum for the
off-line measurement is given in Fig. 1. Several identified
channels from radioactive decay are denoted in the spectra.

III. ANALYSIS OF EXPERIMENTAL RESULTS

The compound nucleus formed by the complete fusion of
the ®Li + %°Zr system is *°Tc. A list of ERs populated through
various channels due to evaporation of 9T¢, their half-lives,
prominent y-line energy of decay, and intensity of the y lines,
are given in Table 1.
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TABLE 1. The physical properties of the populated evaporation
residues either by CF, ICF or transfer (TR) reactions. Some of the
dominant y lines from decay of ERs along with intensities are given.

Reactions ER JT Ty E, I, (%)
07r(°Li,1n) ST 9/2% 20h 765.8 93.82
NZr(°Li,1n) ST 172~ 61d 38.9 100
07r(°Li,2n) 94Tcs 7t 293 m 702.6 99.6
07r(°Li,2n) HTcm 2+ 52 m 871 94.1
07Zr(°Li,3n) 3 Tcs 9/2% 2.75h 1363 66
07r(°Li,3n) BT 1/2~ 43.5m 391.8 58
N7Zr(°Li,1p2n)  SMo"  21/2° 6.85h  263.08 56.7
07Zr(°Li, X) ONbs 8t 1460h  1129.2 92.7

The experimental ER cross section for the off-line measure-
ment is obtained using Eq. (1),

YA
expt
= 1
TR T Nl X @
where
m
X — Z In(l _ e—)\ts‘ep)e—k(n—l)tmp(e—}»tl _ e—ktz), (2)

n=1

Y is the yield of the y line, X is the disintegration constant
of the ER, N, is the target atoms/cm?, € is the efficiency of
the detector for the y line, I, is the absolute intensity of the
y line in time fycp, f, — #1 is the measurement time, and fgep
is the time step in which the beam current was recorded. The
sum is over all the recorded beam times. The ERs [**Tc (2n
channel), ®>Tc (3n channel), *Mo™ (1 p2n channel), and 9ONb]
are identified using the y line along with the half lives.

The measured cross sections for 2n and 3n channels
are compared with the statistical model predictions using
CASCADE [24]. The calculated and experimental ratio of 3n
to 2n channel is plotted in Fig. 2, which agrees well with
the experimental ratio. The 3n + 2n contributes 59-84% of
the complete fusion cross sections. The other ERs, such as
%Mo and *°Nb are populated with the mixture of metastable
and ground state, and we could measure only *Mo™ and
%ONbe. It is to be mentioned that **Mo can also be populated
by the « transfer or incomplete fusion followed by neutron
evaporation. Both ERs (*Mo™ and °Nbg&) are observed
only at 25- and 30-MeV energies. Due to these reasons, we
have not considered these ERs for deducing the fusion cross
sections. The remaining CF part is estimated with the help of

statistical model code. The ratio R = X, ASCADE /5 CASCADE

is calculated and CF is obtained by afuxspt = TooM /R. The
ratio is not sensitive to the level density parameter (A/8,
A/9, A/10) even though the absolute values are different
for these values. The statistical model calculations for 2n
and 3n channels are again performed using the experimental
fusion data (estimated above) as input to the CASCADE. The
experimental cross sections for 2n and 3n channels are plotted
in Fig. 2 and it agrees well with the values obtained from the
CASCADE (denoted as CASCADE, fusion input). The CF cross
sections are given in Table II. The errors in the table are the
sum of statistical error and errors due to fitting (~2%), target
thickness (~2%), efficiency(~3%), and the error due to the
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FIG. 2. Evaporation residue cross sections for ground state (star),
metastable state (circle), and total (m + g, triangle), CASCADE with
default parameters (dashed line) and CASCADE with experimental
fusion cross section input (solid line) of (a) **Tc, 2n channel,
(b) ®*Tc, 3n channel, (c) measured and CASCADE predicated ratio
of o3, to 0y, at different projectile energies.

maximum likelihood fit when 2-3 y lines were used to get
the cross section of the ERs. The direct population to the
ground state of the ERs are expected to be small in this mass
region [25] but it could not be estimated in the present off-line
analysis technique.

IV. COUPLED-CHANNEL CALCULATIONS

Coupled-channel (CC) calculations are performed using the
modified version of CCFULL [26], which allows the coupling

TABLE II. Experimental complete fusion cross sections and the
ratio R (as defined in the text) for the °Li+ *°Zr system at the
measured energies.

Eyp(MeV) Ecm.(MeV) R ocr(mb)
29.9 28.0 0.59 778 £ 37
249 23.3 0.66 510 + 24
20.9 19.6 0.72 230 £ 11
18.9 17.7 0.76 114 £ 7
17.9 16.8 0.80 63 + 4
16.9 15.8 0.82 27 £2
159 14.9 0.83 6.3 £ 0.6
14.9 13.9 0.84 1.3+£02
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FIG. 3. (Color online) CF (circles) cross section for the °Li + *°Zr
system. Theoretical analysis using IDBPM, Coupled channel (CC),
and CC*0.66 are shown by dotted line, dashed line, and full line,
respectively.

of projectile excited states and it includes the effect of the
projectile spin. The initial input potential parameters for
CCFULL are obtained from the Woods-Saxon parametrization
of the Akyuz-Winther (AW) potential (V) = 43.35 MeV, ry =
1.17 fm, a = 0.606). The potential is slightly modified to fit
the fusion barrier distribution (Vy = 47.5 MeV, ryp = 1.11 fm,
a = 0.66). The derived values for the uncoupled barrier heights
are Vg = 17.2 MeV, radius Rp = 9.32 fm, and the curvature
is hw = 4.22 MeV. The projectile ground state (11) with
the quadrupole moment, Q = —0.082 fm?, and the unbound
first excited state (3%, 2.186 MeV) are coupled. A value of
B(E2; 17 — 3%) = 21.8 ¢® fm* is used for the 3% rotational
excitation (same as in Ref. [27]). The target excited states (37,
2.747 MeV or 2%, 2.186 MeV) are coupled as the vibrational
states. Coupling of the nonresonant breakup channel is not
considered in these calculations.

The results of the coupled-channel calculations are shown
in Fig. 3. It can be seen from Fig. 3 that at energies below the
Coulomb barrier, the coupled calculations (dashed line) show
an enhancement of fusion cross section as compared to the
uncoupled ones (dotted lines). But the coupled results over-
estimate the measured fusion data for all energies. However,
the measured fusion cross sections agree very well with the
calculated ones when multiplied by an overall factor of 0.66
(solid line). The mean suppression factor (Fcp) is deduced
from a least square fit to the suppression factors obtained over
the entire energy range (see Fig. 4). This implies that there
is an overall suppression of the complete fusion cross section
by ~34% as compared to the ones predicted by CCFULL. An
uncertainty up to ~8% in the suppression factor is estimated
due to the errors in the measured fusion cross sections.

V. BREAKUP COUPLING EFFECT

Detailed studies of coupling effects due to the projectile
breakup on the fusion have been performed using the CDCC
framework. We have used the code FRESCO to perform
the calculations. Two approaches have been followed to
determine the fusion cross sections. In the first method,
the fusion is calculated according to the barrier penetration
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FIG. 4. Suppression factor (Fcr) at each energy and the least
square fit to the data to obtain the mean value and error for the
Li + *Zr system.

model using an effective potential, which consists of the
bare cluster-folded potential and the equivalent polarization
potential generated from the couplings. In the second method,
the cumulative absorption cross section by the long-range
imaginary potential is calculated, which equals the sum of the
total fusion (CF + ICF), transfer and inelastic cross sections.
The complete fusion cross section could in principle be derived
by subtracting the other components.

In the calculations, the °Li nucleus is assumed to have a
two-body o + d cluster structure with the breakup threshold
equal to 1.473 MeV. The CDCC calculations require the
o +2Zr and the d+ *°Zr optical potentials as an input to
generate the °Li + °Zr optical potential by the single-folding
technique. These potentials are obtained from the global
potential for o [28] and d [29] optical model potentials. The
real part of the global potential strength for the a 4+ *°Zr system
was renormalized by a factor of 0.45 in order to fit the elastic
scattering data for the ®Li+ *Zr system [22]. The potential
used for d + °°Zr is the unmodified potential from Ref. [29].
The details of the continuum discretization are the same as
described in Ref. [23].

The fusion cross sections obtained by the barrier penetration
model and the cumulative absorption from the CDCC calcu-
lations are shown in Fig. 5. The BPM fusion cross sections
calculated with only the bare cluster-folded potential and
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FIG. 5. Reaction (circles), CF (stars) cross section for the
®Li+*Zr system. The cross section predicted using the CDCC
1DBPM, BPM + breakup coupling, and the absorption model are
shown by dashed, dotted, and solid lines, respectively.
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with a potential that also includes the equivalent polarization
potential generated from the breakup couplings are represented
by dotted and dashed lines, respectively. The calculated
absorption cross sections with the breakup couplings (denoted
by solid line in Fig. 5) are close to the reaction cross sections,
since the measured exclusive breakup cross section [30-32] is
only 5-10% of the total reaction cross section. The calculated
fusion cross sections with breakup coupling are systematically
lower than the uncoupled cross sections at energies above
the Coulomb barrier. As described in Ref. [23], the dynamic
polarization potential generated due to the breakup coupling
using the CDCC calculations are found to be repulsive around
the nuclear surface region for all the beam energies. Therefore,
the effective barrier is raised and there is a reduction in the
penetration of the flux from the entrance channel leading to
less fusion cross sections calculated from the IDBPM over
all energy range. Thus, the CDCC results, which take into
account the projectile breakup are qualitatively consistent with
the observed fusion suppression.

VI. DISCUSSION

The suppression factor of the measured complete fusion
cross section for the ®°Li + *Zr system is deduced. The mean
suppression factor of ~66% is obtained in the measured
energy range as compared to the coupled-channel calculations
using CCFULL. The complete fusion suppression factor Fcr
for ®Li projectile with different targets is plotted in Fig. 6.
The suppression factor for above barrier energies follows the
systematic trend of breakup threshold dependence, which was
also shown by Gasques et al. [19].

In order to study dependence of the complete fusion
suppression factor on target charge, CC calculations for
®Li+3°Co and °Li + 28Si systems have also been performed.
To deduce the CF for these systems, it is assumed that the sum
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FIG. 6. (Color online) Universal complete fusion suppression
factor (Fcg) for °Li projectile with different targets. The experimental
data are taken from Refs. [8,13,33-35]
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of direct inclusive-a and complete fusion cross sections equals
the reaction cross section. This assumption is reasonably
supported by many previous measurements [23,36,37], where
the reaction and the a-production cross sections are measured.
However, the separation of compound and direct contribution
to the a-production cross sections is crucial here. The reaction
and direct a-production cross sections for the >Co are taken
from Ref. [33] and the CC coupling parameters are same
as those given in Ref. [27]. It is shown that the complete
fusion cross sections are suppressed by ~15% as compared
to the values predicted by CCFULL. The odd behavior of this
system might be due to underestimation of direct a-production
cross sections. The experimental reaction and deduced direct
a-production cross sections for 28Si are taken from Ref. [38].
The CC coupling parameters are same as given in Ref. [39].
The complete fusion is suppressed by ~30% as compared to
the values predicted by CCFULL.

It is observed that the suppression factor is independent
of the charge of target nucleus except for the case of °Co.
The conclusion drawn in Ref. [13], that the complete fusion
suppression factor decreases with the charge of the target, is not
observed. The observation of a constant Fcr is consistent with
the universal [23] behavior of the total inclusive - production
cross section observed for the °Li projectile with all the targets.
Further, in our earlier work, we have shown [22] that the
dynamic polarization potential arising due to the breakup of
the ®Li projectile is dominated by the nuclear breakup effect
for all target systems and the role of Coulomb breakup is
not significant. The dominance of nuclear over Coulomb
coupling in the polarization potential was also found for the
5Li 4+ 208pp system [40]. Therefore, it can be deduced that

PHYSICAL REVIEW C 86, 024607 (2012)

the ICF component, which is supposed to supplement the
loss of flux from the total fusion, may not decrease with the
target charge as has been proposed in earlier studies. Further
measurements in the lower mass region in which CF and ICF
can be separated, are required to confirm the universal behavior
of the complete fusion suppression.

VII. SUMMARY

The complete fusion excitation function for the °Li + *°Zr
around the barrier energies are measured using the y-ray
spectroscopy technique. The cross sections measured for 2n
and 3n evaporation channels along with the statistical model
calculations are used to deduce the complete fusion cross
sections. The complete fusion cross sections are observed
to be suppressed by 34 &+ 8% at all energies as compared to
the coupled-channel predictions using CCFULL. The complete
fusion suppression factor is observed to exhibit a universal
behavior, irrespective of the target charge for the °Li projectile.
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