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The differential cross section angular distribution and the analyzing powers " T}o, T Ty, for "Li+'°O elastic
scattering were measured at Ep,('Li) = 42 MeV. These and previously published "Li+!°O scattering data
measured at E.,, = 6.26—34.78 MeV were analyzed with the optical model and coupled-reaction channels
(CRC) methods to determine the energy dependence of the parameters of the scattering potential. It was found
that the optical model potentials are energy independent for "Li laboratory bombarding energies above 28 MeV,
except for a slight decrease in the real potential strength as the bombarding energy increases. The calculations
presented show that the tensor analyzing power ” Ty arises from a coherent combination of contributions from
the ground-state reorientation and central scattering potential. The energy-dependent CRC potentials were shown

to describe the data for the °O(’Li,t)*°Ne reaction.
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I. INTRODUCTION

As the ability to carry out scattering and reaction studies
with exotic beams increases, it is important to have knowledge
of elastic-scattering potentials for stable nuclei because they
aid in the identification of new mechanisms that contribute
to the scattering. However, the elastic-scattering data needed
to determine these potentials at the energy of the reaction
studies are often not available for exotic nuclei, and often the
reaction studies are carried out at different energies from those
of the elastic scattering. Therefore, knowledge of the energy
dependence of the elastic-scattering potentials is necessary
to develop calculations to study the mechanisms contributing
to the scattering. This knowledge is particularly important
at energies in the nuclear scattering regime because the
contribution of many different channels affects the observed
elastic-scattering cross section.

The present work reports a study of the energy dependence
of the elastic-scattering potential of "Li+'°0. This system
was chosen because the excitation of states in '°O is weak,
reducing the influence of its excited states on the underlying
central potential. Due to this, the "Li+'°O system is well suited
for a study of the energy dependence of the projectile on the
elastic-scattering potential. An understanding of ’Li scattering
can serve also as a surrogate for other light exotic nuclei with
large ground-state quadrupole moments such as 'Be, 3Li, and
8B. The influence of the ground-state quadrupole moment of
"Li on the scattering is clearly observed by measuring its
tensor analyzing powers, which arise from the ground-state
reorientation of 7Li as it scatters [1]. Thus, a reproduction of
the tensor analyzing powers for ’Li elastic scattering means
that the influence of the ground-state quadrupole moment on
the elastic scattering is properly included in the calculation.
Because ’Li, while stable, is similar to other light exotic
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nuclei, the development of global elastic-scattering potential
parameters for 'Li scattering will serve as a good starting point
in the development of future calculations for elastic scattering
and reaction studies for exotic light nuclei.

To study the energy dependence of the potential parameters
for the 7Li+'°0 system, previously reported data [2-7] were
analyzed along with new data reported here at 42 MeV with
the optical model (OM) and coupled-reaction channels method
(CRC) [8] to determine the energy dependence of the central
scattering potential. Recent studies of "Li+"B [9], "“N [10]
showed that the reorientation of "Li produced the larger than
expected cross sections at large angles and so this work
concentrates on the forward angle scattering.

To determine the potentials, the data were fitted at each
energy by the OM and CRC methods independently, and then
the parameters were corrected step by step using the procedure
outlined in Ref. [11] to obtain the energy dependence of
the scattering potentials. In this way, it was found that the
scattering potentials are almost energy independent for Li
bombarding energies above about 28 MeV.

To illustrate the usefulness of the developed scattering
potential, an analysis of the '°O(’Li,t)*Ne reaction data at
different energies is included to demonstrate the reliability
of the deduced energy dependence of the "Li+'%0O potential
parameters.

The article is organized as follows. Section II describes the
new experimental results, Sec. III presents the OM and CRC
calculations, and Sec. IV gives the conclusions.

II. EXPERIMENTAL PROCEDURE

A polarized "Li beam was produced by the Florida State
University (FSU) optically pumped polarized Li ion source
(OPPLIS) [12]. The beam was then accelerated by the FSU
Tandem/Linac accelerator to E),, = 42 MeV and bombarded
a 150-ug/cm? SLi target. The °Li target was prepared with
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vacuum evaporation of lithium on a thin formvar foil and
was transferred under static vacuum to the scattering chamber
to minimize oxidation. The small amount of oxidation that
occurred during the transfer of the targets to the scattering
chamber was sufficient to extract the angular distribution and
analyzing power data.

Two silicon surface barrier AE-E counter telescopes were
used for detecting the reaction products. These detectors were
placed to the left and right of the beam at equal angles. The E
detectors were 1000 um (left) and 1500 pum (right) thick and
the AE detectors were both 75 pum. The beam Polarization
on target was monitored by the reaction *He(’Li,”Li) [13].
The beam polarizations were t;op = 0.76 £ 0.07, t,o = 0.37 +
0.07, and t390 = 0.14 & 0.07. The equations for calculations
of polarization and analyzing powers measured on target were
taken from Ref. [14].

Even though the scattering chamber has a reasonable
vacuum it is still possible that the amount of oxygen on the
Li target could change during the experiment, thus changing
the experimental results. Consequently, a monitor detector was
used for the angular distribution and by dividing by the number
of counts in it during a given run, a relative angular distribution
was obtained at 42 MeV. The absolute cross section was
obtained by normalizing the forward-angle 42-MeV data to
that published earlier at 34 MeV in short runs. The possible
buildup of oxygen on the target during the analyzing power
measurements did not affect these results because checks of
the oxygen yield during the polarization off state showed
no measurable buildup in oxygen during one cycle of the
analyzing power measurement, which takes about 8§ min to
cycle through all the beam polarization states.

The measured angular distribution and analyzing powers
of T'Tyg,T Ty for the "Li+'°0 elastic scattering at the energy
Elab(7lji) =42 MeV are shown in Figs. 1 and 2.

III. ANALYSIS OF THE DATA

A. Calculation procedure

The calculation procedure used in the present work was
similar to that of Ref. [9]. A Woods-Saxon potential of
the form U(r) = V(r) +iWgs(r) with the parameters X =
{X;} =1{Vo, rv,ay, Ws, rw, aw} and the Coulomb potential
of a uniform charged sphere were used in the OM and
CRC calculations. The potential radii were calculated as
Ri = ri(AY’+A)%) (i =V, W, C). The Coulomb potential
parameter r¢ was fixed at the value of 1.25 fm.

The potential parameters were fitted to the data at each
energy as follows. First, the data were fitted within the OM
using only the elastic-scattering data (OM fitting) with the
code SPI-GENOA [15]. The potential developed in the OM was
then used as the initial potential in CRC calculations using the
code FRESCO [8] to describe the data of all nuclear processes
included in the analysis (CRC fitting). In the CRC calculations,
it was mainly the parameters of the imaginary potential that
were adjusted (in particular, parameter Ws). For some data, it
was also necessary to slightly vary the parameters of the real
potential. The conventional optical model parameters found in
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FIG. 1. Angular distribution of the "Li+'°O elastic scattering
at Ep,('Li) = 42 MeV. The curves show the OM cross section
(curves (OM)) and CRC calculations for the reorientation of 7Li
(curves (reor)), °B-cluster transfer (curve (B)), sequential transfers
of neutrons (curve (nn)), protons (curve (pp)), clusters d+d (curve
(dd)), t+¢ (curve (tt)), a+a (curve (aa)), p+°Be (curve (p®Be)), and
a +3Li (curve (a’Li)). The solid curves show the coherent sum of
all processes.

this study are given in Table I and the resulting OM and CRC
calculations with these parameters are shown in the figures.

The elastic and inelastic transitions shown in Fig. 3 and the
transfers represented by the diagrams in Fig. 4 were included
in the CRC coupling scheme. The results of these calculations
and the channels important in the scattering are discussed in
the following sections.

The present calculations contain data only for forward
angles, where it might be expected that contributions to the
scattering arising from particle transfer reactions would be
weak. For completeness, these effects were included and
are shown in the plots of the data. In the CRC calculations, the
necessary spectroscopic amplitudes Sy of transferred clusters
or nucleons x in the systems A = C +x were calculated
within the translational-invariant shell model (TISM) [16]
using the code DESNA [17,18] and Boyarkina’s wave function
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TABLE I. Parameters of the "Li+'°0 and ¢ 4 *°Ne potentials. The A; parameters are the results of both OM and CRC fits, whereas the C;
parameters are from the CRC calculations. The B; parameters are taken from the indicated references.

Ep E. .. Sets %4 T, Wy Ty a, Te cy cw
(MeV) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
7Li+160
9 (5] 6.26 Ay 59.0 0.980 0.651 4.5 1.250 0.651 1.25 10.75 10.02
13 [5] 9.04 Aj 86.2 0.980 0.673 6.0 1.220 0.673 1.25 10.91 9.83
15 [21] 10.43 C, 87.3 0.903 0.658 5.3 1.331 0.658 1.25 10.55 10.63
36 (1°0) [3] 10.96 Aj 95.6 0.802 0.648 4.5 1.250 0.648 1.25 10.05 10.06
B; [3] 10.5 0.848 0.658 3.4 0.848 0.658 0.56 8.06 6.94
20 [2] 13.91 Ay 154.3 0.970 0.690 11.3 1.283 0.690 1.25 11.27 10.67
B, [2] 33.1 0.980 0.850 10.3° 1.063 0.720 1.42 8.61 7.88
30.3 [22] 21.07 C, 195.9 0.805 0.696 14.8 1.204 0.696 1.25 10.40 10.36
34 7] 23.17* As 181.0 0.860 0.730 15.4 1.300 0.730 1.25 10.42 10.63
Ais 181.0 0.802 1.000 154 1.300 1.000 1.25 8.75 8.50
34 7] 23.65 Ag 180.7 0.802 0.700 154 1.206 0.700 1.25 10.28 10.37
B [7] 240.6 0.676 0.730 16.3 1.182 0.710 0.74 9.59 10.17
34 [23] 23.65 C; 188.8 0.803 0.698 15.5 1.201 0.698 1.25 10.34 10.37
36 [4] 25.04 A 179.6 0.807 0.700 15.6 1.203 0.700 1.25 10.30 10.37
B; [4] 189.5 0.688 0.743 21.3 1.137 0.821 0.74 9.35 9.20
38 [24] 26.43 Cy 182.9 0.802 0.699 15.8 1.200 0.699 1.25 10.30 10.37
42 29.22 Ag 175.1 0.802 0.700 16.0 1.200 0.700 1.25 10.24 10.37
50 [6] 34.78 Ag 170.8 0.802 0.700 16.5 1.200 0.700 1.25 10.22 10.38
By [6] 170.3 0.688 0.777 11.4 1.194 0.951 0.74 9.06 8.00
9, 20, 36 By [5] 195.0 0.680 0.740 55.0 0.680 0.740 0.68 9.35 8.08
t+2'Ne
12.70 [21] D, 142.0 0.855 0.829 16.0 1.800 0.829 1.25 9.24 11.80
23.34 [22] D, 142.0 0.855 0.829 16.0 1.600 0.829 1.25 9.24 10.80
25.92 [23] D; 142.0 0.855 0.829 16.0 1.700 0.829 1.25 9.24 11.30
28.70 [24] D; 142.0 0.855 0.829 16.0 1.800 0.829 1.25 9.24 11.80
2The potential parameters for the 0.478-MeV excited state of "Li.
The surface imaginary potential.
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FIG. 2. Analyzing powers of 7 T}y, 7 Ty for the "Li+'°O elastic
scattering at Ei("Li) =42 MeV. The curves show the CRC calcula-
tions for the reorientation of “Li (curves (reor)) and coherent sum of
this process together with the potential scattering (solid curves).
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FIG. 3. Coupling schemes for the transitions to the excited state
of "Li.
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TABLE II. Spectroscopic amplitudes S, of the x
clusters in the A = C + x systems.

A C X nL; Sy
4He 3H P 151/2 1.414%
SHe H d 1P 0.456
1P, 1.021*
%He *H t 251/2 —1.333%
6Ll 3H 3HC 2S1/2 0.943
Li ‘H o 2P 1.091
7Ll 4He t 2P3/2 —1.091
"Li SHe d 25, —0.674*
1D, —1.205*
1Ds 0.676*
7Ll °He P 1P3/2 0.805
7Li(§478 “He )4 1P1/2 0.805
7Ll 6Ll n 1 P1/2 —0.657
1Py,  —0.735°
TLif e CLi n 1P 0.329°
1Py, 0.930
SLi Li n 1Py 0.478
8Ll 7Li(>§,47g n 1P3/2 0.478
$Be TLi ) 1P;) 1.2342
$Be TLZ 4rg p 1Py 0.873
‘Be Li d 28, —0.226*
1D, 0.111°
1D; —0.624%
10Be "Li t 2P3/2 0.392?
B Li o 380 —0.638
2D, —0.422
2c Li SLi 383, —0.793%
2Dy, —0.525°
BN "Li 8Be 2D, 0.226*
150 Li °B 383, —0.533¢%
1D, —0.353°
160 $Be $Be 38, 0.365
160 B SLi 38y,  —0.677°
2Dy, —0.448°
160 12c o 38, 0.544
150 BN t 2P —-0.910*
160 N d 1D, 1.400
I6O I5N P 1P]/2 —1.461*
l60 l50 n 1P1/2 1.4612
170 160 n 1D5/2 0.500
F 160 p 1Ds), —0.500
18R 150 d 35 1.061
YR 150 1 48, —1.091
20Ne 160 o 58, 1.225
2°Ne 170 3H6 3D5/2 —1.102*
ZONe TR t 3D5/2 —1.102%
2Ne 18R d 35S 1.217
2°Ne 1()F D 251/2 1.2342
*SkrESCO = (_I)JC-H_JA Sy = =Sk

tables [19]. The amplitudes S, calculated with DESNA
are listed in Table II.

The bound cluster wave function was calculated by fitting
the Woods-Saxon potential parameter V to the x-cluster
binding energy for a = 0.65 fm and ry = 1.25A'3/(C'/3 +
x'73) fm.
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FIG. 4. Diagrams of one- and two-step transfers contributing to
the 7Li+'°0 elastic-scattering calculations.

B. Determination of the elastic-scattering parameters

The angular distribution data of the "Li+!'°O elastic and
inelastic scattering included in the analysis are shown in
Figs. 1 and 5-7. The curves in these figures represent the
OM and CRC calculations performed with the conventional
potential parameters listed in Table I. The A; sets of
these parameters were obtained with both OM and CRC
fitting procedures. The B; sets were taken from the stated
references.

The OM cross sections, shown by the dashed curves (OM)
in Figs. 1, 5, and 6, were calculated with the A; sets of potential
parameters. In these figures, the solid curves represent the
coherent sum of the CRC calculations with the A; parameters
for the potential scattering, ’Li reorientation (curves (reor))
and most important transfers (see curves (nn), (pp), (°B) for
n+n-, p+p-, and 9B transfers, respectively, in Fig. 1). One
can see that the potential scattering dominates at forward
angles (curves (OM)) and "Li reorientation is most important
at the back angles (curves (reor)). The transfers, including
a-particle transfers (curves (aa), (@’Li)), are negligible at
all energies (see Fig. 1). All data are successfully described
using the A; parameters. Figures 5 and 6 show also the
CRC-angular distributions calculated with the B; parameters
(curves (B;)).

One can see that the (A;) and (B;) curves shown in Figs. 57
differ significantly at large angles where the data are absent.
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FIG. 5. Angular distributions of the '°O("Li,’Li)'°O elastic scat-
tering at Eiw('Li) = 9 and 13 MeV [5], 20 MeV [2], 34 MeV [7],
36 MeV [4], and 50 MeV [6]. The dashed curves show the OM
(curves (OM)) and CRC angular distributions for the reorientation of
7Li (curves (reor)) calculated with the A; parameters (see Table I).
The (A;) and (B;) curves (i = 2,4, 7, 9) represent the CRC coherent
sum of potential scattering and Li reorientation for the A; and B;
parameters, respectively.
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FIG. 6. Angular distribution of "Li('°0,'°0)"Li elastic scattering
at Ep,(1°0) = 36 MeV [3]. The curves are the same as described for
Fig. 5.
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FIG. 7. Angular distribution of "Li+'%0 inelastic scattering for
the transition to the 0.478-MeV (1/27) state of "Li at E,('Li)=
34 MeV [7]. The curve shows the CRC-calculations for the ro-
tational model with the As and A;s sets of potential parameters
(curves (As) and (A;s), respectively), for the neutron excita-
tion in the "Li = SLi+n system (curve (°Li+n*)) and sequen-
tial transitions of neutrons and protons (curves (nn) and (pp),
respectively).

The CRC cross sections for both sets are very close only at
the energies 9 and 34 MeV (for this reason, corresponding
curves are not marked). These similarities can be explained by
a domination of the Coulomb scattering at low energy E. . =
6.26 MeV) and close values of ¢y and cy (see Sec. IITE and
Table I) for the A; and B; parameters at 34 MeV.

C. Analyzing powers

Figure 2 shows the analyzing powers of 7 Ty and T Ty for
the "Li+'°0 elastic scattering at 42 MeV. The curves represent
the CRC calculations for the 7Li reorientation (dashed curves
(reor)) and coherent sum of both potential scattering and "Li
reorientation (solid curves). The sum of these two processes
gives a very good reproduction of the data. As Fig. 2 shows,
"Li reorientation plays a very important role in producing the
analyzing powers, and including the analyzing powers in the
analysis makes certain that the role of ’Li’s reorientation is not
overemphasized in the analysis.

D. Inelastic scattering

The cross sections for the excited states of ’Li for ’Li+'°0
were calculated within the rotational model using the form
factors

S, dU(r)
JVAr  dr

Vilr) = — ey

where §; is the length of the A-multipole deformation. The
deformation parameters deduced in the analysis of the 'Li+!'B
scattering data [9] were used in the present calculations.
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TLi+'*N [10].

The energy-dependent potential parameters obtained from the
analysis of the elastic scattering at different energies were also
used in the calculations.

At present, there is only one set of inelastic-scattering data
for the system ’Li+'°O and it consists of cross sections for
the "Li 0.478-MeV state for a bombarding energy of 34 MeV
(Ecm. = 23.65 MeV) [7]. The angular distribution of this
inelastic scattering is shown in Fig. 7. The curves represent the
CRC calculations for the transitions predicted by the rotational
model using a "Li deformation length of §, = 2.0 fm [9]
and As and A5 potential parameters (curves (As) and (A;s),
respectively), the single-particle excitation model for neutron
excitation in the system 'Li = ®Li+n (curve (°Li4+n*)) and
sequential transfers of neutrons (curve (nn)) and protons (curve
(pp)). The A5 parameters were used in the CRC calculations
only for the rotational model. In Fig. 7, one can see that
the rotational transition dominates the cross section. The As
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FIG. 9. Energy dependence of the ¢y and cy relations for the A;
and B; parameters of the "Li+'°0 scattering potential.
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parameters describe the data satisfactorily except for the first
oscillation maximum. They differ from the A¢ parameters for
the ground state of ’Li because they require larger values
for the geometrical parameters ry, ry, ay, and ay. The Ajs
parameters with ay = ay = 1.0 fm describe well the first
oscillation but fail in explaining others. Perhaps more data
for this transition at different energies will reveal the reason
behind the observed failure.

E. Energy dependence of the potential parameters

The energy dependence (ED) of the conventional potential
parameters reported in Table I was fitted [9,11] with the
parameters X;(E) = XM, XM Ey  AEy, (see Eqgs. (10)-
(13) in Ref. [9]). These parameter sets are shown in Table III
and the resulting fits are shown in Fig. 8. In the analysis of the
energy dependence, the dispersion relation between the real
and imaginary potentials [20] was used.

The relations
Cy =Velv/v, — Cy = wefv/aw )

have been found to be useful for finding the energy dependence
of the scattering potential parameters. Figure 9 shows the
energy dependence of the ¢y = InCy and ¢y = InCy values
for both A; and B; parameters fitted by the lines:

—0.022- E +10.92 for
0.010 - £ +8.90 for

A; sets,

3
B, sets, 3)

cv(E) = {

0.016- E +998 for A sets,

E) = 4
cw(E) {0.038 -E 4759 for B;sets, @)

where £ = E. .. The values cy and cy are shown in Table I
and were used to compare the parameter sets.

TABLE III. Energy dependence of the "Li+!'°O potential
parameters.

Y; Vo Wy ry Ty a, Ay
(MeV) (MeV) (fm) (fm) (fm) (fm)
X min 92.6 5.0 0.802 1.200 0.587 0.587
xpe 262.7 16.0 1.160 1.360 0.703 0.703
Ex, (MeV) 13.0 13.0 13.400 12.400 10.100 10.100
AEy, (MeV) 3.9 3.0 2.600 0.958 2.100 2.100
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FIG. 11. Angular distributions of the '®O(’Li,t)*’Ne reaction at
the energies 15 MeV [21], 30.3 MeV [22], 34 MeV [23], and
38 MeV [24]. The curves are the CRC calculations for the transfers
of « cluster (curves («)), d +d (curves (dd)), p + ¢ (curves (pt)),
and n + 3He (curves (n*He)).

The deduced parameters ¥; of the "Li+'%0 scattering are
listed in Table III. They can be used to calculate the Woods-
Saxon potential for this channel appearing in different nuclear
processes (inelastic scattering, transfer reactions, and so on)
at any energy. The solid curves in Fig. 8 show the energy
dependence fits of the "Li+'°0 potential parameters.

Figure 8 shows also the energy dependence of the potential
parameters for the scattering of "Li+''B [9] and "Li+'*N [10].
One can see a remarkable difference between the parameters
of these interactions, especially for the values of Wy. At the
present, the origin of this difference is ambiguous. However, it
may be evidence of the dependence of the nuclear interaction
on either the nuclear structure of the target or a discrete
ambiguity of W because cw(!'B) ~ 7.6, cyw(1*N) ~ 8.8,
cw(1%0) ~ 10.3, and ¢y (!'B) ~ cy (1*N) &~ ¢y (1°0) ~ 10.4.
The difference may be resolved when more scattering data is
available for CRC analysis.

F. *O(’Li,t)*Ne reaction
The '°0O(’Li,t)*°Ne reaction data at the energies 15 MeV
(12.7 MeV c.m.) [21], 30.3 MeV (23.34 MeV c.m.) [22], 34
MeV (25.95 MeV c.m.) [23], and 38 MeV (28.7 MeV c.m.)
[24] were analyzed in the CRC approach to test the usefulness
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of the energy-dependent potential obtained in the present work
for the "Li+'°O interaction. The diagrams of one- and two-step
transfers, included in the CRC calculations, are shown in
Fig. 10. The necessary spectroscopic amplitudes assumed
for the calculations were found with TISM calculations and
are listed in Table II. The data and CRC calculations with
potential parameters C; and D; (i = 1-4) for entrance and exit
channels, respectively (see Table I), are presented in Fig. 11.
The parameters C; for the "Li+'°O potential were calculated
with ED forms [9] using ED parameters obtained in the
present work (see Table IIT). The 2Ne-+ potential parameters
were fitted to the reaction data. Initial conditions for the OM
parameters of the exit channel were obtained from the 2°Ne-¢
elastic scattering at 2 MeV [25].

InFig. 11, one can see that « transfer (curves («)) dominates
in this reaction at all energies. The sequential transfers
d+d (curves (dd)), n+3He cluster (curves (n*He)) and p-+t
(curves (pt)) give negligible contributions to the calculated
cross sections. Thus, the obtained energy dependence of the
"Li+'%0 potential parameters can be used successfully to
study the reactions induced by the "Li+'®O interaction.

IV. SUMMARY AND CONCLUSIONS

The angular distribution and analyzing powers ” T}¢ and
Ty for "Li+'90 elastic scattering were measured at E,,("Li)
= 42 MeV. The data were explained satisfactorily within the
CRC method when the reorientation of the ground state of
"Li were included. This channel is especially important for
reproducing the observed analyzing powers.

Existing TLi+1°0 scattering data at the energies of E., =
6.26-34.78 were then analyzed to extract energy-dependent
parameters that could be used in future works. The CRC
analysis of the 0.478-MeV first excited state of ’Li showed
that the potentials needed to describe it are different from
those for the elastic channel. The deduced energy-dependent
potentials differ noticeably from those found previously for the
systems "Li+!"B and "Li+'*N showing that the microscopic
target structure influences the scattering. An unexpected result
of the analysis is that the potential parameters are relatively
energy independent between 20 and 50 MeV c.m. The derived
energy-dependent "Li+'°O potential parameters were found
to yield a satisfactory description of the '®O(’Li,t) reaction
over a wide energy range showing that they can be used in
future reaction studies.
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