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Abstract. Total reaction cross sections for the radioactive nucleus Li on °°Zr are reported at the near-
barrier energies of 18.5 and 21.5 MeV, derived from quasi-elastic scattering measurements. An analysis of
the quasi-elastic scattering results is performed within an optical model framework using the BDM3Y1
interaction and total reaction cross sections are deduced. These quantities, appropriately reduced, are
compared with previous data obtained in elastic scattering measurements with well and weakly bound
projectiles on various targets and a formula for predicting total reaction cross sections with an uncertainty

of ~ 20% is obtained. Further on, the ratios of direct to total reaction cross sections are estimated for
*°Li on various targets and are compared with CDCC or CRC calculations. The energy dependence of the

optical potential is also discussed.

1 Introduction

The merit of channel coupling effects for understanding
the structure of projectile and target nuclei in the vicinity
of the Coulomb barrier is indisputable. The effects on the
elastic scattering for stable nuclei may be strong [1, 2],
while they can be even more striking for radioactive
beams [3,4]. Large transfer/breakup cross sections per-
sist to very low energies —even below the barrier— for
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light weakly bound projectiles on heavy [5], medium [6]
and light targets [7,8]. Elastic scattering is then the tool
for tracing such effects.

We present here the results of an optical model anal-
ysis of the quasi-elastic scattering for 8Li+ %9Zr at two
energies, 18.5 and 21.5MeV (energies in the middle of
the target), that complement a recent study [9] where
the data were analyzed in the coupled reaction chan-
nels (CRC) framework. The analysis is performed in a
BDM3Y1 framework and the energy dependence of the op-
tical potential, directly connected to the channel coupling
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effects, is discussed. The main goal of this work, however,
concerns total reaction cross sections, which are deduced
and considered in a systematics involving tightly bound
(160, 12C [10-14]), weakly bound stable (®7Li [2,15-19])
and the weakly bound radioactive projectiles 3Li and ®He
on light and medium mass targets (27Al, ®Ni, 64Zn, 2°Zr
—the present work and refs. [6,20,21]) as well as on the
heavier target 2°°Pb [5,22,23].

In order to perform systematic studies of total reac-
tion cross sections in collisions of weakly bound nuclei
versus well bound ones, it is necessary to reduce the
data according to some procedure and compare them to
some benchmark as is very well stated in ref. [24]. As
the most promising, we have chosen the procedure de-
scribed in refs. [25-27], where the results were reduced
according to the Wong formula. This technique was first
applied to fusion excitation functions and the reduced re-
sults were called “fusion functions”. The representation
of fusion functions for various projectiles on various tar-
gets at near-barrier energies gave self-consistent results
and the universal fusion function (uff), a reduced function
according to the Wong formula for fusion cross sections,
was derived. Deviations from the uff below the barrier
were interpreted as due to channel coupling effects. This
technique will be applied here to total reaction cross sec-
tions according to [28] and a formula —a best fit reaction
function to the experimental results— will be given for
predicting total reaction cross sections at near-barrier en-
ergies. A comparison of this total reaction function with
the universal fusion function will give an estimate of the
importance of direct reaction channels.

2 Experimental details

The ®Li secondary beam was produced at the EXOTIC fa-
cility [29] at the Laboratori Nazionali di Legnaro (LNL),
Italy by means of the in-flight (IF) technique and the
2H("Li, 8Li)p reaction (Qua = —0.19MeV). The 7Li*3
primary beam was delivered by the LNL-XTU Tandem
Van de Graaf accelerator with an intensity of ~ 150 pnA
and at energies of 27 and 29 MeV. It was directed onto a
5cm long gas cell with 2.2 ym thick Havar foil windows
filled with 2H gas at a pressure of 1217 mbar and a tem-
perature of 93 K, corresponding to an effective thickness
of 2mg/cm?. A parallel plate avalanche counter (PPAC)
was placed downstream 88 cm before the secondary target
and used to monitor the beam. Beam purity optimization
was achieved by recording the energy spectrum of the sec-
ondary beam in different Si detectors placed across the
EXOTIC beam line. Further details of the beam produc-
tion are given in ref. [9].

Our experimental setup included six telescopes from
the detector array of the EXOTIC facility described in [30]
and is presented schematically in fig. 1. Each telescope
is comprised of AE and E double-sided silicon strip de-
tectors, with thicknesses ~ 55 pum and 300 pum, respec-
tively. Both modules have active areas of 64 x 64mm?
with 32 strips per side, orthogonally oriented to define
2 x 2mm? pixels. Details of handling the detector signals

8Li Beam

Fig. 1. Experimental setup with the EXOTIC facility detector
array, described in [30], including 6 telescopes in the present
experiment.
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Fig. 2. Particle spectra obtained in the reaction ®Li 4 °°Zr at
incident energy of 18.9 MeV at forward and backward angles
(forward and middle telescopes). It should be noted that the
quasi-elastic scattered lithium particles stop in the first stage of
the telescopes. The main observed peak corresponds to quasi-
elastic scattering.

can be found in ref. [30]. At the lower energy, the elas-
tically scattered ejectiles were detected in the first stage
of the telescope, where they stopped. A particle spectrum
is presented in fig. 2, for a forward and a backward an-
gle. At the higher energy and in the forward detectors
the elastically scattered ejectiles were well discriminated
from other particles by the AE-FE technique. Due to some
problems with the middle detectors, data at the projectile
energy of 21.5 MeV were not collected in the angular range
Orap = 69°£16°. The telescopes were fixed at a distance of
~ 11 cm from the target position covering a total solid an-
gle of ~ 1.7 sr. The strips were short-circuited two by two,
therefore the angular resolution is in principle ~ 2° per
angular position, considering a point-like beam spot on
target. However, taking into account that the beam spot
on target should have diameter ~ 10 mm, according to
previous studies [31], and the finite dimensions of a “dou-
ble” strip, the actual angular resolution is estimated to be
at most 5 degrees. A 99Zr target of thickness 1.5 mg/cm?
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Fig. 3. Present experimental data on the quasi-elastic scatter-
ing of 8Li + ?°Zr at 18.5MeV (middle of the target), analyzed
within an optical model framework with double-folded poten-
tials based on the BDM3Y1 interaction. The best fit normal-
ization factors of the real and imaginary parts of the optical
potential are given on the figure. The dashed curve denotes the
result for conventional values for weakly bound stable systems.

was installed in a target ladder at the center of the tar-
get chamber, perpendicular to the beam. A 2°%Pb target,
2mg/cm? thick, was installed on the same ladder, and was
used in a subsequent run to deduce the solid angle by as-
suming that the elastic scattering over the whole angular
range was described by the Rutherford formula. For the
reduction of the data, a pixel analysis was performed after
an appropriate angle assignment was done geometrically
in each pixel.

3 Data reduction and optical model analysis

In figs. 3 and 4 we present our experimental results which
refer to quasi-elastic scattering due to the unresolved in-
elastic excitations. The differential quasi-elastic scattering
cross sections versus Rutherford scattering were obtained
using the following relation:

()
URuth(e)

_ N(0)otun(0)PrpTPn 1)
Npb(0)oruen (0)PT

where o(0) is the differential cross section for the
8Li + 2Zr quasi-elastic scattering at 18.5MeV or
21.5MeV, N(0) is the quasi-elastic scattering counting
rate for 8Li on *°Zr, ok, (0) and orun(0) is the Ruther-
ford scattering differential cross section for ®Li on the
208Ph and °Zr targets, respectively, @pp, is the beam
flux during the run with the 2°*Pb target, Npy,(6) is the
counting rate for the 2°8Pb run at the same angle as with
the 99Zr target, @ is the beam flux during the run with
the %°Zr target, and finally Tpy, and T are the 2°%Pb
and 9Zr target thicknesses, respectively. The quantity
(PpuTpb)/(PT) was adjusted such that at the most for-
ward angles the ratio of the cross section to Rutherford
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Fig. 4. Same as in fig. 3 but for projectile energy Fi.n, =
21.5MeV (middle of the target). It should be noted that the
data points at forward angles originate from an analysis using
the AE-FE technique for resolving the quasi-elastic scattering
of 8Li. This is not true for the 4 backward data points, where
the ejectiles stop in the first stage of the telescope.

was equal to 1.0. In this way the assigned error on our
data is mostly due to the statistical error. It should be
noted that due to the lower statistics of the 18.5 MeV run
and taking into account the angular resolution of ~ 5 de-
grees, differential cross sections appearing in fig. 3 are the
weighted means every three scattering angles. It should be
also noted that the quasi-elastic scattering obtained in this
work, instead of pure elastic, does not affect our results
as according to preliminary calculations for Li + °Zr, in-
elastic excitation is negligible. The same result was found
before for inelastic excitation of 8Li + 2°8Pb in ref. [5] for
near-barrier energies.

In order to obtain the energy dependence of the op-
tical potential and to deduce total reaction cross sec-
tions, the data were analyzed in an optical model frame-
work, using a double-folded potential calculated with the
BDMS3Y1 interaction [32] for both the real and imaginary
parts. The °°Zr matter density was derived from the nu-
clear charge density of ref. [33] by unfolding the proton
charge distribution and making the isoscalar assumption,
pnue = 1+ (N/Z)p,, while the 8Li density was derived
from ref. [34]. The differential cross sections were obtained
using the code ECIS [35] and the best fit normalization
factors for the real and imaginary parts of the optical po-
tential were deduced via a x? minimization procedure. The
adopted errors in these values were deduced from a sensi-
tivity analysis, performed by varying the parameters Ng
and N by certain amounts. The obtained fits to the dis-
tributions are designated as “sensitive” for the sensitivity
analysis and best for the best fit in figs. 3 and 4. The ob-
tained total reaction cross sections from this analysis are
(514 4+ 30) mb and (1030 4 140) mb for the 18.5 and the
21.5MeV energies, respectively. The assigned errors are
related with the obtained cross sections in the sensitivity
analysis described above, where only the statistical error
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Fig. 5. Energy dependence of the optical potential for
8Li + %9Zr extracted from the present quasi-elastic scattering
data, compared with results for °Li + %°Zr, extracted from pre-
vious elastic scattering data [18]. Both data sets were analyzed
within the same BDM3Y1 framework.

is taken into account. If we increase this error to ~ 10%
in order to include other systematic errors, then the as-
signed uncertainty to the cross sections is estimnated to
be doubled.

Further on, the results of the obtained potential pa-
rameters are presented in fig. 5, and are compared with
results for Li + 90Zr. The latter were obtained within
the same BDM3Y1 framework, using the °Li density from
ref. [36] and previously measured elastic scattering data
from ref. [18].

4 Systematics of total reaction cross sections

As mentioned in the introduction, we have adopted the
same reduction procedure as suggested in ref. [25] for fu-
sion cross sections. In more detail, Wong obtained the
following analytic expression for the fusion cross section,
approximating the barrier by a parabola (an inverted har-
monic oscillator potential) and neglecting the variation of
the barrier radius with angular momentum:
5  hw

Bmmln[l—i—exp( _VB))}, (2)

where (hw), (Rp) and (Vg) are the curvature, radius and
height of the potential, respectively. In this scheme the
fusion cross section, op, and the energy, F. ., of the pro-
jectile can be reduced using the following formulas:

27(Ee m.

W
=R
ox hw

2Ec.m.

or — F(z) = — o,
hwR3

(3)
corresponding to an energy in the center of mass, F. ,
reduced to the quantity = given by the equation

Ec.m. - VB

- (4)

Ec.m. — T =

Table 1. Potential properties: barrier Vi, radius Rg and cur-
vature hw.

System Vs (MeV) Rg (fm) hw (MeV)
8Li+ 2°Zr 16.464 9.801 3.639
5Li+ *°Zr 17.051 9.435 4.283
12¢ 4907y 32.615 9.888 4.152
160 + 907y 42.615 10.099 4.105
SLi + 28i 7.008 7.931 3.226
TLi + 28Si 6.840 8.147 2.963
Li 4+ 27Al 6.512 7.927 3.123
“He + 27Al 4.201 8.222 2.487
SLi 4 °®Ni 12.788 8.759 3.927
SHe + 5Ni 8.274 9.056 3.150
5Li+5Zn 12.788 8.759 3.927
5He + %1Zn 8.742 9.194 3.197
SLi+ 1207y 20.282 9.948 4.507

8Li + 208pp 29.364 11.365 4.357
SLi+ 20%pp 30.178 11.035 5.125
"Li + 2%%Pb 29.743 11.209 4.699
5He 4 2°Pb 19.780 11.247 4.176
12C 4 298pp 58.071 11.483 4.873
160 4- 208pp 76.083 11.689 4.755
102 A
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Fig. 6. Present data for the ®Li+ %°Zr total reaction cross
section, reduced according to ref. [25], compared with previous
data [11-13,18] for the weakly bound but stable projectile 5Li
and the well bound projectiles *2C and *®O on the same target,
99Zr. The dot-dashed blue line represents the best fit to the
group of all data sets considered in this work (see text) while
the solid black line is the best fit to data for the light targets
(*Al and 28Si). The dashed red line represents the universal
fusion function (uff).
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Fig. 7. Same as in fig. 6 but for several light and medium
mass targets and with the additional neutron rich radioactive
projectile *He.
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Fig. 9. As in fig. 7 but showing on a linear scale the lower
energy data. The dotted green line represents the results of
previous CDCC calculations for *Li 4+ 2*Si [7,8] which describe
well the experimental data displayed as a ratio of the transfer
to total reaction cross section. See also fig. 13 and text.
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Fig. 8. Same as in figs. 6 and 7 but including various targets

from mass number A = 27 to 208. Previous data are from [2,
5,6,10-23].

According to the above relations and replacing og
with or as in [28] (fusion with reaction cross section)
total reaction cross section functions as a function of
x, Frr(x), were formed for all data. Curvatures (hw),
radii (Rp) and potential heights (Vg) were deduced using
the Christensen-Winther potential [37] and the values ob-
tained are included in table 1. The reduced total reaction
cross sections for selected previously studied systems and
the present results are presented in figs. 6, 7, 8, 9 (on a lin-
ear scale), 10 and 11. It should be noted that for reasons
of inter-consistency all previous elastic scattering data,
with the exception of &78Li + 208Ph, were reanalyzed in
the same BDM3Y1 framework as the present data, and
total reaction cross sections were deduced and reduced
accordingly. The results for weakly bound stable and ra-
dioactive projectiles (68Li) are compared with the results
for stable projectiles (*2C, 1°0) on the same target, ?°Zr,
in more detail in fig. 6. They exhibit in principle rather

uff

Fig. 10. As in figs. 6, 7, and 8 but for the light targets 2 Al
and 8Si.

similar behavior within an uncertainty band of ~ 10 to
15%. However, the results do not span a uniform energy
range, thus preventing any further strong conclusions. For
a more global perception we present in fig. 7 the results for
the same projectiles and “Li and ®He on light and medium
mass targets from 27 Al to “°Zr. The conclusions from fig. 6
are also valid for the results in fig. 7. In fig. 8 we present
the results for the same projectiles but including the heavy
target 2°8Pb and in figs. 10 and 11, respectively, data for
light and heavy targets separately. In fig. 9 results at lower
energies for light and medium mass targets are presented
on a linear scale, for reasons of clarity. It is obvious that
the best agreement occurs for total reaction cross sections
on the same target, irrespective of whether the projectile
is well or weakly bound. When data for various projectiles
on various targets are presented, the uncertainty band is
as large as ~ 20%. Taking into account, however, that the
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Fig. 12. Comparison of best fits to total reaction cross section
data reduced according to the Wong cross section [25], Frr(z),
with the uff and a total reaction cross section function deduced
from previous transfer data on SLi + 28Si, see text.

uncertainty on every datum is usually of the order of 10%,
at least for measurements around the barrier, then we are
entitled to use this representation as a guide for estimates
of the total reaction cross section. To that end we have
performed a best fit using the following relation with two
free parameters, a and b:

Y(z) =aln[l 4 exp(2mz — b)]. (5)

The best fit values for all data sets from A = 27 to
208 were a = 1.18406 and b = —2.83337, for light targets
only (28Si and 27Al) a = 1.14409, b = —1.06089, for the
heavy target 2°Pb only a = 1.17937, b = —4.31818 and
finally for light medium mass targets from A = 27 to
A=90a=1.19116, b = —1.32898. The results are shown
in figs. 6, 7, 8, 9, 10 and 11 and are compared amongst
themselves in fig. 12. Moreover all results are compared
with the universal fusion function (uff) defined in ref. [25]

% previous measurement (7)
0.6 m— present estimation
m [ ‘k‘/ ----- previous CDCC calculation (8)
0.4
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ENG,

Fig. 13. The quantity R, the ratio of direct to total reac-
tion cross section, as a function of energy wversus the Coulomb
barrier according to Broglia [40], for °Li + 28Si. The data and
the CDCC calculations, denoted by the dot-dashed blue line,
are from refs. [7] and [8], respectively, while the solid red line
represents the present estimate.

via the relation
Fy(z) = In[1 + exp(27x)] (6)

and denoted in the figures by a dashed red line. The dif-
ference between this line and the best fit

Y(z)
gives in principle the contribution of direct channels to
the reaction process at least an upper limit, as for the uff
(Fo(x)) no coupling effects are considered.

This difference is quantified in fig. 13 for SLi + 28Si,
as a ratio of direct to total reaction cross section and
compared with Continuum Discretized Coupled-Channels
(CDCCQC) calculation and experimental results measured
previously [7,8]. To obtain reaction cross section in the
CDCC framework we note that the elastic scattering can
be well reproduced by simple optical model calculations,
where the effective potential is described as a sum of a bare
potential and a dynamic polarization potential. The dy-
namic polarization potential, generated by the breakup of
the lithium in the field of the silicon target, is derived from
CDCC calculations following the prescription of Thomp-
son [38]. It is assumed that 5Li has a simple two-body al-
pha-+d cluster structure and couplings with the resonant
and non-resonant states of alpha+d continuum are taken
into account. The elastic scattering calculations based on
this optical potential reproduce very well the SLi + 28Si
elastic scattering data [16] as well as breakup cross sec-
tion data [39] with no free parameters. The cross section
due to direct channels, op, was extracted from magni-
tudes obtained in the above calculation that is, the total
reaction cross section, or, and fusion cross section, op,
as op = op-op. Subsequently the ratio R was derived as



R = op/or. The agreement between the prediction and
experimental and theoretical results is good to within an
uncertainty of at most ~ 15%. It is remarkable that the
present estimate of this ratio was made taking into ac-
count a fit to the reduced total reaction cross sections for
light targets (black curve in fig. 12) and the universal fu-
sion function (uff): In this respect this estimate gives an
upper limit to the ratio of direct to total reaction cross
section, underling the view that fusion is a simple process
which can be described by a single barrier penetration
theory (Wong here) with some deviations due to channel
coupling effects. However, in order to probe these effects
precise measurements are required, something which is not
the case for the available total reaction cross section data
below and/or near the Coulomb barrier.

In addition, in the same context but in a vice versa
procedure than the above, we have calculated the total re-
action cross section function for °Li + 28Si from ratios de-
termined experimentally and theoretically previously (see
fig. 13) and the uff function, applying eq. (7). The result is
shown as the dashed green line in figs. 9 and 12. The agree-
ment with the solid black line which comes from the best
fit to the total reaction cross section data obtained with
light targets (27 Al and 28Si) is remarkable. It is even more
remarkable that, as demonstrated in fig. 9, the reduced
data for either stable or radioactive projectiles such as
6He are gathered aroungd the samge line, with the greatest
deviations observed for “He and Li incident on the heav-
ier targets (4Zn and °°Zr). In other words, total reaction
cross sections for the same or similar targets, when they
are deduced in the same theoretical framework and are
appropriately reduced, present the same behavior —into
the experimental uncertainty— irrespective of whether the
projectile is weakly bound or not.

In fig. 14 our estimates via eq. (7) for the direct to to-
tal ratio for 8Li on various targets are presented. While
these ratios are given as upper limits, the comparison
for the various targets is interesting, especially at the
lower energies where saturation occurs. This saturation
value approaches unity for a lead target and it will be
very interesting to see in a future measurement the re-
sult of channel coupling effects. In the same figure, cou-
pled reaction channel (CRC) calculations for 8Li+ %Zr
and 8Li 4 2°8Pb are also shown, presenting a good agree-
ment with our present estimation. CRC calculations for
8Li + 2%r system were iq, ntl%al to %gge of ref. [9] with
the exceptlon that the Li,”Be)®”Y smgle proton
pickup couplings were ormtted since they had a negligi-
ble effect on both the elastic scattering and the summed
direct reaction cross section. Similar calculations were
also performed for the ®Li + 20%Pb system taking the nu-
clear matter densities, exit channel optical potentials, etc.,
from the same sources. The spectroscopic factors for the
(209Pb|298Ph + n) overlaps were taken from ref. [42]. The
observed small deviations of these calculations and our
estimation should be due to coupling channel effects not
taken into account in our fusion calculation (Wong calcu-
lation). As the deviations are small, it becomes evident
from this comparison, that for ®Li, coupling channel ef-
fects are not strong.
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Fig. 14. Ratios of direct to total reaction cross section for
81Li on various targets, estimated using the total reaction cross
section systematics and the uff. The predictions are compared
with CRC calculations, performed with two different densi-
ties, according to ref. [34] —closed symbols— and [41] —open
symbols—.

5 Summary and conclusions

We have measured quasi-elastic scattering angular dis-
tributions for the radioactive projectile 8Li on a 99Zr
target at two near-barrier energies, 18.5 and 21.5MeV
(Ve lab " — 18.21 MeV). The results were analyzed within
an optlcal model framework and total reaction cross sec-
tions were deduced. The new results were considered in a
systematics by reanalyzing in the same framework pre-
vious results on light, medium and heavy targets with
the following conclusions. Total reaction cross sections for
stable or weakly bound projectiles on the same or sim-
ilar targets, reduced according to the Wong formula in
the prescription of refs. [25, 28], present similar behavior
with some small deviations close to and below the barrier,
possibly due to channel coupling effects. Into this con-
text, prediction formulas for total reaction cross sections
are suggested within an uncertainty band of 20%. Fusion
is a simple procedure obeying in principle a single bar-
rier penetration theory with deviations of second order
which, in order to be traced, require cross section mea-
surements with very small uncertainties. Moreover ratios
of direct processes to total reaction cross sections are also
predicted with very interesting results. That is, in gen-
eral, these ratios underline the fact that direct processes
are major contributors to the total reaction cross section
for incident energies near the Coulomb barrier and become
even more important below the barrier. This contribution
is larger for the heavier targets, where direct processes
tend to exhaust almost all the total reaction cross section
below barrier. The conclusions from the optical potential
energy dependence as obtained in this work is not clear, as
it includes only two data points with large uncertainties.
However the indication is that for 8Li the absorption from
the elastic channel is very large, and indeed larger than



that exhibited by the weakly bound but stable projectile
51i. With some cautious we could also say that for 8Li the
imaginary potential drops at barrier and this reduction is
connected with an increase of the real part, resembling the
behavior of well bound nuclei. More data are necessary to
confirm this last conclusion.
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