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The elastic scattering vector analyzing powers for Li+ ' 0 at 25.7 MeV and Li+ ' C at 30 MeV
have been measured. In addition, measurement of the vector analyzing power for inelastic Li
scattering has been made for the 2 (4.44 MeV) state in ' C. Excitation function data for Li+' 0
elastic and inelastic scattering have also been measured at five angles for Li lab energies through
the range 15—28 MeV in 375 keV steps. These data show the system to be resonance free at 25.7
MeV. The data have been analyzed in the coupled channels framework, employing the double fold-

ing model for the real part of the nuclear scattering potential. The coupling strengths in the cou-
pled channels calculations were determined from inelastic scattering cross-section data directly.
The elastic scattering vector analyzing powers arise from a complicated interference between chan-
nel coupling and spin-orbit contributions, whereas the ' C, 2+ inelastic vector analyzing power
arises from the spin-orbit potential only. Inelastic scattering analyzing powers may allow the shape
and strength of heavy-ion spin-orbit potentials to be investigated more clearly than do the elastic
scattering analyzing powers. The normalization of the double-folded real potential was found to be
in the range 0.85—1.00 in the coupled channel calculations, thus bringing the normalization of Li
scattering into agreement with other projectiles.

I. INTRODUCTION

Initially, it was expected that the vector analyzing
power (VAP) for heavy-ion scattering would be small be-
cause it is only the outer, unpaired nucleons which con-
tribute to the total nucleus-nucleus spin-orbit part of the
interaction, and thus the strength of the spin-orbit poten-
tial should be reduced by 1/A relative to the central
potential. However, measurements made with the
Hamburg-Heidelberg polarized alkali ion source' had a
surprisingly large VAP (Ref. 2) for Li elastically scat-
tered from several targets. The origin of the large VAP
has been the subject of intense theoretical investigation
over the past several years.

The first experiments with the polarized Li beam mea-
sured the VAP for elastic Li scattering from ' C, ' 0,

Si, and Ni at laboratory energies around 20 MeV.
The analysis of these data concentrated on the determina-
tion of the Li spin-orbit (SO) potential. Two early analy-
ses of these data ' considered Li to be an a+d system
and calculated cluster-folding model spin-orbit potentials
using deuteron-target SO potentials from the literature.
The order of magnitude of the data was understood
within this framework, although it failed to describe the
experimental data in detail. An analysis in which a
double-folded Li-target SO potential was calculated from
an effective nucleon-nucleon interaction gave similar re-
sults to those mentioned above. "

An interesting twist to the Li spin-orbit problem came
when it was found that the VAP for Li+ 8Ni had ap-
proximately the same size but opposite sign as the
Li+ Ni data. This was in contradiction to the folding

model prediction that the VAP for Li would have the

same sign but be smaller in magnitude than Li. Alto-
gether, these analyses left a confusing picture of the Li
spin-orbit interaction.

Nishioka et al. , and independently Ohnishi et al.
and Petrovich et al. , came up with a novel picture
which gives rise to a large vector analyzing power with
no explicit spin-orbit potential present in the nucleus-
nucleus interaction. They found that coupled channel
(CC) effects arising from projectile excitation and reorien-
tation made dominant contributions to the VAP and, in
fact, explained the opposite signs of the measured VAP
for ' Li+ Ni. Windham et al. confirmed that the pro-
jectile excitation effect is an essential ingredient of polar-
ized Li scattering in general in their analysis of Li+' 0
and Si. For all three targets, significantly improved fits
to the VAP data were obtained over single-channel calcu-
lations.

More recently, Sakuragi and co-workers' '" have
shown that CC calculations employing double-folded po-
tentials, as opposed to cluster-folded potentials, give im-

proved fits to the Li+' 0 VAP data with no renormal-
ization of the potential as found in single-channel calcula-
tions. In this analysis, the Li ground state and first three
I. =2 inelastic transitions were included in the coupling,
and the spin-orbit potential was not included. Sakuragi"
concluded that by including more explicit channels in the
coupling scheme, the need to include a spin-orbit term in
the potential was removed. This result suggests that the
heavy-ion spin-orbit potential may indeed be small, as ini-
tially predicted.

Although the channel-coupling effects seem to be
essential in describing the VAP data, the fits to the elastic
scattering cross section in the above analyses are poor.
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For example, the predicted Li+' O cross section at 22.8
MeV is completely out of phase with the data. Another
drawback of the CC analyses was the fact that the cou-
pling strengths in the calculations were treated as free pa-
rameters since there was no inelastic cross-section data at
the time with which to set the coupling strengths.

In the present work, VAP data are reported for
Li+' 0 at 25.7 MeV, an energy which is close to previ-

ously reported data, to ascertain if Li+' 0 scattering
exhibits the same rapid Auctuations in both cross section
and VAP observed for Li+ ' C near 20 MeV. The
Li+' 0 system is the subject of many of the latest exten-

sive theoretical calculations ' ' " that are being done to
determine the origin of the large elastic VAP for Li
scattering. The specific energy of 25.7 MeV was selected
because the Li, 3+ inelastic cross section has been mea-
sured previously at this energy, ' and these data can be
used to unambiguously determine the coupling strength
in the calculations. In addition, excitation functions for
Li+ ' 0 at five different angles have been measured.

The elastic scattering cross section for Li+ ' 0 at 22.8
MeV measured earlier at Heidelberg has been extended
out to 100' c.m. to provide more constraints on the calcu-
lations. Also at 22.8 MeV, the inelastic cross section for
excitation of the Li, 3+ state has been measured and is
reported here. For the Li+' 0 system, a data set now
exists at two closely spaced energies which includes cross
sections for elastic scattering, inelastic scattering to the
3+ (2.18 MeV) state in Li, and the elastic scattering
VAP.

The elastic scattering VAP for Li+ ' C at 30 MeV and
the VAP for inelastic scattering to the 2+ (4.44 MeV)
state in ' C are also presented in this work. Again, this
energy was chosen because the cross sections to the 3+
(2.18 MeV) and 2+ (4.31 MeV) states in Li and the 2+
(4.44 MeV) state in ' C have been previously measured'
and thus allow the determination of the coupling
strengths for these states. Excitation functions measured
by Fulton and Cormier' indicate the system to be reso-
nance free at this energy. The results of a coupled-
channels analysis of both sets of data employing the
double-folding model for the real part of the central and
spin-orbit scattering potentials are presented.

II. EXPERIMENTAL PRC)CEDURE

The measurements for the present work were carried
out at the Florida State University (FSU) tandem Van de
Graaff accelerator laboratory. A beam of vector polar-
ized Li ions, produced with the FSU polarized ion
source, was accelerated and transported to a scattering
chamber specifically designed to measure polarization ob-
servables and then into a polarimeter where the polariza-
tion of the beam was monitored throughout the experi-
ment. The polarized source, based on the Heidelberg
design, ' '"' employs the atomic beam method of selec-
tively populating and separating certain hyperfine mag-
netic substates of the atom. Typically, 12 nA of Li + is
obtained on target, and the beam polarization was deter-
mined to be z&0= —0.61+0.06 in the transverse frame of
reference. The Madison convention' is used throughout

this work for the description of polarization observables.
The scattering chamber used a three-part collimation

system which defined a 2-mm-diam beam spot on target.
Two detector wedges, located on opposite sides of the
beam, were mounted on rotating tables. Each wedge con-
sisted of three silicon surface barrier detector systems
separated by 7. 5' so that data could be obtained simul-
taneously at three different scattering angles. The detec-
tors were collimated such that they subtended a polar an-
gle of 0.3 in the laboratory frame of reference.

At the exit of the scattering chamber, the beam passed
through a thin Havar foil and entered the polarimeter, '

which is a scattering chamber designed to monitor the
beam polarization during experiments. The polarimeter
was filled with He gas, thereby making use of the reaction
Li+ He. Two 500-pm surface barrier detectors, viewing

a common region of gas, were placed symmetrically at a
lab angle of 15' with respect to the beam. The polarime-
ter asymmetry was calculated at least every 5 min to
make certain the beam polarization remained constant.
The variation in the beam polarization was found to be
less than 5%.

A primary concern in choosing a polarization monitor
is finding a reaction which gives rise to a large left-right
asymmetry, e. Egelhof et al. ' found that the asymmetry
for . Li+ He at 150 c.m. while high, decreases as the
beam energy increases from 15 to 23 MeV. In the present
work, it was found that e was reduced by about a factor
of 2 in going from a 20- to a 25.7-MeV Li beam. In or-
der to increase the sensitivity of the polarimeter at 25.7
MeV, an aluminum foil of thickness 0.0038 cm was
placed just before the polarimeter entrance. Due to ener-
gy loss in the foil, the beam energy was reduced to 20.4
MeV. The resulting asymmetry for a 25.7-MeV beam
passing through the Al foil was found to be identical to
that for a 20-MeV beam with no foil. This indicates that
the foil does not cause a loss of beam polarization, and is
therefore a good method for increasing the sensitivity of
the polarization monitor for higher energy beams. For
the 30-MeV Li beam, a second layer of Al foil was added
to the original foil, again reducing the beam energy to
about 20 MeV at the polarimeter entrance.

The VAP data were measured in the angular range
from approximately 25 to 70' c.m. For the forward an-
gle (O„b & 35') ' 0 measurements, a 200-pg/cm Si02 tar-
get was used. The ' 0 and Si ground state peaks were
well separated for scattering angles greater than 17&,b. At
angles less than 17' the two ground-state peaks over-
lapped and the ' O yield could not be accurately extract-
ed. With the Si02 target, a problem arises around
O~,b=40 where the energy of the scattered Li particles
from the Si (2+), 1.78 MeV state overlaps the ' 0
ground-state scattered particles. Therefore, 200-pg/cm
BeO targets were used for angles greater than 35' and ex-
tending out to 0&,b=49', where the. small cross sections
made it impractical to make further measurements. For
the ' C study, a 200-pg/cm ' C target was used for the
entire range of data, extending from lab angles of 14' to
43'. Again, cross sections on the order of 0.1 mb/sr
prevented taking data out to larger angles in reasonable
counting times.
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During the course of the present measurements, strong
field transitions were not operational in the ion source so
that it was not practical to Aip the spin of the beam.
Consequently, the quantity measured in the experiment is
the left-right asymmetry e[ =(I.—R) l(L +R)], which is
proportional to the change in cross section due to the
beam being polarized. Since the asymmetry, e, depends
on the difference between the yields in the left and right
detectors and the elastic cross sections were varying rap-
idly, it was important that the detectors be placed at the
same angle. To set the left and right detectors as close to
the same angle as possible, the relative cross section for
Li+' C at 30 MeV was measured from 30' to 40' in the

center of mass with a detector on each side of the beam.
This reaction' was chosen due to its highly oscillatory
structure. At each angle where e was determined with
the polarized beam, the left and right yields were also
measured with an unpolarized beam. Errors in e were
typically 0.05 and included statistical errors arising from
both the polarized and unpolarized beam measurements.

The vector analyzing power for a reaction with a spin-
1 projectile, such as Li, is de6ned as

/TIi =
&2~ID

'

where iT» is in spherical tensor notation, ~lo is the beam
polarization, and e is the asymmetry for the reaction. It
is e that is measured experimentally, and then iT» is cal-
culated from the beam polarization and asymmetry.

The excitation function data for Li+ ' 0 were taken
at center-of-mass angles of 47.3, 56.7', 130, 146', and
160'. The back-angle measurements were made by
scattering an ' 0 beam from a Li target and detecting
the recoil lithium nuclei. The ' 0 energies corresponded
to Li laboratory beam energies between 15 and 28 MeV
in 375-keV steps. Target condition, charge integration,
and accelerator performance were monitored by detect-
ing the elastic ' 0 yields from a thin layer of gold backing
on the targets.

The measured excitation function cross sections are
shown in Fig. 1 for the three peaks containing the elastic,
the unresolved 0+ (6.05 MeV) and 3 (6.13 MeV), and
the unresolved 2+ (6.92 MeV) and 1 (7.12 MeV) states
in ' O. The data does indicate the occurrence of an
anomalous structure at =21.25 MeV with a width of =2
MeV. This structure is present in the elastic channel at
all three angles, in the 0+,3 channel at 160', and the
2+, 1 channel at 130 .
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FIG. 1. Excitation functions for Li+ ' 0 elastic and inelastic scattering.
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III. ANALYSIS

The purpose of the present analysis is to isolate the
contribution from channel coupling to the elastic VAP,
with emphasis on the excitation of Li, by employing mi-
croscopic double-folded potentials. The standard refer-
ences on these subjects are Tamura' for coupled chan-
nels, and Refs. 8 and 20 for the double-folding model.

The strength of the coupling to a particular channel is
an input into the calculation. This coupling strength is
often treated as a free parameter and is adjusted to give
the best fit to elastic scattering data. Since the magnitude
of the coupling strength is directly related to the
inhuence that the inelastic channel has on the. elastic
scattering, an incorrect coupling strength will lead to
meaningless results. In the present work, the coupling
strengths were determined from experimental data when-
ever possible.

A. Li+ ' O: optical model analysis

Optical model calculations for Li+' 0 were carried
out for data taken at the two closely spaced energies of
22.8 and 25.7 MeV to determine if a single-channel calcu-
lation with a spin-orbit interaction could describe the
elastic cross section and VAP data at both energies with
little or no change in potential parameters. The presence

of rapidly varying parameters to describe the data could
be a sign that processes other than direct scattering con-
tribute to the elastic scattering. The data were analyzed
in terms of the optical model using double-folded (DF)
real central and phenomenological imaginary central po-
tentials and phenomenological real and imaginary spin-
orbit potentials. The double-folding model provided a
fundamental approach which related the nucleus-nucleus
potential to the underlying nucleon-nucleon interaction
and the properties of the colliding nuclei. Since there is
no theoretical model which allows the imaginary contri-
bution to the potential to be calculated in an unambigu-
ous fashion, a standard Woods-Saxon shape was used,
with the depth, radius, and diffuseness being free parame-
ters.

The real central DF potential was obtained by folding
the projectile and target matter densities with an effective
nucleon-nucleon interaction. In this work, the M3Y in-
teraction of Bertsch et a/. ,

' modified to account for sin-
gle nucleon knockout exchange, was chosen. The Li
matter density was obtained from the measured charge
density of Suelzle et al. by unfolding the finite charge
distribution of the proton and assuming the proton and
neutron densities to be identical. A harmonic oscillator
density was assumed for ' O. Details of the calculation
of the DF potential are given in Ref. 12.

For the real and imaginary spin-orbit potential, a Tho-
mas form was used, given by

MLS( )

2

r dr
1+ exp

r rig' 1.s
aLs

The optical model computer code HERMEs (Ref. 24) was
used to calculate the elastic scattering cross section and
VAP. All potential parameters were allowed to vary, in-
cluding the normalization of the DF potential, to obtain
the best fit to the data. The parameters of Ref. 12 were

used as a starting point.
Calculations using the parameters found to give the

best fit at 25.7 MeV are shown at both 25.7 and 22.8 MeV
as the solid lines in Fig. 2 for the elastic cross section and
Fig. 3 for the elastic VAP. The potential parameters are

TABLE I. Potential parameters. The definition. of the potentials is given in Ref. 24. The interaction radii are given by 8 =r 3,

Parameter DF-WS
Li+' 0

WS-WS CC CC SO DF-WS
6L +12C

CC CC SO

V (MeV)
r~ (fm)
a~ (fm)
W (Mev)
8'D (MeV)
rr (fm)
ai (fm)

Vs.s (MeV)
(fm)

agLg (fm)
W„(MeV)
rjlz (fm)

aILs (fm)

0.65

9.69
1.74
0.75
1.62
1.36
0.45

—1.0
1.32
0.50

124.8
1.15
0.91

7.33
1.79
0.82
1.07
1.46
0.49

—1.0
1.32
0.50

1.0

7.1

2.3
0.80

1.0

5.1

2.3
0.70
3.4
1.22
0.71

0.73

8.78

2.13
0.76
1.33
1.11
0.37

0.85

8.0

2.03
0.78

0.85

8.0

2.03
0.78
5.1

1.20
0.65
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FIG. 2. Optical model calculations for Li+ ' Q elastic
scattering at 22.8 (top) and 25.7 MeV (bottom). The same set of
potential parameters was used at both energies. The circle data
points are from the present work. The square data points are
from Ref. 2.

FIG. 3. Optical model calculations for the Li+' O elastic
vector analyzing power at 22.8 (top) and 25.7 MeV (bottom).
These results come from the same calculations as in Fig. 2. The
22.8-MeV data are from Ref. 2, while the 25.7-MeV data are
from the present work.

given in Table I as set DF-WS (where WS indicates the
Woods-Saxon form). The calculation gives a reasonable
At to all four sets of data, indicating that the scattering
arises from direct reaction processes. The excitation
function for Li+' 0, shown at two forward angles in
Fig. 4 is another indication that the scattering arises from
direct reaction processes. The energy region around 26
MeV seems to be clear of the resonance structures ob-
served in the excitation function data.

A weak imaginary spin-orbit potential, opposite in sign
to the imaginary central potential, was found to give an
improved fit to the VAP data. Similar results have been
observed in polarized deuteron scattering.

Optical model calculations were also carried out using
a volume Woods-Saxon (WS) form for the real central po-
tential and either a volume or surface WS form for the
imaginary central potential. It is convenient to have the
optical potential parametrized in terms of WS shapes so
that other researchers can easily use the potential for oth-
er studies, such as distorted-wave Born approximation
(DWBA) calculations. These calculations gave descrip-
tions of the data similar to those discussed above, with
the surface WS imaginary potential giving a slightly
better fit to both the elastic cross section and VAP.
These potential parameters are listed in Table I as set
WS-WS. The calculated angular distributions are not

shown because they are indistinguishable from those
shown in Figs. 2 and 3.

B. Li+ ~ C: pptiz+l mpdel znzlysis

The optical model calculations, using a double-folded
real potential, for Li+' C at 30 MeV were carried out
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FIG. 4. Li+ ' O elastic excitation function data with the op-
tical model calculation described in the text.
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Because of this calculation, the data were taken several
times in the region of the predicted second dip to search
for its presence. As can be seen from Fig. 6, the excur-
sions in the predicted VAP correspond to the minima in
the elastic cross section data. The fact that the second
structure was not observed in the elastic VAP data is an
indication that more complicated processes, such as
channel coupling, were important in the scattering.

C. I.i+ ' O: coupled channels analysis

103 =
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FIG. 5. Optical model calculation for Li+ ' C elastic
scattering at 30.0 MeV over full angular range for which data
have been measured.

following the procedure described in the preceding sec-
tion. The resulting best fits are shown in Fig. 5 for the
elastic scattering cross section over the whole angular
range for which data are available, and Fig. 6 for the elas-
tic scattering and VAP over the same angular range. The
potential parameters are given in Table I as set DF-WS.
An imaginary spin-orbit potential did not improve the
description of the data.

The optical model was unable to give a good descrip-
tion of the elastic VAP data. The first negative structure
was predicted quite well; however, the calculation pre-
dicted a second structure that was not seen in the data.
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The coupled channels code CHUCK (Ref. 26) was used
to calculate the elastic and inelastic cross sections and the
elastic VAP to investigate the e8'ects of channel coupling
on the elastic VAP. Couplings to both the 3+ (2.18 MeV)
and 2+ (4.31 MeV) states in Li were included in the cal-
culation. Since the 2+ cross-section data has not been
measured for Li+' 0, the coupling strength was as-
sumed to be the same as determined for Li+ ' C at 30
MeV. Initially, the calculations contained no explicit
spin-orbit term.

The real part of the nuclear transition potential was
obtained by folding the M3Y interaction with the quad-
rupole transition density for excitation of the 3+ state in
Li and the ground-state matter density of ' O. The I =2

transition density was assumed to have the derivative
form

10 - '
I

10

6 . 12

I ~

30 MeV

0.1—

0.01—

10 1.0

10

10 I i « I s

I I I I I ~ I ~
0.1

0.2

0.0

-0.2

. . ~ ~ ~ e'A. R,
0.01 ———CC+ SO

CC (no SO)

-0.4

20 40 60
(«g )

FICx. 6. Angular distribution of the elastic scattering cross
section and elastic vector. analyzing power for Li+' C at 30.0
MeV. The curve is the optical model calculation.
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FICx. 7. Results of CC calculations, including coupling to the
Li, 3 state only, of the elastic scattering cross section for
Li+' O. The solid curve has no spin-orbit potential and the

dot-dashed curve employs the double-folded spin-orbit potential
of Ref. 4.
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where po(r) is the Li ground-state matter density and 5$
is the quadrupole deformation length for the transition
from state i to state j. The value of the deformation
length for the transition to the 3+ state in Li, 52', was
adjusted until the magnitude of the calculated inelastic
cross section reproduced the data.

The imaginary part of the transition potential was tak-
en to be the derivative of the diagonal Woods-Saxon po-
tential multiplied by a deformation length. The deforma-
tion lengths for the real and imaginary terms were made
to be equal. Coulomb excitation was also included in the
transition potential.

The first calculations carried out included only the Li,
3 state in the coupling scheme. ' With the normalization
of the DF potential set to N =0.65, no results were ob-
tained that described the elastic scattering data, even at
forward angles, when only the imaginary potential was
varied. By optimizing the parameters N, 8', rl, and ar in
the CC calculation, it was found that X = 1 gave the best
description of the forward-angle elastic scattering cross
section. The best fit was arrived at by setting up a grid
on the parameters to be varied. Calculatioris were then
carried out for all points on the grid, and the result which
gave the best fit at forward angles was chosen.

The results of this calculation at 22.8 and 25.7 MeV,
with no explicit spin-orbit term, are shown as the solid
lines in Fig. 7 for the elastic cross section and in Fig. 8

for the elastic VAP. The parameters are listed as set CC
in Table I. The elastic scattering is described quite well
at angles less than 90 c.m. The channel coupling gives

rise to a large analyzing power with no exphcit spin-orbit
interaction, although a defect exists in the model as is
seen by the large spike in the predicted elastic VAP
around 45'c. m. Data were measured several times in
this angular range to make certain the spike did not exist
experimentally. The predictions for the 3 cross sections
are shown in Fig. 9. The coupling strength was set to
reproduce the correct magnitude of the 3+ data. The re-
sulting deformation length is 52'=2. 34 fm, compared to
3.69 fm determined from the 8 (E2) value.

A calculation investigating the reorientation of the Li,
3+ state was also carried out. In an earlier analysis, ' a
reorientation deformation length 52" equal to one-half
that for the 1+ to 3+ transition was assumed. The calcu-
lations of the elastic scattering cross section in the region
from 60' to 100 c.m. required a negative value of 52' to
describe the data. In the present work it was found that
the elastic VAP was very sensitive to the reorientation
and, like the elastic scattering cross section, also requires
a negative value for the deformation length. The fit to
the data in the angular region sensitive to the reorienta-
tion was not good enough to determine the magnitude of
the reorientation strength. However, the descriptions of
both the elastic scattering cross section and VAP were far
worse with positive values of the deformation length.
For values of 52' less than one-fourth of 5z' the calcula-
tion was similar to one with no reorientation term, while
values greater than one-fourth resulted in far worse
descriptions of the data.

Coupled channel calculations were also carried out
with a real spin-orbit interaction included. The double-
folded spin-orbit potential of Petrovich et al. given in
the form of an equivalent Woods-Saxon potential, was
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FIG. 8. Results of CC calculations of the elastic vector
analyzing power for Li+ ' O. The curves are as in Fig. 7.

FIG. 9. Results of the CC calculation of Fig. 7 for the Li
(3+ ) cross section. This state was not sensitive to the spin-orbit
potential. The Li (3+) data are from Ref. 12.
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used in the calculation and was considered Axed and not
varied. The resulting calculation, with the parameters
8' rI, and al optimized is shown as the dot-dashed line
in Figs. 7 and 8 and the parameters are given as set CC
SO in Table I. Although the forward-angle elastic
scattering cross section was reproduced quite well, the
backward angles were overpredicted by an order of mag-
nitude. This can be attributed to the decrease in the
imaginary potential required to improve the fit to the
elastic cross section in the angular region from 60 to
100'c.m. No attempt was made to improve the large an-
gle fit since it has been shown" that this angular region
is sensitive to direct breakup effects, which are not treat-
ed explicitly here.

These calculations show that the elastic VAP arises
from an interference between the effects of channel cou-
pling and the spin-orbit interaction. The addition of the
spin-orbit potential had the important effect of damping
out the spike in the analyzing power at 50'c.m. which
was present in the CC results with no spin-orbit potential.
The 3+ cross section was not sensitive to the addition of
the spin-orbit potential.

Calculations were also carried out including the 2+
(4.31 MeV) state in Li. Since the inelastic cross section
for that state had not been measured, the coupling
strength was set to that determined from the Li+' C
analysis in Sec. III D. The 2+ state was found to be very
important in describing the VAP (dotted curve in Fig.
10). Including both the 2 and 3+ states gave a much
better prediction of the data than when only the 3+ state
was included. Importantly, this calculation gave an im-
proved fit to the dip in the elastic VAP around 50, and it
also predicted the correct magnitude of the back-angle
rise in the data.

D. Li+ ' C: coupled channels analysis

The coupled channels analysis of the Li+' C study
followed the procedure described above for Li+' O.
For the ' C case, inelastic cross sections to both the 3+
(2.18 MeV) and 2+ (4.31 MeV) states in Li have been
previously measured. ' Therefore, coupling to both these
states was investigated. Additionally, the strongly excit-
ed 2+ (4.44 MeV) state in ' C was also taken into ac-
count.

Initial calculations, including coupling to the 3+ and
2+ states in Li, showed that X =0.85 for the normaliza-
tion of the DF potential gave the best description of the
forward-angle elastic data. Results of calculations em-
ploying various coupling schemes are shown in Fig. 11
for the elastic scattering cross section and Fig. 12 for the
elastic VAP, and in Fig. 13 for the inelastic Li scatter-
ing. The potential parameters are given in Table I as set
CC. A spin-orbit term was not included in these calcula-
tions. The coupling strength for each state was deter-
mined by fitting the calculation to the magnitude of the
inelastic cross section. The resulting deformation lengths
were 1.89 fm for coupling to the 3+ state ip Li, 0.95 fm
for reorientation of the 3+ state in Li, 2.13 fm for the 2+
state in Li, and 1.58 fm for coupling to the 2+ state in
' C. For comparison (see Table II), the corresponding
deformation lengths derived from the 8 (E2) values were
3.69, 1.85, 1.83, and 1.48 fm, where the reorientation de-
formation length was assumed to be one-half that for
coupling the ground state to the 3+ state. In addition,
Table II also shows the deformation lengths for the states
in Li obtained from proton scattering results.

For the elastic scattering cross section, including the
coupling to the Li (2 ) state gave a much better descrip-
tion of the data than when only the Li (3+) state was in-
cluded. The first three forward-angle oscillations and the
back-angle data were described quite well (dashed line).
As can be seen, including the ' C (2+) state did not
change the calculation. All three results failed to de-
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FIG. 11. Results of CC calculations employing various cou-
pling schemes for Li+ ' C at 30 MeV. The calculation does not
include an explicit spin-orbit interaction.
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scribe the midangle region around 90 c.m. It is clear
that both the 3+ and 2 states in Li needed to be includ-
ed in the coupling scheme. This is consistent with the re-
sults obtained in the Li+ ' 0 study.

The elastic VAP data also showed the need to include
the Li (2 ) state. The large spike around 35 c.m. that
occurred when only the 3+ state was considered was
damped out by adding the 2+ state. Also, the 3+,2+ cal-
culation (dashed curve) gave a reasonable description of
the data from 40' to 50 c.m. , whereas the 3+ calculation
(dotted curve) predicted zero analyzing power in that an-
gular range. Unlike the elastic scattering cross section,
the elastic VAP is quite sensitive to the ' C (2+) state.
Including this state in the calculation destroys the fit for
angles greater than 35 c.m. It is obvious from these re-
sults that some important physics was probably being
missed in this analysis.

The cross-section data for the 3+ and 2+ states in Li
are shown in Fig. 13, and for the 2 state in ' C in Fig.
14. The curves are the full CC calculations including all
three channels with no spin-orbit term. It was found that
any particular inelastic cross section was not sensitive to
the effects of coupling in the other channels. The Li
states are described well, while only angles less than 60'

10
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I I I ~ I I I ~ I I I ~

30 60
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FIG. 13. The full CC calculation with no spin-orbit potential
for the 3+ (top) and 2+ states in Li. The experimental data are
from Ref. 12.

c.m. are described for the 2+ state in ' C. No parameter
combination was found which increased the magnitude of
the back-angle prediction for the 4.4-MeV state.

Calculations were also carried out with the full cou-
plinp scheme and the double-folded spin-orbit potential
for I.i+' C of Ref. 4, and the results are shown in Figs.
15 and 16 for the elastic scattering cross section and elas-
tic VAP. The parameters are listed in Table I. In both
cases, the addition of the spin-orbit interaction resulted
in a worse description of the data. This is in contrast to
the ' 0 target where the spin-orbit improved the fit to the
data. The inelastic cross sections were not sensitive to
the spin-orbit term in the optical potential.

Figure 17 shows the VAP for the 2+ state in ' C. The
dotted curve is the result of the full CC calculation with
no spin-orbit potential, which interestingly predicted zero
analyzing power in the angular range of the data. There-
fore, for the 2+ state, the VAP was not due to an interfer-
ence between the .spin-orbit potential and coupling
effects, but rather arose from the spin-orbit potential
alone. The solid curve is the result of the full CC calcula-
tion including the Petrovich double-folded spin-orbit po-

TABLE II. Deformation lengths (in fm).

System

6Li+ 16O

6L1+ 12C

'Li+p'
a(FI.)b

6I i( 1+ 3+)

2.34
1.89
2.95
3.69

Li(1+ 2+ )

2.13
2.13
1.46
1.83

' O(0+ 3 )

1.55

1 ~ 55

12C(0+ 2+ )

1.58

1.48

'Reference 28.
Deformation lengths determined from the 8 (EL) value; see Ref. 12 for details.
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tential. As can be seen from the figure, this calculation
did a reasonable job describing the 2+ analyzing power.
These data may be important in the future for helping to
pinpoint the magnitude of the heavy-ion spin-orbit poten-
tial.

IV. CONCLUSION

Vector analyzing powers have been measured for the
elastic scattering of Li+' 0 at 25.7 MeV and Li+' C
at 30 MeV and for the 4.44-MeV state in ' C. The data
were taken in small angular increments to map out the
highly oscillatory structure of the ana1yzing powers. The
present data, along with previous measurements, provid-
ed a severe test of current heavy-ion scattering models. It
is especially worth noting that the Li+ ' 0 data now ex-
isted at two closely spaced energies so that the sensitivity
of the analysis to resonances was checked. The previous

FIG. 16. The same as in Fig. 15 for the elastic vector analyz-
ing power.

' C data have a rapidly changing VAP at 20 and 22.8
MeV that cannot be easily understood. In this same ener-
gy region, the excitation function data for large angle
Li+ ' 0 scattering to the ' 0 ground and excited states

showed an anomalous fluctuation on the order of 100%%uo

located at a Li beam energy of 21.25 MeV. The energy
region around 25.7 MeV seemed to be clear from reso-
nance contributions to the scattering.

The data were analyzed in the coupled channels frame-
work, employing the double-folding model for the real
part of the nuclear scattering potential. The folded po-
tential was based on physical properties of the interacting
nuclei determined from experiment. The coupling
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FIG. 15. Results of the full CC calculation with (solid curve) FIG. 17. The same as in Fig. 15 for the ' C (2+) vector
and without (dotted curve) an explicit spin-orbit potential for analyzing power. Note that the calculation with no spin-orbit
Li+ ' C elastic scattering. potential predicts a small analyzing power.
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strengths in the CC calculations were unambiguously
determined from inelastic scattering cross-section data.
In addition, the double-folded spin-orbit potential was
used to eliminate any free parameters in the spin-
dependent part of the interaction. The only free parame-
ters in the calculations were the imaginary part of the po-
tential and the strength of the folded central potential.
The normalization of the double-folded potential was
found to range from 0.85 to 1.0 in the present CC calcu-
lations. The channel coupling effects thus alleviate the
renormalization anomaly found in optical model analyses
of Li elastic scattering.

It is quite clear from the present analysis that the vec-
tor analyzing power arises from a complicated interfer-
ence between coupled channels effects and the spin-orbit
interaction. For both the ' 0 and ' C targets, inclusion
of both the 3+ and 2+ states in Li gave improved fits to
the data over calculations with the 3+ state only.

The Li+ ' 0 elastic VAP data were described reason-
. ably well within the coupled channels framework. The
calculations clearly showed that an explicit spin-orbit po-
tential was necessary to describe the data. The CC calcu-
lations were unable to correctly describe the Li+' C
elastic VAP data.

Interestingly, the coupled channel calculations for the
' C, 2 state predicted zero analyzing power in the angu-
lar range of the data, while the data varied in magnitude
from 0.0 to +0.2. The inelastic VAP was reasonably well
described when a spin-orbit potential was included in the
calculations. These data may allow the shape and

strength of the heavy-ion spin-orbit potential to be inves-
tigated more closely since there is no interference from
coupling effects.

In comparing the previous Heidelberg ' C data at 20
and 22.8 MeV with the current 30-MeV data, it is clear
that the elastic VAP is decreasing in magnitude as the
beam energy increases. At higher beam energies, many
more channels will be open in the scattering process and
thus the inhuence of any one particular channel will de-
crease. Indeed, CC calculations with no spin-orbit poten-
tial at 50 MeV show that the VAP arising from channel
coupling is drastically reduced in magnitude at angles
that are experimentally accessible. In the present work,
it is difficult to isolate spin-orbit potential information
due to its interference with coupling effects. Perhaps fu-
ture efforts should be made to measure the VAP at higher
energies where channel coupling effects may not be as im-
portant.
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