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Differential cross sections for elastic and inelastic Li scattering from ' C at E, =16 and 20
MeV, and scattering from ' 0 at 18.7 MeV were measured out to 0, =170'. Also by scattering ' C
and ' 0 from Li, the inelastic cross sections for the excitation of the 3+ (2.18 MeV) and the 2+
(4.31 MeV) states of Li and an estimate of the continuum inelastic cross sections of Li were deter-
mined. The inelastic data were analyzed using the distorted-wave Born approximation and
coupled-channels techniques with folded real and phenomenological imaginary form factors, with
the deformations derived from electron scattering. The inelastic data are well described. Coupled-
channels effects due to the 3+ state of Li were found to play an important role in the scattering.
The inclusion of the 3+ state in the coupled-channels calculations reduced the discrepancy in the
normalization of the real double-folded potential between Li and other heavy-ion projectiles, and
the imaginary potential became weaker in the surface region. The present results show that I.=2
coupling in the elastic scattering is very important and that the source can be a state in either the
projectile, the target, or both.

I. INTRODUCTION

Recently, considerable success' has been achieved in ob-
taining microscopic optical potentials for nuclear scatter-
ing beginning with the M3 Y nucleon-nucleon effective in-
teraction. However, success in describing the scattering
of Li, Li, and Be projectiles has been possible only with
a significant reduction in the strength of the potential. '

Since these nuclei are weakly bound ( -2 MeV), attempts
to understand the need for the reduction in the strength of
the microscopic potentia1 have focused on coupling to the
breakup channels. At present, very little data exists and
only a few theoretical calculations have been performed to
investigate the effect of projectile breakup on the elastic
scattering.

Depending upon the projectile energy, two different
breakup modes may be expected. For projectile energies
well below the Coulomb barrier, the projectile may be ex-
cited by the electromagnetic field between the incident
channel nuclei. If the projectile excited states are above
the threshold for particle emission, the projectile will in
most cases sequentially breakup beyond the influence of
the target's nuclear field. ' However, at high energies, a
projectile incident on the peripheral region of the target
nucleus might be expected to undergo a rapid nonsequen-
tial breakup, i.e., direct breakup. ' For a projectile with
an intermediate energy, it should be possible to identify
both breakup modes.

Previous studies in projectile breakup of Li and Li
have not yielded conclusive information about the break-
up mechanisms. A recent investigation of 70 MeV
Li(a+ t) breakup on ' C and Pb targets, found that

the breakup of Li on the ' C target, which at 70 MeV is
well above the Coulomb barrier, is predominantly sequen-
tial, i.e., proceeding through the 4.63 MeV state of "Li,
while the breakup of Li on Pb has both the sequential
and direct components. A group at Heidelberg has stud-

ied the breakup of Li in the field of the heavy target nu-
clei "8Sn and Pb at energies around the Coulomb bar-

' rier, and found the dominant process to be the sequential
breakup Li*(a+ d) proceeding through the 2.18 MeV
(J =3+) state in Li. Until now, there has been no data
available for the breakup of Li on lighter targets at ener-
gies above the Coulomb barrier.

The main thrust of this work is concerned with the in-
vestigation of the effects of coupling to the discrete un-
bound states of Li on the elastic scattering. Proton and u
scattering by Li shows its 2.18 MeV 3+ state to be
strongly excited, and it is possible that coupled-channels
effects due to this state play an important role in Li
scattering. To investigate this, angular distributions for
the excitation of states in both nuclei have been measured
for the Li+ ' C and Li+ ' 0 systems at energies above
the Coulomb barrier. These are the first measurements of
the predominantly nuclear excitation of the discrete un-
bound states of Li in a heavy-ion collision.

In this paper, the inelastic data are analyzed in the
distorted-wave Born approximation (DWBA) and
coupled-channels (CC) frameworks. Section II describes
the experimental procedure used to measure the cross sec-
tions. The folded form factors that were employed are
described in Sec. III. In the DWBA calculations (Sec. IV)
the previously determined folded potentials were used.
The CC analysis (Sec. V) was performed to determine the
extent to which coupling to different excited states alters
the potentials, in particular the normalization of the real
folded potential. The results are discussed in Sec. VI, and
the conclusions presented in Sec. VII.

II. EXPERIMENTAL METHOD

Since the experimental details have been discussed in
detail in earlier publications ' only a brief description will
be presented here. The forward-angle data were taken by
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scattering Li from natural C and Si02 targets of
thicknesses between 100 and 300 pg/cm . The Li tar-
gets, used for determining the excitation of the states in
Li by ' C and ' 0, were enriched to 99.3% and deposited

on Formvar backings. Their thicknesses were in the range
of 30—70 pg/cm . The beams used in these studies were
produced in an inverted sputter source and accelerated by
the Florida State University (FSU) super FN tandem Van
de Graaff. The scattered particles were detected in sur-
face barrier hE &E counter telescopes and particle identi-
fication of the reaction products was done on line. For
the ' 0 and ' C bombardments of the Li targets, both the
scattered ' 0 and ' C and recoil Li products were detect-
ed. The recoil Li nuclei allowed the large-angle portion
of the angular distributions for the excited states in ' 0
and ' C to be measured relatively easily.

The Li + ' C data were taken at two energies to inves-
tigate the energy dependence of the scattering for this sys-
tem. The c.m. energy of 16 MeV was chosen to investi-
gate the existence of an anomaly which has been report-
ed' '" at the nearby c.m. energy of 15.2 MeV. The c.m.
energy of 20 MeV was chosen to be close to previously
measured large angle data at 20.4 MeV, ' so that any ra-
pid change in the angular distributions at large angles
would be found. Angular distributions were obtained for
the excitation of the 3+, 2.18 MeV and 2+, 4.31 MeV
states of Li, and the 2+, 4.44 MeV, 0+, 7.65 MeV, and
3, 9.64 MeV states of ' C.

A typical spectrum from the ' C + Li reaction is
shown in Fig. 1(a). Spectra were also taken on a ' C tar-
get and a Si02 target at each angle so that the location in
the spectra and the yields from these contaminants could
be determined. Typical spectra taken on the ' C and Si02
targets are shown in Figs. 1(b) and (c), respectively. It can
be seen in the spectrum from the Li target [Fig. 1(a)] that
there is a broad structureless continuum yield beginning at
low Li excitation energy, while the spectra from the ' C
and Si02 targets [Figs. 1(b) and (c), respectively] indicate
small yields in this region. This was also true of the spec-
tra obtained in the experiments with the ' 0 beam.

Data were taken for the Li + ' 0 systems because ' 0
does not have a strongly collective state like the 2+ state
of ' C, whose strength might obscure the effects of cou-
pling to the 3+ state of Li. A typical spectrum for this
system is shown in Ref. 8. The inelastic cross sections
measured for Li + ' 0 at E, = 18.7 MeV are for the
excitation of the 3+ state in Li and the 3, 6.13 MeV
state of ' O. The large continuum yield in the ' 0 spectra
made the reliable extraction of yields for the excitation of
the 2+ state of Li in the ' O + Li experiments impossi-
ble.

It was possible, however, to obtain an estimate of the
direct breakup cross section in all three cases investigated.
The elastic and inelastic cross sections measured here have
an absolute uncertainty of 7%. The elastic scattering data
is much more extensive than previously published'
data for Li scattering from ' C and ' 0 in this energy
range. The forward angle oscillations were carefully
mapped out and back-angle data were also measured to
I9, = 170'. The inelastic angular distributions for the ex-
citation of the 2+(4.44 MeV) state in ' C are also very ex-
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FIG. 1. Typical ' C linear energy spectra from the ' C+ Li
experiment taken on: (a) a Li target, (b) a ' C target, and (c) an
Si02 target. The labeled peaks in the spectra correspond to the
following reactions: ' C + Li elastic ( Lio o) and inelastic
scattering to the 3+( Liq ~8) and 2+( Li43}) states of Li as well
as to the 2+(' C444) state of ' C; ' C+ ' C elastic (' Coo) and
elastic scattering for single (' C444) and mutual (' C „,) excita-
tion of the 2+ state; ' C + ' 0 elastic scattering (

' 00 0); and
' C + Si elastic scattering ( 'Sio 0). The peak labeled ( Li4 3]'
' C444) in spectrum (a) contains contributions from the excita-
tion of both nuclei in the ' C + Li reaction.
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tensive at both energies, and oscillate out of phase with
the elastic scattering angular distributions. The inelastic
data for the 0+(7.65 MeV) and 3 (9.64 MeV) states of ' C
and the 3 (6.13 MeV) state of ' 0 are somewhat limited
at forward angles, because the small cross sections made it
difficult to extract the yields from the background. The
inelastic angular distributions for the excitation of the
3+(2.18 MeV) state of Li show considerable structure,
and oscillate out of phase with the elastic scattering angu-
lar distributions. The data for the excitation of the
2+(4.31 MeV) state of Li by ' C have a rather large error
associated with them because the contribution from the
excitation of the 2+(4.44 MeV) state of ' C with Li in its
ground state had to be subtracted from the extracted
yields.

An estimate of the continuum, or direct, breakup cross
section was obtained at each angle by summing the con-
tinuum yield of the spectra for excitation of Li. The
three angular distributions obtained in this way were
structureless and forward peaked. A lower limit of the to-
tal continuum breakup cross section was obtained by in-
tegrating over angles. In this way, it was estimated that
the total continuum breakup cross section is ~ 650 mb for
Li + ' C at 16 MeV, & 900 mb for Li + ' C at 20 MeV,

and ~ 1000 mb for Li + ' 0 at 18.7 MeV.

po(r) =(0.141+0.0647r ) exp( —0.298r ) (3)

for ' O. The proton charge distribution was also unfolded
from these last two densities.

For simplicity, a derivative form was assumed for the
2 -pole radial transition densities pg (r):

dpo(r)
pg(r) =5) (4)

excited nucleus and the ground-state density of the other
nucleus. The particular form of the M3Y interaction
used included a component to account for single-nucleon
knockout exchange' and had the explicit form

—4r e —2.5r
U (r) =7999 —2134 —3905(r) .

4r 2.5r

The Li ground state density was obtained from the mea-
sured charge density of Suelzle et al. '

by unfolding the
proton charge distribution and assuming the neutron and
proton densities to be identical. Harmonic oscillator den-
sities were used for the target nuclei, and are given by

po(r)=(0. 173+.0.0647r ) exp( —0.352r )

for "C, and

III. INELASTIC FORM FACTORS

The double-folding model' was employed to analyze the
measured inelastic cross sections reported here. The real
part of the nuclear form factor was calculated by folding
the M3 Y interaction with the transition density of the

I

where po(r) is the ground state density of the nucleus, and
5g is the 2 -pole nuclear deformation length for the cou-
pling of the ith state to the jth state. The deformation
length 5g for each transition (i ~j ) was fixed by normal-
izing to the reduced electric transition probability, or
B(EL) value, through the relations

8(EL;KJ;~KJz)= (J;LKO
~
JzK) f pI(r)r + dv (5a)

for a rotational nucleus with band head K, and

8 (EL;nl. ——0 J;~nr ——1 J~ ) = (2J;+1) f pg(r)r + dr (5b)

TABLE I. Deformation lengths for inelastic transitions in Li, ' C, and ' O.

Nucleus

Li
Li

12C

12C

16O

Transition
(~~j)

1+~3+
1+~2+
0+~2+
0+—+3
0+~3-

(MeV)

—2.18
—4.31
—4.44
—9.64
—6.13

2
2
2
3
3

B(EL)
(e fm )

25.6'
79'
42g
749'
1325'

Q20
(efm )

—0.64
—0.64"

—21.0"

(fm)

1.88'
0.94
1.48
1.91
1.55

(fm)

] .54+0.2~

1.54+0.4
1.58+0. 1

1.29+0. 1

1.55+0. 1

pe
(fm)

—1.54+0.2'
—1.54+0.4
—1.48+0.1
—1.29+0.1

1.41+0.1

PJ
(fm)

—0.78
—0.78
—1.52
—1.52

'Reference 22.
bReference 27.
'These deformation lengths were determined from the 8 (EL) values.
These deformation lengths were determined from the present DWBA analysis.

'These deformation lengths were determined from the present coupled channels analysis.
The reorientation deformation length was determined from Q20 for ' C and was assumed to be g/2 for Li.

gReferences 27 and 28.
"References 19 and 25.
'Reference 29.
'Reference 30.
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for the excitation of a one-phonon mode in a vibrational
nucleus. This procedure simply sets the charge and nu-
clear deformation lengths equal and assumes that the pro-
ton and neutron densities have the same shape. The ex-
perimental B(EL) values were obtained from electron
scattering and are given in Table I. Also in Table I are
the deformation lengths derived using Eqs. (4) and (5).
The normalization of the transition densities and the cal-
culation of the double-folded form factors were performed
with the computer code DFPQT. In the DWBA and CC
calculations the double-folded form factors were multi-
plied by the same renormalization factor N, as the
double-folded optical potentials.

For the transitions in Li and ' C considered here, a ro-
tational model was assumed and a deformed Woods-
Saxon (WS) potential given-by

8'I (r) = i W—o Yl o(r)dr

1+expI [r Rr —&g YI.—o(r )]~&I I

was used for the imaginary part of the form factors for a
transition of multipolarity L, . The same deformation
Iengths 6L were used for both the real and imaginary
form factors. The 0+~2+ and 0+~3 transitions in
' C and the I =2, 1+~3+ and 1+—+2+ transitions in Li
were considered. In the CC analysis, I.=2 reorientation
terms were included with double-folded real and deformed
WS imaginary form factors. In the rigid rotor model, the
transition deformation length 5g and the reorientation de-
formation length &g should be equal, but by allowing the
two strengths to differ, one can compensate for possible
defects of the model. Since the L=2 transitions in Li
and ' C are very strong, we chose not to set Sz~ ——6j.
Rather, for transitions in ' C, the reorientation quadru-
pole deformation length &q~ was fixed by normalizing to
the intrinsic electric quadrupole moment Qzo,

' ' on
which the ground state band is built, through the relation

f pP(r)r dr=
1/2

Qzo (7)

The same octupole deformation length 53, derived using
the experimental B(E3) value and Eq. (5b), was used for
both the real and imaginary form factors.

In a previous paper the elastic scattering data were
analyzed with Woods-Saxon and double-folded potentials.
The main results are summarized here. Several different
Woods-Saxon potentials were found to fit each angular
distribution well, although the fits to the 16-MeV
Li + ' C data were of inferior quality to those for
Li+ ' C at 20 MeV and Li+ ' 0 at 18.7 MeV. This

could be related to the occurrence of a resonantlike struc-
ture" around E, m =15.2 MeV in Li+ ' C excitation
function data. There was little difference between the new
20 MeV Li+ ' C data and previously measured data' at
20.4 MeV, or between the optical potentials required to fit
them, indicating that there is no rapid energy dependence
at this energy. The double-folded potentials were calcu-
lated by convoluting the M3 Y effective nucleon-nucleon

The deformation length derived using the preceding equa-
tion is given in Table I and turned out to be almost equal
to the deformation length for the 0+—+2+ transition de-
rived using Eq. (5a) and the B(E2) value. Since the quad-
rupole moment of Li is very small, the deformation
length for the reorientation terms of this nucleus were
simply assumed to be half the value of the deformation
length for the 1+—+3+ transition.

The 3 state in ' 0 is generally regarded as a vibration-
al state, and therefore the imaginary part of the form fac-
tor used here for the 0+~3 transition was a derivative
WS given by

d i8'p
W(r) =53

dr 1+exp[(r Rz )la—l ]

TABLE II. Double folding real and Woods-Saxon imaginary potential parameters obtained from op-
tical model and coupled channels calculations for the Li + ' C, ' 0 systems. The imaginary interaction
radius is given by Rq ——rI(A~ +A~ ), while that for the Coulomb interaction is given by R, =1.25
( w,

'"~w,'").

System

6Li ~ 12C

E,
(MeV)

16

Coupling'

OM
OM
6L

0.71
0.69
0.85
0.85

Ro
{MeV)

6.77
7.85
9.80
8.00

rr
(fm)

1.34
1.34
1.13
1.13

aI
(fm)

0.59
0.62
0.70
0.78

6Ly + 12C 20 OM

12C&

0.69
0.85
0.85

8.65
9.50
9.00

1.17
1.13
1.13

0.82
0.70
0.78

6Li ~ 16O 18.7 OM

16OO

0.61
0.75
0.61

6.62
10.9
5.50

1.35
1.07
1.35

0.80
0.78
0.80

'Optical model fits are indicated as OM. Li, ' C, and ' 0* denote, respectively, coupled-channels
calculations in which excited states of Li, ' C, and ' O were included.
Obtained by fitting forward angle data only and used in DWBA analysis.
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interaction with the ground state densities of the projectile
and target nuclei. The potentials needed to be reduced in
strength by about 30%%uo in order to reproduce the data.
Similar quality fits were then obtained to those using
Woods-Saxon potentials.

IV. D%'BA ANALYSIS
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The distorted-wave Born approximation (DWBA) cal-
culations were performed with the computer code
cHUCK3. ' The distorted waves were generated with the
double-folded (DF) real and Woods-Saxon (WS) imagi-
nary optical potentials which fitted the corresponding
elastic data. These potentials are listed in Table II. Since
the potential obtained by fitting the anomalous large angle
16 MeV Li + ' C data did not provide a good fit at for-
ward angles', the forward angle data (8, &90 ) were fit-
ted, starting with the 20 MeV potential parameters, and
the resulting potential was used in the DWBA calcula-
tions at 16 MeV. Only the imaginary potential parame-
ters were searched on during the fitting process and the fi-
nal parameters are given in Table II. The real DF form
factors were normalized by the same factor as the real po-
tentials. Coulomb excitation contributions were included
with the same deformation lengths, derived from the ex-
perimental B(EI.) values using Eqs. (4) and (5), as the nu-
clear form factors.

The results of the DWBA calculations for the Li + ' C
data at 16 and 20 MeV are shown as the fuH lines in Figs.
2 and 3, respectively. Since the 16-MeV elastic-scattering
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FIG. 2. Optical model plus DWBA {full lines), Li*-coupling
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lations for the 16 MeV Li+ ' C data. Real double-folded and
deformed Woods-Saxon imaginary form factors have been used.
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data have contributions from mechanisms other than
shape-elastic scattering, the DWBA analysis was first per-
formed on the 20 MeV data and the results were then used
in calculations for the 16 MeV data. The predictions for
the excitation of the 2+(4.44 MeV) and 3 (9.64 MeV)
states of ' C at 20 MeV reproduce the data well at for-
ward angles with only slight adjustments of the deforma-
tion lengths (Table I), but are too large in magnitude at
back angles.

Some attempts were made to describe the data for the
excitation of the 0+(7.65 MeV) state of ' C assuming a
breathing-mode excitation. This is basically an I =0 vi-
brational excitation. However, an acceptable description
of the data could not be obtained. Since the cross sections
for this state are small, and therefore should not have a
large effect on the elastic scattering, it was not included in
subsequent calculations. The predictions for the excita-
tions of the 3+(2.18 MeV) and 2+(4.31 MeV) state of Li
at 20 MeV have the proper far-forward angle magnitude
and oscillatory structure, but overpredict the magnitude
of the cross sections at the larger angles. It was necessary
to reduce the deformation length for the 1+~3+ transi-
tion in Li by about 15—20% from the value derived us-
ing the B(E2) value, while the deformation length for the
1+—+2+ transition had to be increased by about 60%%u~.

The results of the DWBA calculations for the
Li+ ' 0 data are shown as the full lines in Fig. 4. The

3 (6.13 MeV) angular distribution is well reproduced
without adjustment of the deformation length. The pre-
diction for the 3+(2.18 MeV) state of Li has the proper
forward angle magnitude with the same adjustment of the

100 Mt

a i, i, i I . I, . I . . ~

0 30 60 90 120 150 180
8 (deg )

FIG. 3. Optical model plus DWBA (full lines), Li*-coupling
CC (dash-dot lines), and ' C -coupling CC (dashed lines) calcu-
lations for the 20 MeV, Li + ' C data. Real double-folded and
deformed Woods-Saxon imaginary form factors have been used.
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FIG. 4. Optical model plus DWBA (full lines), Li*-coupling
CC (dash-dot lines), and ' 0 -coupling CC (dashed lines) calcu-
lations for the 18.7 MeV Li+ ' 0 data. Real double-folded
and deformed Woods-Saxon imaginary form factors have been
used.

deformation length as found necessary in the analysis of

V. COUPLED-CHANNELS ANALYSIS

Coupled-channels (CC) calculations were performed to
investigate the effect of coupling to the first-excited state
of Li on the calculated elastic scattering angular distribu-
tion. The computer code cHUCK3, which was used for
these calculations, does not allow for the treatment of
coupling to excited states of both nuclei. Therefore, for
each system, two sets of calculations were performed, one
for projectile coupling and the other for target coupling.
In these calculations, the optical model parameters ob-
tained from fitting the elastic scattering data and the de-
formation lengths from the DWBA analysis were used as
starting values for fitting the elastic and inelastic cross
sections. Coulomb excitation was also included as before.

The analysis was first performed on the Li + ' O data,
since the first excited state of '- C is strongly excited and
may have a large influence on the elastic channel, compli-
cating the effect of the projectile coupling. First, CC cal-
culations were performed for coupling to the 3+ state of
Li. This coupling had a great affect on the elastic

scattering prediction, causing it to be drastically out of
phase with the data, even at far-forward angles. The pa-
rameters X, 8'o, rr, and aI were then optimized to
describe the data, resulting in the final parameters labeled
Li* for the Li+ ' 0 system in Table II and the fits

shown as the dash-dot lines in Fig. 4. The description of
the elastic scattering data is reasonable over the whole an-
gular range. The part from 6, =60 —90 was found to
be very sensitive to reorientation effects in the 3+ state
and requires a negative 52' to be described correctly. The
3+ prediction has the correct forward angle magnitude

with the same value of
l 52

l

that was found in the
DWBA analysis (Table I). Coupling to the 3 (6.13 MeV)
state in ' 0 was then considered, again starting with the
elastic scattering optical model parameters. The target
state was found to affect only the large angle magnitude
of the elastic scattering prediction. Simply by reducing
the depth of the imaginary potential 8'o by about 20%
resulted in the predictions shown as the dashed-dotted
lines in Fig. 4 and the parameters of Table II. The
descriptions of the elastic scattering and 3 angular dis-
tributions are quite good over the entire angular range.

Calculations were then performed on the 20-MeV
Li + ' C data, starting with inclusion of the 3+ state of
Li. As in the calculations for the Li+ ' 0 system, this

state was found to have a large influence on the elastic
scattering prediction. After performing a grid search on
the normalization of the real double-folded potential, a
good description of the data was obtained with N=0.85.
Coupling to the 2+ state of Li was then included and re-
sulted in only a slight deterioration of the elastic-
scattering fit. The results are shown as the dash-dot lines
in Fig. 3 and the CC parameters are given in Table II.
The fit to the elastic scattering data is quite reasonable
and the two inelastic angular distributions are well
described. As in the calculations for the Li+ ' 0 sys-
tem, the midregion (0, =60'—120') of the elastic
scattering angular distribution was found to be very sensi-
tive to reorientation effects in the 3+ state and required a
negative 52' to be described correctly. The effect of cou-
pling to the target states was then investigated, and the in-
clusion of the 2+ state in ' C was found to have much the
same affect on the elastic scattering prediction as the 3+
state of Li. The %=0.85 potential obtained in the pro-
jectile coupling calculations was found to provide a very
good fit to both the elastic and 2+ angular distributions,
with the quadrupole deformation length 52' for ' C equal
to the value obtained from the B(EL) value. The best fit
required only small changes in Wo and aI. The inclusion
of the reorientation term had little effect on the calcula-
tion. Coupling to the 3 state was then included, causing
some deterioration in the elastic scattering fit. It was
necessary to decrease the octupole deformation length 53
for this transition by about 30% to match the forward-
angle prediction to the data. The results are shown as the
dashed lines in Fig. 3 and the CC parameters are given in
Table II. The description of the elastic scattering data is
good and the two inelastic angular distributions are well
reproduced. The same calculations for projectile and tar-
get coupling were then performed for the 16-MeV data,
resulting in the predictions shown as the dash-dot and
dashed lines, respectively, in Fig. 2 with the parameters
given in Table II.

VI. DISCUSSION

The optical model (OM) and DWBA (solid lines), Li*-
CC (dash-dot lines), and ' C'- or ' 0*-CC (dashed lines)
fits to the elastic and inelastic data are compared in Figs.
2, 3, and 4. The OM and both sets of CC calculations
provide comparable descriptions of the elastic scattering
data in all three cases. The CC predictions for the excita-
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tion of Li have the proper magnitude at larger angles,
which were overpredicted by the DWBA. The CC fit to
the 3 state of ' O is quite good over the whole angular
range, as is the prediction for the 3 state of ' C. The CC
fit to the 2+ state of ' C is much improved over that of
the DWBA, however, the magriitude at back angles is low.

The inclusion of coupling to the 3+ state of Li had a
large influence on the calculated elastic scattering angular
distributions for both targets. A comparison of the final
CC parameters with those obtained in the OM analysis
(Table II) reveals two important effects of coupling to this
low-lying, strongly excited state. The first is a substantial
increase in the normalization X of the DF potential from
0.70 to 0.85 for the Li+ ' C system and from 0.61 to
0.75 for the Li + ' 0 system. This reduces the
discrepancy in the depth of the real DF potential neces-
sary to describe the scattering of Li and other heavy-ion
projectiles. The second effect is a reduction in the
strength of the imaginary potential in the surface region.
This provides evidence that at least part of the large
phenomenological imaginary potential which often dom-
inates Li scattering arises from coupling to excited states
of Li. Coupling to the 2+ state of Li was found to have
only a minor effect on the results of the calculations for
the Li+ ' C system.

The coupling of the target states for the two systems
had very different results. The 3 state of ' 0 was found
to have very little influence on the elastic scattering calcu-
lations, while the 2+ state of ' C was found to have as
large an effect as the 3+ state of Li. This result indicates
that I,=2 coupling to the elastic channel is important and
not the particular state from which it arises. The in-
clusion of the 3 state of ' C in the CC calculations made
relatively little difference in the elastic scattering predic-
tions.

In Table I, the deformation lengths derived using the
experimental 8 (EL ) values are compared with those
determined in the DWBA and CC analyses. It was neces-
sary to reduce the magnitude of the deformation length
for the 1+~3+ transition in Li by 15—20% from the
value derived using the 8(E2) value of Eigenbrod. This
reduction is consistent with the results of Yen et al. and
Petrovich et a/. in which the obtained 8(E2) values
were 10—20% lower than those of Eigenbrod. A substan-
tial increase in the

~

5z
~

for the 1+~2+ transition in Li
was found necessary. This suggests that there may be a
considerable contribution from two-step processes in the
excitation of the 2+ level in Li. The magnitude of the
quadrupole deformation length

~

52'
~

for the 0+~2+
transition in ' C determined in the DWBA analysis is 7%
greater than that obtained from the 8 (E2) value. Howev-
er, the deformation length derived from the 8(E2) value
provides the correct forward-angle magnitude of the 2+
CC prediction to the data. The 63 for the 0+—+3 tran-
sition in ' C determined from the DWBA and CC analy-
ses is 30%%uo lower than that found from the 8(E3) value,
but the 53' for ' Q is consistent with the 8 (E3) value for
that transition.

The signs of the quadrupole deformation lengths 52 for
the 1+~3+ transition in Li and the 0+~2+ transition
in ' C were determined unambiguously in the CC analysis.

The mid-angular region of the elastic scattering angular
distributions is particularly sensitive to reorientation ef-
fects in the Li 3+ state and requires a negative 52 to be
described correctly. The CC fits for the 2+ state of ' C
shown in Figs. 2 and 3 are also for a negative quadrupole
deformation length. When the sign of 52' for ' C was
made positive, the CC elastic and 2+ predictions did not
fit the data as well as with negative 62 . This was expect-
ed, since the intrinsic quadrupole moment Q20 (Refs. 19
and 25) of ' C is negative. Changing the signs of the oth-
er deformation lengths had only minor effects on the re-
sults of the calculations. Therefore, negative deformation
lengths were assumed for a11 other transitions, except for
the octupole deformation length 53' for the 0+—+3 tran-
sition in ' 0, which was taken to be positive by conven-
tion for a vibrational excitation.

As found in other studies of inelastic Li scattering, the
real part of the transition form factor contributes relative-
ly little in the inelastic cross sections in the DWBA. Set-
ting the imaginary part of the form factor equal to zero
reduced the cross sections by almost a factor of 10, while
setting the real part equal to zero reduced the cross sec-
tions by only a factor of 2—4. Therefore, the inelastic
cross sections are dominated by the imaginary form fac-
tor. The inelastic cross sections have significant contribu-
tions from the Coulomb form factor only at far-forward
angles.

The overall results of the present calculations are not
altered when different transition densities are used.
DWBA and CC calculations performed using double-
folded form factors generated with the microscopic transi-
tion densities of Kamimura' and Bassel et al. for tran-
sitions in ' C and that of Petrovich et al. for the
1+~3+ transition in Li yielded results that were essen-
tially identical to those presented here.

The coupled channels calculations presented in this pa-
per have considered only excitations in the target or pro-
jectile. It would be desirable to execute calculations in
which the excited states of both nuclei are coupled in a
single calculation. These, however, involve a prohibitively
large amount of computing time. For example, using our
SEL 32/77 computer, a calculation coupling in states of
Li and ' C simultaneously takes in excess of 10 h of CPU

time, compared with about 30 min when only states in Li
are considered, and about 10 min for states in ' C only.
Preliminary calculations with an extended version of
cHUcK, coupling states of both nuclei do not significantly
alter the conclusions reached in this paper. In these calcu-
lations the value of X does not change from those in
which only states in Li are considered (i.e., those calcula-
tions denoted by Li*). A small change in the strength of
the imaginary potential is observed. In particular, simul-
taneously coupling the 3+ state in Li and the 2+ state in
' C (which alone have a large effect on the elastic scatter-
ing) produces results very similar to those obtained in this
paper.

VII. CONCLUSIONS

Angular distributions have been measured for the elas-
tic and inelastic scattering to states in both nuclei in the
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Li+ ' C reaction at E, m =16 and 20 MeV, and the
Li+ ' 0 reaction at E, =18.7 MeV. The cross sec-

tions presented here for the excited states of Li are the
first measurements for the excitation of the discrete un-
bound states of Li in a predominantly nuclear heavy-ion
collision.

The inelastic scattering data were analyzed using both
the DWBA and coupled-channels techniques with folded
real and phenomenological imaginary form factors, with
the deformation lengths taken from electron scattering.
The DWBA provided quite reasonable descriptions of the
forward angle inelastic data.

The coupled-channels predictions for the elastic scatter-
ing data provide quite reasonable descriptions of the data,
with better fits at large angles then obtained with the opti-
cal model. The coupled-channels predictions for the in-
elastic data provide a better description of the angular dis-
tributions than the DWBA, particularly at large angles.
The deformation lengths obtained in the coupled-channels
analysis are in good agreement with those obtained in the
DWBA analysis.

Coupled-channels effects due to the 3+ state of Li are
very important in the scattering of Li projectiles. When
coupling to this low-lying, strongly excited state was tak-
en into account, two important results were observed.
The first being that the normalization of the real double-
folded potential, necessary to fit the elastic scattering
data, was significantly closer to unity for both targets,
thus reducing the discrepancy between Li and other
heavy-ion projectiles. The second being that a comparison
of the imaginary potentials obtained from the OM and
CC fits shows that when the coupling is included. the
imaginary potential becomes weaker in the surface region.

This provides evidence that at least part of the large
phezomenological imaginary potential which often dom-
inates Li scattering arises from coupling to excited states
of the Li projectile. The 2+ state in Li, and the 3
states in ' C and ' 0 were found to be relatively unimpor-
tant. Coupling to the 2+ state of ' C was found to have
much the same effect on the elastic scattering prediction
as coupling to the 3+ state of Li. This result shows that
it is the total I.=2 strength that matters, rather than the
specific nuclear state with which it is associated.

Also, from the present work, it was estimated that the
total continuum breakup cross section was )650 mb for
Li + ' C at 16 MeV, & 900 mb for Li + ' C at 20 MeV,

and ) 1000 mb for Li+ ' 0 at 18.7 MeV. This is very
much larger than the total inelastic cross sections for the
3+ state (o, ,~3+~-24, 27 and 30 mb for Li+ ' C at 16
and 20 MeV, and Li + ' 0 at 18.7 MeV, respectively) ob-
tained from the coupled-channels calculations, and it is
possible that, if the continuum breakup could be included
in coupled-channels calculations, the normalization
discrepancy of the real double-folded potential might be
removed. The theoretical work of Ref. 3 is concerned
with this, and the data presented here for the excitation of
Li should be valuable in the context of understanding

breakup effects in elastic scattering.
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