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Measurements are reported for (a) 50 MeV Li+ ' C elastic and inelastic scattering to the 2 (4.44
MeV), 0+ (7.65 MeV), and 3 (9.64 MeV) states in ' C, (b) 20 MeV Li+ "C elastic scattering, (c) 50
MeV Li+' 0 elastic and inelastic scattering to the unresolved 0 /3 (6.05/6. 13 MeV) and 2+/1
(6.92/7. 12 MeV) states in ' 0, and (d) 50 MeV Li+ Be elastic and inelastic scattering to the —,

'
(2.43 MeV) state in Be. Data were measured out to approximately 100', . A mid-angle plateau
characteristic of Li scattering in the 5 —10 MeV/nucleon energy range is confirmed in the ' C and
' 0 scattering but is not so apparent in the 'Be scattering. Two energy-dependent, six-parameter
optical model potentials, both of which describe Li+ "C elastic scattering at Li bombarding ener-

gies of 11, 20, 24, 30, 50, 60, 99, 156, and 210 MeV through the forward angle region before the pla-

teau, are coupled with an angular momentum dependent imaginary potential. The results show im-

proved descriptions of the plateau region and back angle scattering and a better description of 30
MeV 'Li+' C vector analyzing power data than has previously been published. The 'Li+ "C in-

elastic scattering data are described by distorted-wave-Born-approximation calculations. Results of
a double folded analysis of Li+ "C elastic scattering at the above energies show a systematic varia-
tion of the double folded normalization, N, and the imaginary volume integral. Li+ ' 0, Be elastic
scattering data are analyzed with optical model and double folded potentials and the inelastic
scattering data are described with distorted-wave-Born-approximation calculations.

I. INTRODUCTION

More elastic scattering data exist over a wider range of
energies and angles for Li+' C than for Li scattering
from any other target and perhaps any other heavy-ion
target-projectile combination. This extensive body of
data, including new data at 20 and 50 MeV reported here
and 210-MeV data reported previously, ' make it uniquely
possible to study the energy dependence of the Li+ ' C
nucleus-nucleus interaction. To date, it has not been pos-
sible to describe Li+' C elastic scattering with an opti-
cal potential whose parameters vary smoothly with ener-
gy.

Figure 1 shows elastic scattering data for Li+' C at
11 MeV, 20 MeV (present work), 24 MeV, 3 30 MeV, 50
MeV (present work), 60 MeV, " 99 MeV, 156 MeV, and
210 MeV. ' An examination of these data reveals that the
elastic scattering of Li from ' C is characterized in the
low-energy range (11 and 20 MeV) by a series of long
period oscillations which extend throughout the mea-
sured angular distribution, and at high energies (99, 156,
and 210 MeV) by a series of short period oscillations fol-
lowed by a monotonic falloff in magnitude at larger an-
gles. In the mid-energy range (24—60 Mev) the forward
angle diffraction oscillations are followed by a plateau-
like structure occurring in the angular region 60'& I9,
~ 90 which is then followed by a rising back angle cross
section. It is a common problem of energy-dependent op-
tical potentials that they produce a deep minimum in the
cross section at approximately 80', in this 10
MeV/nucleon energy range where, in fact, the plateau
appears in the data. '

A similar but much more subtle plateau feature in
' C+ ' C scattering in the energy range of 5-10
Me V/nucleon has been described semiclassically by
Brandan, Fricke, and McVoy ' as originating from a
transparency within the nuclear potential allowing the
transmission of partial waves normally absorbed. Their
analysis motivated the reintroduction of an angular
momentum dependent imaginary potential into the
present analysis of Li+' C scattering. This potential
modification was introduced earlier to describe large an-
gle a+ Ca (Ref. 10) and ' 0+' 0 scattering. " This
present work examines the effect of coupling an energy-
dependent optical potential which describes the data up
to the region of the plateau with an angular momentum
dependent absorption. The objectives are to see, first, if
the description of the data in the plateau region and at
the larger angles can be improved, and second, the effect
upon the predicted vector analyzing power.

This work presents new experimental data for Li+ ' C
elastic scattering at 20 MeV and for the elastic and in-
elastic scattering of Li from ' C, ' 0, and Be at 50
MeV. Previous data for Li+' C elastic scattering at 50
MeV (Ref. 12) appeared to show evidence of the mid-
angle plateau but were limited in scope. The purpose of
the 50-MeV Li scattering experiments reported here was
to confirm the existence of the plateau at that energy for
' C and to examine the scattering from ' 0 and Be for
similar behavior. The 20-MeV Li+ ' C data were
remeasured to check the normalization of previously pub-
lished data, ' since the magnitude of the existing forward
angle data cannot be described with any systematic opti-
cal model parameters.
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FIG. 1. Elastic scattering data for Li+ "C at 11 MeV (Ref.
2), 20 MeV (present work), 24 MeV (Ref. 3), 30 MeV (Ref. 3), 50
MeV (present work), 60 MeV (Ref. 4), 99 MeV (Ref. 5), 156
MeV (Ref. 6), and 210 MeV (Ref. 1).

Section II discusses the experimental procedures and
measurement of the Lj+1zC, 160 and Be scattering
data. Section III presents the analysis of the ' C data and
Sec. IV presents the analysis of the ' 0 and Be data.

II. EXPERIMENTAL PROCEDURES

The 50-MeV Li beam used to obtain the scattering
data reported here was produced with the Super FN tan-
dem Van de Graaff coupled to the superconducting linear
accelerator at Florida State University. A 76-cm-diam
general purpose scattering chamber was used for the
measurements. A wedge containing three silicon surface
barrier E-AE telescopes spaced 7.5 apart was used for
detecting the reaction products and a single, silicon
surface-barrier detector fixed at 12' in the lab was used to
monitor the target condition and charge integration. The
detectors were collimated to subtend 0.6' in the lab, cor-
responding to 1.0' in the center of mass for Li scattering
from Be, 0.9 for ' C, and 0.8' for ' O. The targets were
200 pg/cm ' C, 100 pg/cm Be, and 100 p,g/cm BeO.
All of the targets were free standing

Differential cross-section measurements were taken
over the angular range from 7' to approximately 75 in
the lab, in 1'—2' steps. Standard electronics and comput-
er codes were used for signal amplification and particle

III. Li+ ' C SCATTERING ANALYSIS

A. Energy dependence of the Li+ ' C optical potential

In the analysis presented in this section, the explicit
nucleus-nucleus potential used was the standard Woods-
Saxon optical potential

V(r ) = f(r )( V+i W)+ V—,(r )

with the Woods-Saxon form factor given by

f(r)= 1+exp r —8
a

(2)

and the Coulomb potential given by

identification resulting in sorted linear energy spectra of
the scattered Li from the various targets.

Data were first taken for the Be target because the
measurements of both the elastic scattering and the in-
elastic scattering to the 5/2 (2.43 MeV) state in Be
were necessary for the extraction of the ' 0 yields from
the BeO target at forward angles. In the spectra obtained
with the BeO target, the peaks corresponding to the
beryllium and oxygen ground states overlap at forward
angles and the beryllium second-excited-state peak moves
through the oxygen inelastic doublet peaks at larger an-
gles. The measurements of the Be cross sections then al-
lowed the extraction of angular distribution data for
Li+ ' 0 elastic and inelastic scattering to the unresolved

0+/3 (6.05/6. 13 MeV) and 2+/1 (6.92/7. 12 MeV)
doublets. Because of the necessity of using the beryllium
cross sections for the extraction of the oxygen yields, the

beryllium data were measured three times to guarantee
confidence and check the reliability of all the components
in the measurement system. In the ' C experiment, angu-
lar distribution data were measured for scattering to the
ground state, and the 2+ (4.44 MeV}, 0+ (7.65 MeV}, and
3 (9.64 MeV) excited states.

The measured differential cross sections were normal-
ized to previously published angular distributions at 30
MeV for Li+ C, 25.7 MeV for Li+ 0, and 32 MeV
for Li+ Be.' The uncertainties due to statistics and
yield determination are represented by the error bars in
the data. The resulting absolute error in the normaliza-
tion is less than 15%%uo and consists of contributions from
uncertainties in charge integration, target uniformity,
deadtime determination, and the quoted absolute uncer-
tainty of the previous norrnalizations.

The differential cross-section measurements for
Li+' C elastic scattering at 20 MeV were made using

the same chamber-detector-computer system, but only
the super FN tandem Van de Graaff accelerator was used
to accelerate the beam. The data were normalized to pre-
viously published data at 30 MeV. The resulting nor-
malization differs from that previously published' by a
factor of 1.7.
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FIG. 2. Behavior of the optical potential parameters versus energy for the OM1 potentials. (Open circles represent alternate
values used for the OM2 potential. )
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Standard notation is used throughout, where V, Rz, and

az are the strength, radius, and diffuseness of the real po-
tential and W, R;, and a; denote the strength, radius, and
diffuseness of the imaginary potential. The interaction
radii are defined by

x x T

where r„ is the radius parameter and AT is the target
mass. When a spin-orbit potential was used in the calcu-
lations, it had the form

'2

V (r)= ~so d
I 1+exp[(r —8 so ) i~so ~ l

—1

r drall ~C

with Vso=1 3 MeV, rso 1-1 fm, and aso=0 37 fm.
The Coulomb radius parameter, r„was fixed at 2.3 fm
for all the calculations since it corresponds to the com-
bined radii of Li and ' C as deduced from electron
scattering. The variation in the cross section due to

changes in this parameter is known to be small. ' The
optical model code' HERMES was used for the calcula-
tions.

Two energy-dependent potentials, labeled OM1 and
(3) OM2, are presented here for comparison. Both sets use

essentially the same energy-dependent imaginary poten-
tial parameters, but the behavior with energy of their real
potential parameters differs significantly. In the OM1 po-
tentials the strength of the real part varies roughly hyper-
bolically from 405 MeV ( at E„;=11 MeV) to 113 MeV
(at EL; =210 MeV) and the real radius and diffuseness
vary smoothly, but not linearly, through the range
0.96—1.3 fm and 0.77—0.80 fm, respectively. The real
and imaginary parameters for the OM1 potential are
plotted versus energy in Fig. 2.

In the OM2 potentials the strength of the real part
varies linearly from 244 MeV (at EL; =11 MeV) to 205
MeV (at EL; =210 MeV) and the real radius and
diffuseness remain fixed at 1.18 and 0.74 fm, respectively.
The imaginary potential parameters used for OM2 are
the same as those for OM1, with two exceptions. At 30
MeV, a value of 2.1 fm was used for ri and at 50 MeV a
value of 14.0 MeV was used for the imaginary strength.
These two alternate values for the OM2 imaginary pa-
rameters are shown by the open circles in Fig. 2. The
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TABLE I. Li+ "Cpotential parameters.

Ex.)
(MeV) Potential

V
(MeV)

1R

N (fm) (fm)

8'
(MeV) (fm)

a
(fm)

20

24

30

50

99

156

210

OM1
OM2
DF
OM1
OM2
DF
OM1
OM2
DF
OM1
OM2
DF
OM1
OM2
DF
OM1
OM1J
OM1
OM2
OM2J
DF
OM2
OM2J
OM1
OM2
DF
OM1
OM2
DF
OM1
OM2
DF

405.0
244.0

285.0
242.2

270.0
241.3

244.0
240.3

185.0
236.4

173.9
167.1
150.0
234.4
234.4

179.4
231.7
135.0
225.8

123.0
215.0

113.0
205.0

0.72

0.73

0.73

0.69

0.66

0.62

0.61

0.60

0.57

0.96
1.18

1.05
1.18

1.09
1.18

1.15
1.18

1.20
1.18

1.18
1.20
1.22
1.18
1.18

1.41
1.16
1.27
1.18

1.29
1.18

1.30
1.18

0.77
0.74

0.77
0.74

0.77
0.74

0.78
0.74

0.79
0.74

0.84
0.79
0.79
0.74
0.74

0.66
0.73
0.80
0.74

0.80
0.74

0.80
0.74

2.70
2.70
2.19
7.00
7.00

10.78
8.00
8.00

13.20
10.00
10.00
8.65

15.50
14.00
12.00
13.00
13.14
17.50
17.50
21.50
25.90
44.90
70.65
26.00
26.00
43.70
32.00
32.00
44.38
34.00
34.00
59.10

2.60
2.60
2.90
2.35
2.35
1.63
2.25
2.25
1.52
2.20
2.10
2.10
2.10
2.10
2.20
2.27
2.19
2.05
2.05
1.72
1.72
1.25
0.71
1.93
1.93
1.50
1.80
1.80
1.82
1.68
1.68
1.31

0.80
0.80
0.57
0.79
0.79
1.04
0.78
0.78
0.90
0.78
0.78
0.82
0.70
0.70
0.68
0.55
0.88
0.67
0.67
0.91
0.91
1.06
1.33
0.65
0.65
0.89
0.70
0.70
0.56
0.78
0.78
0.90

12.0/2. 0
12.0/2. 0

12.5/2. 0

15.0/2. 0

15.0/2. 0

17.5/2. 0
17.5/2. 0

18.0/2. 0

The character "J"included in the potential name denotes the use of J-dependent absorption with the
indicated values for J, and hJ.

values of the parameters for the OM1 and OM2 poten-
tials are contained in Table I.

The OM1 potentials were constructed by surveying
previously cataloged' potentials. When the energy
dependence of the parameters of these potentials is exam-
ined, trends appear evident, but there remain discontinui-
ties. However, these potentials were the result of the pa-
rameter searching required to fit the entire measured an-

gular range of data. If only the portion of the data in the
forward angles is considered, i.e., the data forward of the
plateau, the discontinuous or ill-behaved parameters
could be brought back to the trend line and the descrip-
tion of the data up to the plateau region remained good.
In this manner, the OM1 potentials were constructed
without the use of the y parameter optimization codes.
The decrease in the real potential, as the bombarding en-
ergy is increased, found in the present work is similar to
that found by Nadasen et al. '

The real part of the OM2 potential was constructed to
represent a simple potential whose real strength is ap-
proximately six times the nucleon-nucleus potential and

which varies by 10' from 11 to 210 MeV.
Figure 3 contains a comparison of the calculated

differential cross sections with the measured data from 11
to 210 MeV. Both the OM1 and OM2 potentials fit the
forward angle cross-section data through approximately
60', at all energies (except for the 99-MeV data where
the agreement is good only through approximately 30').
Both potentials predict similar behavior at the lower en-
ergies (11, 20, and 24 MeV) although they differ in some
details. The OM1 potentials describe the data in the
high-energy range (156 and 210 MeV) better than the
OM2 potentials, while the OM2 potentials describe the
data in the mid-energy range (30, 50, 60, and 99 MeV)
better than the OM1 set.

The 20-MeV data shown in Fig. 3 were measured in or-
der to extend previous measurements' to more forward
angles and to check normalization. As stated earlier, the
previous data had to be multiplied by 1.7. The renormal-
ized 20-MeV data are in good agreement with the for-
ward angle calculations in the first oscillation, but the
magnitude of the calculations are significantly lower than
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FIG. 3. Optical model descriptions of Li+ "C elastic
scattering data using the OM1 and OM2 potentials.

the magnitude of the data in the second and third oscilla-
tions. This may be due to a resonance known to be
present in this energy region. '

The normalization of the original 99-MeV data
remains in question. A previous study of the energy
dependence of the optical potentials found it necessary to
rescale the original data to allow a meaningful analysis.
In the present work, the original data have been normal-
ized to the forward angle calculations. The resulting
description of the data is good through the first four os-
ci11ations, but then the calculations show more structure
than appears in the data. While it could be argued that
the inclusion of these data in a study of energy-dependent
potentials is inappropriate, it is felt that the gap in energy
between 60 and 156 MeV would be too large without in-
cluding it.

By employing the y parameter optimization routines
it is possible to improve the description of these data at
any particular energy. However, such searches lead to
parameter sets which have little, if any, systematic behav-
ior with energy and thus little predictive value. It has
been shown here that a potential with systematic parame-
ters can describe the elastic scattering data well through
the forward angle oscillation region over a wide energy
range. To improve the description beyond this, one must
employ searching in combination with more exotic poten-
tial models. The following section examines the effect of
complementing the energy-dependent potential with an-

gular momentum dependent absorption in order to see if
the back angle description can be improved.

B. The effect of an angular momentum dependent
imaginary potential

J—J,f(J)= 1+exp (6)

in which J, is the angular momentum cutoff parameter
and hJ is the angular momentum cutoff diffuseness pa-

Angular momentum dependent absorption was first in-
troduced to successfully describe ' 0+ Ca, ' 0+' 0,
and a+ Ca scattering. ' "" ' The justification for in-
cluding a J dependence in the absorptive potential is
based on the conservation of angular momentum and en-

ergy in the various reaction channels. The incident heavy
ions may carry a greater angular momentum into the
scattering region than any of the reaction channels can
carry away. For these angular momenta the elastic wave
will not be attenuated, even in the interior of the nuclear
interaction because the elastic channel and the reaction
channels are poorly matched. ' The motivation to intro-
duce additional parameters via J-dependent absorption
stems from the difficulties regarding optical model
analysis of Li scattering. Li scattering data show
unusually large cross sections at backward scattering an-
gles (at intermediate energies) and have the mid-angle
plateau which can be fitted in a conventional optical
model only by the use of parameters which do not vary
smoothly with energy. Further, vector analyzing power
data are diScult to explain using just a spin-orbit term
and are sensitive to coupled channels effects. Large
backward angle cross sections for Li are reminiscent of
similar effects observed with light ions scattered by light
targets which could be described by using angular
momentum dependent absorption. '

In the present study the availability of polarized Li
data is of interest because J-dependent absorption yields
polarization effects. This arises because the conserved
quantity is the total angular momentum, J, and each or-
bital angular momentum L is coupled to three J values,
i.e., J=L,L+1 and each of these amplitudes will be
different due to the assumed absorption dependence on J.
Polarization arises from the differences between these
three contributions as it does with a conventional spin-
orbit interaction. However, the use of J dependence in
the absorptive potential corresponds to modeling effects
which arise from the coupling to all nonelastic exit chan-
nels taken together, rather than attempting to solve the
explicit channel coupling problem.

In order to have different absorption for different par-
tial waves, the standard Woods-Saxon absorptive term in
the optical potential, W(r), is modified in the code
HERMES by the addition of an angular momentum depen-
dent form factor, f (J ). Thus, the imaginary potential be-
comes f(J)W(r)

W(r)~f(J)W(r),
where f(J ) is given by
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rameter. Using very large values of J„well beyond L „
the grazing angular momentum given by

L,=kR =1.4k( A r~ + A) ~ ),
where k is the wave number of the projectile, produces no
effect in the scattering calculations. As J, moves into the
approximate range of L, the back angle cross section be-
gins to show an increase in magnitude. The lower the
value of J„i.e., the stronger the J-dependent absorption,
the more pronounced this effect becomes. Very small
values of 5J create a sharp edge in the absorption poten-
tial and result in the typical black disk scattering pattern
of diffraction oscillations extending to large angles. Very
large values result in cross sections identical to those pre-
dicted from the standard Woods-Saxon imaginary term.

In the 60-MeV OM1 and OM2 calculations there ap-
pears the previously mentioned dip in the angular distri-
butions at approximately 80', where the data have, in
fact, a plateau (see Fig. 3). In order to see if the descrip-
tion in this region could be improved and the dip elim-
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inated, strong J dependence was used with the OM2 po-
tential for the calculations at 60 MeV (OM2P. The result
is shown together with the calculations without J depen-
dence (OM2} in Fig. 4 and shows that J dependence is
able to remove the dip in the calculations when accom-
panied by an increase in the strength of the imaginary po-
tential.

Reviewing the data and calculations of Fig. 3, in the
low-energy (11 and 20 MeV) and high-energy (156, 210)
ranges there is no compelling need for modi6cations to
the energy-dependent potential, as the OM1 potential de-
scribes the measured data (except for the previously dis-
cussed 20-MeV data}. At 24 MeV the calculations are
low in the 90; -180', range and the oscillations are
out of phase with the data. Figure 5 shows a comparison
of these data with J-dependent calculations using the
OM1 and OM2 potentials where J dependence was em-
ployed and no changes were made in other parameters.
The effects are to enhance the mid- and back angle mag-
nitudes, more at the top of the oscillations than in the
dips, and to shift the phase slightly in the mid-angle re-
gion. The result is that the magnitude of the cross sec-
tion more nearly matches that of the data, but the shape
and phase of the oscillations remain poorly described.
Stronger J dependence, i.e., a lower value of J„will in-
crease the back angle enhancement, which may be bal-
anced or tempered by increasing 8', but does not change
the basic shape or phase of the oscillations in the back
angles.

An analysis of the 30-MeV data allows a more critical
examination of the role of J dependence in Li scattering
because not only do there exist high-quality elastic
scattering data, but also vector analyzing power (VAP)
data. Figure 6 shows a comparison of the elastic scatter-
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FIG. 5. Optical model descriptions of 24-MeV Li+' C us-

ing the OM1 potential and the OM1 and OM2 potentials with J
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FIG. 6. Optical model descriptions of 30-MeV Li+' C us-
ing the OM1 potential without J dependence or a spin-orbit in-
teraction (OM1), with a spin-orbit interaction (OM1SO), with J
dependence (OM1J), and with both spin orbit and J dependence
(OM1JSO).
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ing cross sections with four calculations employing (1) the
OM1 potential, (2) the OM1 potential with J dependence
(OM1J), (3) the OM1 potential with a weak spin-orbit
potential (OMISO}, and (4) the OM1 potential with J
dependence and a spin-orbit potential (OM1JSO). The
magnitude of the OM1 potential calculations is less than
the magnitude of the back angle scattering data although
the phase match between the back angle data and the cal-
culations is good. The addition of J dependence (OM1J},
without changing any optical parameters enhances the
back angle magnitude so that it more nearly matches that
of the data although the dips are still too deep. Using the
spin-orbit potential and no J dependence (OM1SO) has
the effect of slightly dampening the back angle oscilla-
tions, and the combination of both the spin orbit and J
dependence (OM1JSO), without any reoptimization of
optical parameters, produces the desirable effect of in-
creasing the back angle magnitude and filling in the mini-
ma yielding a better fit throughout than previously ob-
tained with optical model, double folding, or coupled-
channels calculations. These same results are seen with
the OM2 potential.

A comparison of the VAP measurements with the cal-
culations using the OM1J, OM1SO, and OM1JSO poten-
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FIG. 8. Optical model descriptions of 50- and 60-MeV
Li+ ' C elastic scattering resulting from a six-parameter search

using the OM1 and OM2 potentials for starting values both
with J dependence (OM1J, OM2J ) and without J depen-

dence (OM1, OM2 ).
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FIG. 7. Optical model descriptions of the 30-MeV Li+ "C
vector analyzing power using the OM1 potential with J depen-
dence (OM1J), with a spin-orbit interaction (OM1SO), and with
both Jdependence and a spin-orbit interaction (OM1JSO).

tials is presented in Fig. 7. An examination of the for-
ward angles (where the measurements exist) shows that
the J-dependent calculation (OM1J} describes the data as
well, or better than, previously published calculations.
The spin-orbit potential (OM1SO) pulls down the calcula-
tions in the region following both the sharp negative and
positive spike whereas the data are unmistakably higher.
The combination of both spin orbit and J dependence
produces an acceptable fit, which is consistent with the
description of the elastic scattering data.

Thus, while J-dependent absorption alone improves the
elastic scattering description and produces a VAP that is
in good agreement with the VAP data, there is evidence
that a model involving both J-dependent absorption and
a spin-orbit interaction could be most useful. It is with
back angle VAP measurements that this question could
best be examined further. The calculations shown in Fig.
7 indicate that in the 120; —150; region the inclusion
of the weak spin-orbit interaction, with or without J
dependence, results in deep negative dips in the VAP
whereas the calculations involving J dependence alone
remain positive. VAP measurements in this angular re-
gion could provide evidence regarding the role of both
the spin-orbit interaction and J-dependent absorption in
Li scattering.

Parameter optimization using g search routines, with
and without the inclusion of J dependence, yield good
descriptions of the 50-MeV (OM1 —,OM1J —) and 60-
MeV (OM2-, OM2J- ) data (Fig. 8). However, without
back angle data and VAP data there are no meaningful
criteria to evaluate the role of J dependence in the
scattering process.

C. Double folding analysis

The Li+' C elastic scattering data were analyzed
again using the double folding (DF) model for construct-
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where p, and p ~ are the density distributions of the pro-
jectile and target nuclei, V is the effective nucleon-
nucleon interaction, and N is the overall potential nor-
malization factor. While the integration is over mass
densities and not nucleons, the coordinates may be visual-
ized by considering the coordinate R as the vector from
the center of mass of the target nucleus to the center of
mass of the projectile nucleus, r, as the vector from the
center of mass of the projectile nucleus to a projectile nu-
cleon, r „as the vector from the center of mass of the tar-
get nucleus to a target nucleon, and s as the vector from
the target nucleon to the projectile nucleon specified by
r, and r„(s=r,—r„+R). The effective interaction
used is the M3 Y (S=T=0) interaction of Bertsch
et al. given by

~
—4s e

—2. 5S

Voo(s ) =7999 —2134 —3905(s ),
4s 2. Ss

(9)

where the single-nucleon knockout exchange
(SNKE) delta term is included to account for antisym-
metrization of the total wave function, at least in the tail
region of the interaction, and allow for the exchange of
nucleons in the scattering process.

The Li density used was that of Suelzle et al. ' ob-

L+
rgb A
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10 I-

10',.':."
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C

~ ~ ~

210 MeV

ing the real part of the optical potential. ' This model
derives the real potential by integrating an effective rni-
croscopic nucleon-nucleon interaction over the target and
projectile matter densities. The real optical potential is
given by

V(R)=N Jdr, fdr„p, (r, )p„(r„)V(s=r,—r„+R),
(8)
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tained from the charge density determined by electron
scattering, with the finite size of the charge distribution
of the proton unfolded. A harmonic-oscillator density
was used for the ' C density. For the J-dependent DF
calculations the form of the imaginary potential term was
modified to include a J-dependent multiplicative factor in
the same manner as described earlier.

The Li+' C data were analyzed with the DF real and
Woods-Saxon imaginary potential in which the normali-
zation of the real DF potential and the three variables of
the imaginary potential were varied to obtain the op-
timum fit to the data. The resulting parameters (DF) are
contained in Table I.

The double folded potentials, combined with the stan-
dard Woods-Saxon imaginary potential, describe the data
with varying degrees of success. They appear to suffer
the same problem as the energy-dependent Woods-Saxon
optical potential in that they are able to describe the
cross sections in the low- and high-energy ranges, but do
not do as well in the mid-energy region. At 11, 156, and
210 MeV the description of the data is exemplary, but at
20, 30, 50, and 60 MeV the descriptions mimic the cross
sections but miss some of the details. The calculations
for 50 and 210 MeV are shown in Fig. 9 and the behavior
of the DF normalization and imaginary volume integral

JII,= ', Ir WRI —[1+(maq/Rr) ]

with energy are shown in Fig. 10. As seen in Fig. 9, the
double folded potential describes the data forward of the
plateau, but is unable to fit the details of the plateau re-
gion. The calculations show that the SNKE contribution
in Li scattering does not have the predicted energy
dependence. Using the predicted energy-dependent
values for the SNKE strength worsens the description of
the data at all energies. It was found that a constant
value of —390 MeV for the SNKE strength best de-
scribed the elastic cross sections throughout the energy
range under examination. The present analysis is the first
double folded analysis of the 210-MeV Li+' C elastic
scattering and the results yield a value of 0.57 for the nor-
malization of the double folded potential. The strength
of the absorption as evidenced by the imaginary strength

0 30 60 90 120

e, .(deg )

0.5 -o

20 40 60 100
ENERGY (Me V)

—40

1000

FIG. 9. Double folded potential descriptions of 50- and 210-
MeV Li+ "C elastic scattering.

FIG. 10. Behavior versus energy of the double folded nor-
malization N and the imaginary volume integral per nucleon
J~/AT Ap for Li+ ' C from 11 to 210 MeV.
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of the optical potentials OM1 and OM2 suggests that the
bU contribution to the effective interaction, i.e., that
arising from coupling to inelastic states, is non-negligible.
Since double folding does not model the real part of this
contribution ' it should not be surprising that the dou-
ble folding description of the data is less than satisfacto-
ry.

D. Li+ ' C inelastic scattering analysis

10
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The inelastic scattering analyses were conducted using
the distorted-wave-Born-approximation (DWBA) code
DwUCK4 (Ref. 33) in which the 50-MeV ' C potential,
OM1 in Table I, was employed for calculating the initial
and final distorted waves. A macroscopic collective-
model transition form factor was used in which the tran-
sition potential is the derivative of the complex optical
potential and the nuclear radius is described by a mul-
tipole expansion employing P as the deformation parame-
ter. The resulting calculated cross section scales as P and
the value of P was extracted by normalizing the calcula-
tions to the data.

For the examination of J-dependent inelastic scatter-
ing, 0%UCK.4 was modified in the same manner as de-
scribed previously for the code HERMES. Here this
modification provides only a poor approximation to
rigorous angular momentum dependence, for no attempt
was made to modify the code to account for the spin of
both the ejectile and residual particles and the change in

J, in the exit channel. The J„,of the system is construct-
ed from the spin of the projectile, i.e., J„,=L+1 and
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FIG. 12. Comparison of 50-MeV 'Li+'Be elastic scattering
with optical model calculations using the OM1 potentials (Table
I), Refs. 2 and 14 (Table III).
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used in both the entrance and exit channel distorted-wave
calculations.

Figure 11 shows the calculations and experimental
data for scattering to the 4.43 (2+), 7.65 (0+), and 9.64
(3 ) MeV states in ' C. These data do not appear to
show any evidence of the plateau structure observed in
the elastic scattering. The dashed and solid lines present
the results of the calculations with J dependence (OM1J)
and without J dependence (OM1), respectively, for
scattering to the 2 and 3 states. Since this transition
potential is inadequate to describe monopole and dipole
transitions, ' the calculations for the 0+ state have
been omitted. In both cases it can be seen that the effect
of the J dependence does not change the basic shape or
character of the inelastic calculations, but rather, it in-
creases the magnitude of the predicted cross section,
showing a slightly greater enhancement at the back an-
gles.

The calculations for the 4.43-MeV 2+ state are in good
agreement with the data. It was found here, as in very

FICs. 11. Data and DWBA calculations for Li+ ' C scatter-
ing to the 2+ (4.44 MeV), 0+ (7.65 MeV, data only), and 3
(9.64 MeV) states in ' C.

FIG. 13. Comparison of 50-MeV Li+ ' 0 elastic scattering
with optical model calculations using the OM1 potentials (Table
I), Refs. 12 and 22 (Table II).
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early studies of inelastic Li scattering, that the jrnagj-
nary transition strength accounts for the majority of the
inelastic strength. The value of PRt =1.40 fm is in excel-
lent agreement with the value of 1.48 fm for 30-MeV
scattering. In the case of the calculations for the 9.64-
MeV 3 state, the experimental data show less structure
than the calculations. The value of PRt for the 9.64 state
is 1.40 fm compared with 1.91 fm previously reported for
30-MeV scattering.

IV. Li+ Be, ' 0 SCATTERING ANALYSIS

The 50-MeV elastic scattering cross sections for Be
and ' 0 are shown in Figs. 12 and 13, respectively. The
' 0 data display the mid-angle plateau characteristic of
Li+ ' C scattering seen in the previous section, while in

the Be data this feature is not as apparent. The Be an-
gular distribution data proceed through a series of
Fraunhofer oscillations of descending magnitude out to
approximately 100' in the center of mass with little evi-
dence of a plateau.

For the analyses of these data it is first important to
recognize that since there does not exist an extensive
body of elastic scattering data over a wide rangle of ener-
gies for Lj+ Be I60 as there js for Lj+ C, jt js not
possible to attempt an energy-dependent analysis. Such
an analysis would, if possible, provide potentials able to
describe the behavior of the data in the forward angle
diffraction region as a function of energy and provide an
energy-dependent potential which could be coupled with
the J-dependent imaginary potential to attempt to im-
prove the fit to larger angle data. Further, the crucial
VAP data do not exist. Thus, the addition of the J
dependence becomes meaningless, for, as shown in the
' C analysis and as will be shown in the Be and ' 0
analysis, the optical potential is versatile enough to fit the
elastic scattering data at a given energy.

In order to investigate the sensitivity of the angular
distribution to the details of the potential, the Be and
' 0 data are compared with three different prescriptions
provided by three different optical potential sets. Figures
12 and 13 show these calculations compared with the 50-
MeV data for Be and ' 0, respectively. The Be data are
compared with predictions using potentials from (1) the
50-MeV ' C study reported here (the OM1 potential,
Table I), (2) the energy-dependent potential of Ref. 14,
and (3) the energy-dependent potential of Poling et al.
The ' 0 data are compared with predictions using poten-
tials from (1) Van Verst et al. , (2) Chua et al. ,

' and (3)
the 50-MeV ' C study reported here (the OM1 potential,
Table I). While the calculations for the different poten-
tials predict markedly different angular distributions,
they are remarkably consistent in the description of the
forward angles containing the first oscillation. This is
evidence, albeit not unsuspected, that the far forward
angle scattering is not sensitive to the details of the shape
of the nuclear potential, and that the scattering is dom-
inated by the Coulomb potential. Calculations show that
the strength of the real nuclear potentials in the region
around 7 fm is on the order of —,

' of the Coulomb poten-
tial. Further, absorption is small at these scattering an-
gles, so the details of the imaginary part of the potential
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FIG. 14. Optical model (OM) and double folded (DF)

descriptions of 50-MeV Li+ ' 0 elastic scattering.

are not determined by the scattering. Thus, the particu-
lar value of the strength, radius, and diffuseness of the
nuclear optical potential is not critical to the prediction
of the far forward angle elastic scattering.

The starting point for the %'oods-Saxon optical model
analysis of the ' 0 elastic scattering data was the poten-
tial of Chua et al. ' This earlier study only reported data
for the forward angle oscillatory region and the derived
potential does not really provide a good description of
the more detailed data reported here. The six potential
parameters were varied to obtain the best description of
the data and the result is shown in Fig. 14. The resulting
parameters (OM) are contained in Table II and the result-
ing description of the data is good.

The Li+ ' 0 elastic scattering data were also analyzed
with the double folded real potential in the manner of the
' C analysis in Sec. III. The Li density was that of
Suelzle ' and a harmonic-oscillator density was used for
the ' 0 target nuclei. The normalization N and the
three imaginary parameters of the Woods-Saxon imagi-
nary potential were varied to obtain the optimum fit.
The results are shown in Fig. 14. The resulting DF
description is quite good through the dip preceding the
plateau at approximately 55', but the calculation is un-
able to describe the plateau. The resulting parameters
are contained in Table II.

The starting point for the optical model analysis of the
Li+ Be elastic scattering data was the potential of Ref.

14. Again, the six potential parameters were varied to
obtain the optimum fit to the data. The result (the OM
potential, Table III) is shown in Fig. 15 which shows that
in the forward angle diffraction region and in the region
of the two oscillations at larger angles, the data are de-
scribed well. Between these two regions there is a sharp
minimum in the calculations that does not describe the
data. But aside from this weakness, the potential
presents a good description considering that the Li+ Be
elastic scattering involves strong coupled-channels effects
which would be expected to make optical potential
analysis difficult. First, the breakup effects of both Li
and Be must play an important role in the absorption,
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TABLE II. Li+ ' 0 50-MeV potential parameters.

Potential

Ref. 12
Ref. 22
OM
DF

V
(MeV)

210.0
124.8
185.6

0.65

7R

(fm)

1.30
1.15
1.37

(fm)

0.70
0.91
0.70

(MeV)

25.00
7 33'

16.97
14.76

(fm)

1.70
1.79
1.88
2.13

a
(fm)

0.90
0.82
0.82
0.50

ag — g 1/3
X X T

Strength of a surface derivative imaginary potential.
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l

I I
f

I I I I
l

I
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second, both the 2.43-MeV state in Be and the 2.18-MeV
state in Li are easily excited and are certainly strongly
coupled to the elastic scattering, and third, the quadru-
pole reorientation of the Be ground state has been shown
to play a significant role in elastic scattering.

The results of the DF analysis of the Li+ Be elastic
scattering data are shown in Fig. 15. The most obvious
difference between these predictions and the optical po-
tential predictions is in the cross section at the back an-
gles. The DF calculations fit the measured data fairly
well and then falloff precipitously, whereas the optical
potential calculations using the OM potential, show a ris-
ing back angle cross section.

The inelastic scattering of Li to the 5/2, 2.43-MeV
state in Be and the 0+/3 doublet (6.05 and 6.13 MeV)
and the 2+/1 doublet (6.92 and 7.12 MeV) in ' 0 was
analyzed in the same manner as the ' C analysis. The po-
tential labeled OM was used in both the Be and ' 0 ini-
tial and final distorted-wave calculations, without J
dependence, and the transition potential was complex,
constructed from the derivative of the distorted-wave po-
tential.

The measured cross-section data for the scattering to
the 0+/3 doublet in ' 0 are compared in Fig. 16 with
the calculated contribution from the 3 transition. It is
evident from this comparison that the major contribution
is from the 3 transition. The value of PRI of 1.50 fm
for the 3 transition compares with 1.55 fm previously
determined for 30-MeV scattering. Also shown in Fig.

10

10 r

10

10

10

E 10

10

10

LET-

15 are the data for the scattering to the 2+/1 doublet in
' 0 compared with the calculations for the contribution
from the 2+ transition. The calculations are scaled to
PR1=0.73 determined from (p,p') studies. Since the
derivative form of the transition potential is inadequate
to describe monopole and dipole transitions, ' only the
calculations for the 3 and 2+ transitions are shown for
the Li+' 0 doublets. The shape of the calculations
diff'er noticeably from that of the data for the 2+/1
doublet, and so it appears that the 1 state must be
significantly excited in order to smooth the curve and im-
prove the description.

The data and calculation for the scattering to the
5/2, 2.43-MeV state in Be are also shown in Fig. 16.
In these data there is a precipitous dip at approximately
20; which the calculations do not reproduce complete-
ly, but the overall description is good. Measurements of
this dip were repeated to confirm its depth. The value of
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FIG. 15. Optical model (OM) and double folded (DF)

description of 50-MeV Li+ Be elastic scattering.

FIG. 16. Data and D%BA calculations for 50-MeV Li
scattering to the 0+/3 (6.05/6. 13 MeV) doublet and 2+/1
(6.92/7. 12 MeV) doublet in ' 0 and to the 5/2 (2.43 MeV)
state in 'Be.
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TABLE III. Li+ Be 50-MeV potential parameters.

Potential

Ref. 14
Ref. 2
OM
DF

V
(MeV)

174.0
155.0
151.6

0.51

rR

(fm)

1.22
1.80
1.30

(fm)

0.75
0.65
0.68

(MeV)

5.84
74.15
13.29
17.27

(fm)

2.81
1.80
2.41
2.14

a
(fm)

0.63
0.65
0.76
0.79

'R =r A'z x T
Strength of a surface derivative imaginary potential.

PAI of 1.60 fm compares with 1.70 fm previously deter-
mined for 32-MeV scattering. '

V. CONCLUSION

In summary, the 50-MeV Li+ ' C, ' 0, and Be
scattering experiments reported here have confirmed the
existence of a plateau in the elastic scattering cross sec-
tion in the mid-angle region (60' —100') for scattering
from ' C and ' 0 and have shown that this feature is not
so apparent in the scattering from Be. Further, the in-
elastic scattering from ' C, ' 0, and Be do not display
such a plateau structure.

It has been demonstrated that by fitting the Li+ ' C
elastic scattering data through the diffraction oscillations
preceding the mid-angle plateau structure, it is possible
to find a smooth energy dependence of the optical model
parameters for Li+ ' C elastic scattering. These param-
eters have predictive power, for in the low- (11 and 20
MeV) and high- (156 and 210 Mev) energy regimes they
are useful in describing the elastic scattering data
throughout a wide angular range, and in the mid-energy
regime (24, 30, 50, 60, and 99 MeV) they describe the
data well through the first few diff'raction oscillations
preceding the plateau region. Further, it has been ob-
served that when the energy-dependent potentials are

used in DWBA calculations, an acceptable description of
the inelastic scattering to the 2+ (4.44 MeV) and 3 (9.65
MeV) states in ' C is given. Additionally, it has been
shown that the inclusion of an angular momentum depen-
dent absorptive potential can improve the description of
Li+ ' C elastic scattering data and result in a description

of 30-MeV Li+' C vector analyzing power data which
is as good, or better, than that previously obtained. The
double folding model description of the measured ' C
elastic scattering data is good in the low- and high-energy
regimes. However, in the mid-energy region the double
folding description does a poor job of describing the elas-
tic scattering data. The analysis of the 50-MeV Li+' 0
and Be scattering data has shown that the calculated
elastic scattering angular distribution through the first
diffraction oscillation is not sensitive to the specific shape
of the Woods-Saxon optical potential and any reasonable
Woods-Saxon potential can be used to check the normali-
zation of data to +20%%uo,' in the figures contained herein,
this uncertainty is roughly equivalent to the size of a data
point.
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