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Small suppression of the complete fusion of the °Li + *°Zr system at near-barrier energies
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The measurements of complete fusion cross sections for °Li 4+ *°Zr have been performed at energies around
the Coulomb barrier by the online y-ray method. The complete fusion cross sections at above-barrier energies
were found to be suppressed by ~25%. A comparison of the systematics of complete fusion suppression with the
existing data for SLi+ heavy targets with the present results shows that the systematics of the suppression factor
observed for SLi-induced fusion in the heavy mass region may not be consistent in lighter target mass region.
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I. INTRODUCTION

The investigation of the breakup effect of weakly bound
nuclei on the fusion process has been an interesting research
topic in the past several years [1,2]. Several experiments
and theoretical calculations have focused on this subject. For
tightly bound nuclei, the enhancement of fusion cross sections
at sub-barrier energies has been successfully explained by one-
dimensional barrier penetration models (1IDBPM) coupling
with inelastic excitations and transfer channels. However, the
situation is more complicated when weakly bound nuclei are
involved. Different processes can occur after the breakup of
weakly bound nuclei (usually the projectiles). When all the
fragments fuse with target nucleus, this process is called
sequential complete fusion (SCF). When only part of the
fragments fuses with the target nucleus, this process is called
incomplete fusion (ICF). During the fusion process, the
whole projectile can also fuse with the target nucleus without
breakup, and this process is named direct complete fusion
(DCF). Experimentally, the residues formed in SCF cannot
be distinguished from ones from DCEF, since the compound
nucleus is the same. Therefore, in the experiment the complete
fusion (CF) cross sections include the contributions of both
SCF and DCF. The total fusion (TF) cross section is equal to
the sum of CF and ICF, o1 = ocf + 01cF.

Weakly bound nuclei include unstable and stable nuclei.
Recently, with the availability of radioactive ion beam (RIB)
facilities in a few laboratories, one can produce several kinds
of unstable nuclei including neutron- and proton-rich nuclei.
Experimental fusion cross sections of unstable nuclei with
different target nuclei have been reported. However, owing
to the low intensities of the presently available RIB, it is
difficult to clearly explore the reaction mechanisms of nuclear
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systems with unstable nuclei. In comparison with RIB, the
beam intensities of stable weakly bound nuclei such as ®’Li
and °Be, which have significant breakup probability, are
orders of magnitude higher. Precise fusion measurements
have already been performed with those stable weakly bound
nuclei, and the effect of breakup of those nuclei in the fusion
process has been extensively studied. Such studies give an
important step forward for understanding the influence of
breakup in the fusion process. The reported results show that
CF cross sections are suppressed at energies slightly above the
Coulomb barrier in comparison with IDBPM coupled-channel
calculations, which do not take into account breakup channels.
So, the usual conclusion is that this phenomenon of CF
suppression arises from the influence of the breakup. Actually,
it has been shown [3-5] that the breakup process produces
repulsive polarization potential that increases the fusion barrier
height and consequently suppresses CF cross section at near-
barrier energies. On the other hand, the TF cross sections are
not affected by the breakup at the same energy region [6-8],
what means that part of the flux that would otherwise produce
CF actually produces ICF of the weakly bound projectile.
The systematic behavior of the CF cross section suppression
of stable weakly bound nuclei, at energies slightly above
the Coulomb barrier, has been investigated in some recent
papers [9—-14]. It was found that the CF suppression factors
for reactions induced by the same projectile are independent
of the charge of target nuclei and mainly depend only on
the breakup threshold energy values of the projectile. The
suppression factors found in each paper differ a little from
each other, owing to the different bare potentials used in the
calculations. Wang et al. [14], for 5Liwitha breakup threshold
energy of 1.474 MeV, found an average suppression around
40%. For "Li, with threshold of 2.467 MeV, the suppression
is around 33%, and for °Be, with threshold of 1.573 MeV, the
suppression is 32%. These results are somehow unexpected,
since it is widely accepted that the Coulomb contribution to the
total breakup should increase with the charge of the target (Z,).
Indeed, recently Otomar et al. [15] showed that the nuclear
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component of the breakup of ®Li increases linearly with A,1 3

(A, is the mass of the target) for the same E.,, /Vp energy,
whereas the Coulomb component increases linearly with Z,.
The total breakup, including the interference between its two
components, also increases with the target mass and charge
[15]. These behaviors were explained by Hussein et al. [16].
A recent possible explanation for this apparent inconsistency
of results was given in Refs. [14,17,18]. They claim that the
breakup may be of two kinds: prompt and delayed, the first
taking place when the projectile is approaching the target
and the latter when it is already leaving the target region. As
pointed out by Luong etz al. [19], only the prompt breakup may
affect the fusion process. Since in the calculations to derive
breakup cross sections, such as the ones performed by Otomar
et al. [15], they do not separate prompt and delayed breakups,
this might explain the apparent contradiction of results. This
explanation is based on recent very precise experimental
results performed at The Australian National University, where
they were able to distinguish prompt and delayed breakups by
the determination of their time scales [19,20]. It was found
that at sub-barrier energies the breakup following transfer
of nucleons (delayed breakup) is dominant over the prompt
breakup of %7Li. Also, Santra et al. [21] and Shrivastava et al.
[22] performed experiments where it is found that the delayed
breakup of °Li, feeding the long lived resonance 3* at 2.186
MeV of SLi, predominates in relation to the direct prompt
breakup.

Another possible explanation for the apparent indepen-
dence of the CF suppression with the target mass, and not
excluding the previous one, is that so far it was not possible
to investigate the effect of breakup on the CF of medium
and light targets, when the Coulomb breakup should be
much smaller than for heavy targets. The reason for that is
the lack of CF measurements of those systems, owing to
the characteristics of the evaporation of the relatively light
compound nuclei. While the evaporation of heavy systems
occurs mainly by the emission of neutrons, for light systems
there is a large probability of evaporation of charged particles,
and consequently some of the residual nuclei of the CF and
ICF coincide. This is the reason why one finds in literature
only the measurement of TF of light weakly bound systems.
In the present work we aim to explore this second possible
explanation. The lightest target for which it was possible to
measure CF induced by lithium isotopes is *°Zr [9]. The
CF suppression found for this system is 34% or 40% if one
follows the study of Wang et al. [14]. For CF induced by °Be,
the lightest target is ®Y [23], and the CF suppression was
found to be 32%. For lighter targets, only TF cross sections
were reported. For ®’Li projectiles, TF were measured on
the targets '>C, ?’Al, 2%Si, ¥Co, and ®Ni [24-32]. For
most of the tens of systems for which TF of stable weakly
bound nuclei were measured, from light to heavy targets,
the results of experiments and coupled channel calculations
which do not include the breakup channel coincide [7,8,33].
Only for a few systems it is observed some suppression of
TF [24,27,29,30,32]. However, some of these systems were
measured by other groups and do not show any suppression
[25,26,31]. In a recent and very interesting paper [28], an
estimate of CF was obtained for the °Li + ®*Ni by measuring
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TF and using predictions from evaporation code PACE [34].
The derived CF suppression was 13 = 7%, much smaller than
the 40% suppression found for heavier targets. It is interesting
to mention that Kumawat et al. [9], who plotted the CF of 614
with several heavy targets, included the targets 2*Si and >°Co,
although only TF was obtained for those targets. To answer
the question concerning how the breakup affects the CF cross
section, one needs more experimental data on medium mass
targets.

In this paper we present the measurement of fusion
excitation function for the °Li projectile on a *®Zr target by
the online characteristic y spectrometry method. The present
work can estimate the CF cross section by summing the cross
sections of dominant neutron evaporation channels and obtain
the TF cross sections by adding the contribution of ICF. The
derived CF data may contribute to answer the question of
suppression of CF cross section on medium mass and light
mass targets at energies above the Coulomb barrier. This paper
is organized as follows. In Sec. II the experimental details
are introduced and the analysis of experimental results are
given. In Sec. III the method of derivation of CF and ICF
(and TF) is presented and the results are shown. In Sec. IV
the coupling channel calculations and the discussion of the
breakup effect on fusion are shown. The conclusion is given
in Sec. V.

II. EXPERIMENTAL DETAILS

The experiment was carried out with a °Li** beam at the
HI-13 Tandem Accelerator of the China Institute of Atomic
Energy (CIAE) in Beijing at bombarding energies from 16 to
28 MeV in steps of 2 MeV. The nominal Coulomb barrier
is 17.38 MeV at the laboratory frame (16.36 MeV in the c.m.
frame). A 99% enriched *°ZrO, metallic foil with 550 pg/cm>
thickness and a 1.92 mg/cm? gold backing was used. The
fusion excitation function was measured using the online
characteristic y spectrometry method. The irradiation times
lasted 1-2 h at all energies for the single y-ray measurements.
The beam current was varied from 5.7 to 14.0 enA, and
the beam flux was recorded by a Faraday cup mounted
behind the target using a precise current integrator device.
Two Si(Au) surface barrier detectors were positioned at 30°
with respect to the beam direction for verification of the
beam intensity and normalization and centrality of the beam.
An array consisting of 9 Compton-suppressed BGO-HPGe
spectrometers and two planar HpGe detectors was used to
detect online y rays emitted by the reaction products. The
absolute efficiency and energy calibration of the detectors
were achieved using a set of standard radioactive sources of
2By and '*°Ba at the target position. The Versa Module
Europa (VME)-based data acquisition system MIDAS was
used to record the data. The total uncertainty in this experiment
mainly came from the statistical errors associated with the
yields of the y rays and from the systematic errors in
the target thickness (1%) as well as the estimation of the
beam intensity. The typical characteristic y spectrum for the
®Li4 Zr fusion system at Ey, = 28 MeV is given in Fig. 1,
where several identified channels via complete fusion are
denoted.
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FIG. 1. Typical online y-ray spectrum depicting the y lines of
different evaporation residues via complete fusion in the SLi + *°Zr
system at the bombarding energy of 28 MeV.

III. DERIVATION of FUSION CROSS SECTIONS

The compound nucleus formed following the collision of
Li and *°Zr is '9*Tc, which then decays predominantly by
neutron evaporation, leading to different Tc isotopes. The
dominant decay channels are observed to be 2n, 3n, and 4n
evaporations at all energies, which agree well with a statistical
model calculation using the code PACE2 [34]. The transitions
feeding the ground state of the residues of CF, given in Table I,
were identified and used in the calculations. For the 2n channel
('°Tc), the 300.4-keV transition is not to the ground state, but
it is by far the highest intensity transition.

The fusion cross section for the online measurement is
calculated using the relation

= 0

&y N B N T
where ¢, is the absolute efficiency of all the detectors for
the y lines, Np and Ny represent the total number of beam
particles incident on the target and the target atoms per unit
area, respectively, and N, denotes the yield of the y-ray
peak after correcting with the internal conversion. The cross

TABLEL Characteristic y rays of *Tc [35], ®*Tc [36], and '™ Tc
[37] used in the calculation.

Residual channels Transition E, I,
(keV) (%)

STc (4n) 7t — 67 441.0 100
7t — 6F 106.5 68.4

PTe (3n) 13/2t—9/2% 761.9 100
11/2t—9/2% 726.7 314
9/2t—9/2% 625.8 12.8
11/2t—9/2% 1080.7 7.5
5/2t—9/2% 181.0 14.8
7/2t—9/2% 140.5 106.5

10Tc (2n) 6-— 6% 300.4 100
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FIG. 2. (Color online) Ratio of individual channel cross sections
to the CF cross sections as a function of beam energy for °Li + *°Zr.
The dot lines represent the theoretical estimation of PACE2.

sections of individual residues equal to the sum of cross
sections of all observed ground-state feeding transitions. It is
to be mentioned that the intensities of some transitions were
too small to be observed; thus the fraction of these y rays is
neglected for the present system. In order to obtain the relative
contribution of other residue channels to CF, the statistical
model code PACE2 was used for the calculations. The L
distribution obtained from the CCFULL [38] calculations was
used as an input of PACE2 at each energy.

RV = 5, §PACE2 §PACE2 (. — 2 3 4) was calculated and
the results indicate that the summed cross sections of 2n,
3n, and 4n channels contribute from 96.8% to 99.4% of the
complete fusion cross section for the °Li + “°Zr system.
Figure 2 shows the individual xn channel cross sections
normalized to the CF cross sections for the reaction °Li + *°Zr.

A reasonable agreement between the o7*° and measured

Xn
o™ is observed over the whole energy range. A better

agreement with the relative percentage of the 3n and 4n
channels might be obtained if we varied the level density
parameter in the calculations. However, this procedure was
not in the scope of the present work. As can be observed in
Table II, the contributions of other evaporation residues to the
total complete fusion are small and the total complete fusion

TABLEIIL. The cross sections for 2n-ER, 3n-ER, 4n-ER, and total

complete fusion with R} obtained from PACE2 calculations.

Enap Ecm. GZExxergll+4n R:Sheory Sfeuxf
(MeV)  (MeV) (%) (mb)

28.0 26.4 762.68 + 48.28 96.8 787.57 + 49.86
26.0 24.5 752.22 +£47.70 97.3 773.10 & 49.03
24.0 22.6 560.05 4 35.96 97.8 572.59 + 36.76
22.0 20.7 324.58 +20.78 98.2 330.43 £ 21.16
20.0 18.8 236.27 +15.82 98.6 239.53 +16.04
18.0 16.9 73.30+5.35 98.9 74.12 £ 5.41
16.0 15.1 10.64 +1.52 99.1 10.74 £ 1.53
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TABLE III. Characteristic y rays used in the ICF calculation.

Residual channels Transition E, I

Y
(keV) (%)
%Mo 2t O 787.4 100
“Mo 5/2t—>1/2* 97.7 75.1 (40)
1Mo 4+ 0F 600.3 100
%Nb 7t—> 6+ 221.7 100

cross section was derived by (SE’:SP = 5P / R;heory. A similar
procedure was used to derive the ICF cross sections. However,
for ICF we could only determine the lower limit for the cross
sections, because some y-ray lines corresponding to some
evaporation channels were too weak above the background to
be used for the cross section determination. Table III shows
the characteristic y lines used to derive the ICF cross sections.
The %89%1%Mo nuclei are produced by neutron evaporation
from the compound nucleus formed by absorption of an «
particle by the target. The *°Nb nucleus is produced by neutron
evaporation from the compound nucleus formed by absorption
of a proton or deuteron by the target. Table IV shows the cross
sections for each of those evaporation channels. Table V shows
the total CF and the lower limits of ICF and TF for the °Li
+ 9%Zr system. Figure 3 shows the experimental excitation
functions obtained of CF and the lower limits of ICF and TF
in the present work, for the °Li +%°Zr system. ICF and TF
correspond actually to a lower limit of the cross sections, as
explained before. The not very smooth behavior of the ICF
excitation function is due to the relative larger fraction of the
cross section corresponding to the nonmeasured y lines, which
were more important at midenergies.

IV. DISCUSSION OF THE EFFECT OF BREAKUP
AND TRANSFER CHANNELS ON THE FUSION
CROSS SECTION

To investigate the effect of the breakup and transfer
channels on the CF cross section data, we performed coupled
channel calculations (CC) without taking into account breakup
and transfer channels. By doing so, we consider that the
differences between theoretical predictions and experimental
results are due to coupling effects of the channels not included
in calculations. As coupling effects related with the structure
of the colliding nuclei and transfer channels are important

TABLE 1V. The lower limits of cross sections for each of ICF
evaporation channels of °Li+ *°Zr system.

Epb or (%Mo) o7 (®Mo) o ("“Mo) s (*°Nb)
(MeV) (mb) (mb) (mb) (mb)

28.0 68.61 =4.24 61.78 £5.05 16.85+1.96 24.62+1.78
26.0 52.20+3.36 58.58+4.92 23.61+£2.19 22.13£1.67

24.0 27.89+1.97 30.41+£331 10.05+£147 11.04£1.07
22.0 9.14+0.75 1473 +1.65 8.06£0.85 545+0.54
20.0 844 +£093 2533£252 998+1.17 5.59+0.72
18.0 4.55+055 11.20+£155 3.86+£0.70 1.85+0.41
16.0 1.55+030 2914+£083 285+047 1.02+0.27
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TABLE V. The cross sections of CF, lower limits of cross sections
of ICF and TF for °Li+ *Zr system.

Ep OCF OICF OTF
(MeV) (mb) (mb) (mb)
28.0 787.57 +49.86 171.86 +10.83 959.43 + 51.02

26.0 773.10 £ 49.03 156.52 +10.02 929.62 £ 50.04
24.0 572.59 £36.76 79.38 £5.71 651.97 £ 37.21
220 330.43 £ 21.16 37.38 £2.76 367.81 +21.34
20.0 239.53 £ 16.04 49.33 £3.79 288.86 £ 16.48
18.0 74.12 £5.41 21.46 £2.09 95.59 +£5.79
16.0 10.74 £ 1.53 832+£1.12 19.07 £ 1.90

mostly at sub-barrier energies, the difference between data and
coupled channels calculations will be attributed to the breakup
process. In this kind of calculations, it is very important to
adopt a reliable bare potential. For this reason we chose the
widely used double-folding Sao Paulo potential (SPP) [39,40],
which uses realistic densities and has no free parameters. In the
coupled channel calculations, we included only the inelastic
excitations of the targets. All coupled channel calculations
were performed with the FRESCO code [41]. The %71 excited
states included in the CC calculations were the 2% and 3~
states at 1.76 and 1.90 MeV, respectively. The quadrupole
deformation parameter used was 8, = 0.080, taken from Ref.
[42], and the octopole deformation parameter used was 83 =
0.235, taken from Ref. [43]. The same values were assumed
for nuclear and Coulomb deformations. For the real part of the
optical potential the Sao Paulo potential was used [39,40]. For
the imaginary part of the optical potential, we used a Woods-
Saxon potential internal to the Coulomb barrier to account
for the absorption of the flux that passes through or over the
barrier (equivalent to the so-called ingoing wave boundary
condition). The potential parameters were Wy = 50 MeV,
ro = 1.06 fm, and a = 0.2 fm for the depth, reduced radius,
and diffuseness, respectively. We checked that the fusion cross
section does not depend on the choice of these parameters,
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FIG. 3. (Color online) Measured complete, incomplete, and total
fusion cross section at near the Coulomb barrier energies.
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FIG. 4. (Color online) Complete and total fusion cross sections
at energies near the Coulomb barrier for the °Li 4+ “°Zr system. The
dashed line represents the coupled channel calculations multiplied by
0.75.

as long as the imaginary potential remains internal to the
Coulomb barrier. In Figs. 4(a) and 4(b) we show the results
of the calculations and the data for CF and TF in linear
and logarithmic scales. The first is more suitable to observe
the deviations at above-barrier energies, whereas the latter
makes a zoom to observe the effects at low energies. One can
observe in Fig. 4(a) that there is CF suppression of the order
of 25%, at energies above the barrier, when compared with the
coupled channel calculations. The lower limit of the TF cross
section data is roughly in agreement with the calculations
at the highest energies, which indicates that the ICF seems
to be the responsible for the loss of flux going to CF, and
consequently suppressing the CF at this energy regime. It is
important to remember that the TF cross section may be larger
than the derived one at some energies, as already explained in
Sec. I11.

One can observe that the CF suppression at energies slightly
above the Coulomb barrier derived in the present work is
smaller than the ones reported so far for the oLi projectile on
heavier targets and also for the *Zr target. A possible reason
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for the difference concerning heavier targets has already been
explored in the introduction of this paper: The small breakup
probability for lighter targets may produce a smaller effect on
the fusion cross section than for heavier targets. In the *°Zr
measured by Kumawat et al. [9] by off-line y spectrometry
method, they had larger uncertainties than us, since they could
not measure all CF evaporation channels and therefore they
had to rely strongly on predictions of the PACE code, which
accounted for up to 40% of the derived CF cross sections.
Our results are in reasonable agreement with the ones by
Shaik ez al. [28] for the °Li+ *Ni system, although those
results also depend relatively strongly on PACE predictions.
It should be very important to compare the CF suppression
obtained in the present work with those of the available CF
data of the °Li projectile with other targets, especially *°Zr,
using the same interaction potential, in order to investigate
whether the observed difference in the CF suppression is due to
the different potentials used. Actually, those calculations were
already performed and are published in Ref. [14], where Wang
et al. report systematic CF behavior for different systems using
the Sao Paulo potential. The suppression found ®Li-induced
CF with heavy targets, including *°Zr, is 40%, with all systems
fitting very well the 40% suppression curve.

V. SUMMARY

We report the measurement of complete fusion cross
sections for °Li+ °Zr system at energies in the range from
slightly below to slightly above the Coulomb barrier. The
method used was the online y-ray method, which allowed
the measurement of almost 100% of the CF. Furthermore, we
measured the incomplete fusion cross sections, although not
very precisely, because some of the y-ray lines could not be
measured. The complete fusion cross section at above-barrier
energies was found to be suppressed by ~25% when compared
with coupled channel calculations that do not take into account
the breakup and transfer couplings. This is a value smaller than
the present systematic results available for heavier targets.
We do not think that this an unexpected result, but rather a
signature that the dynamic breakup effect on the complete
fusion depends on the target charge and that the present
accepted independence of the target charge is due to the
lack of complete fusion data for light systems, for which the
suppression should be smaller.
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