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P. L. Kerr, K. W. Kemper, P. V. Green, K. Mohajeri, E. G. Myers, and B. G. Schmidt
Department of Physics, Florida State University, Tallahassee, Florida 32306-3016

V. Hnizdo
Department of Physics, University of Witwatersrand, Johannesburg, 2050 South Africa

~Received 1 April 1996!

A complete set of analyzing powers~AP’s!, iT11, T20, T21, andT22, for 50 MeV 12C(6LiW,6Li ! elastic
scattering and inelastic scattering to the12C~21, 4.44 MeV!, 12C~01, 7.65 MeV!, and 12C~32, 9.64 MeV!
states over the center-of-mass~c.m.! angular range 10°–115° is reported. In addition, cross sections for th
excited states 31~2.18 MeV!, 21~4.31 MeV!, and 11~5.65 MeV! of 6Li were measured by using the inverse-
kinematics reaction6Li( 12C,12C! at 100 MeV. A combined analysis of the new 50 MeV data and previous 30
MeV data has been carried out using the coupled-channels~CC! codeFRESCO. Comparison ofFRESCOcalcu-
lations with those using the CC codeCHUCK are presented. The CC calculations use an optical potential wit
double-folded~DF! real central, Woods-Saxon imaginary central, and Thomas real spin-orbit~SO! potentials.
Calculations include reorientation terms and coupling to the first three excited states of6Li and the first two
nonzerospin states of12C. The 6Li coupling strengths were fixed by the measured6Li excited-state cross
sections. The elastic-scattering cross sections and A.P.’s are described well. The need for an explici
potential is apparent in the elastic and inelastic-scattering AP’siT11, more so at 30 MeV than at 50 MeV. The
rank-2 AP’s up to 50° c.m. arise mainly from ground-state reorientation effects. The DF potential normali
tion constantN approaches unity for the 50 MeV data. At both energies, the12C~21) cross sections are
underestimated at large angles, and the description of the12C~32) cross sections is poor in detail. The
12C~32) AP’s and the12C~21) iT11 are not reproduced at either energy.@S0556-2813~96!05609-9#

PACS number~s!: 24.70.1s, 24.10.Ht, 25.70.Bc
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I. INTRODUCTION

The unexpectedly large vector analyzing powers~AP’s!
observed originally in polarized6Li ( 6LiW) elastic scattering
from 12C and other targets@1# have since been found in
6LiW scattering over a wide range of energies by these
other nuclei:58Ni @2–4#, 26Mg @5,6#, 12C @7–10#, 9Be @11#,
4He @12,13#, and 120Sn @14#.
The large spin-dependent effects observed in these exp

ments were originally attributed to an explicit, or stati
~folded! spin-orbit ~SO! potential@2#. However, the magni-
tudes of the AP’s for the heavier targets, e.g.,58Ni, were not
matched using such a SO potential, while a coupled-chan
~CC! approach without an explicit SO interaction@15–18#
reproduced many of the experimental data. Both the dyna
SO interaction, which arises from channel coupling, and
explicit SO potential may be present in the6Li-nucleus in-
teraction, but the extent to which these two mechanisms
spin-orbit interaction compete with each other at the6LiW en-
ergies studied thus far is not known.

It has been suggested that the dynamic, channel-coup
generated SO interaction dominates the explicit SO poten
at energies near the Coulomb barrier, but that the two
come comparable@19# at energies well above the barrie
Sakuragi has predicted that the explicit SO potential sho
dominate the dynamic SO interaction@20# at intermediate
energies (. 100 MeV/nucleon!. However, it is not clear at
what energy the two types of SO interaction will begin
compete.
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With the development of more sophisticated polarized L
ion sources, rank-2 AP’s became available, and were als
found to have large values, especially the APT21 @5,9#. As
with the SO interaction, the role of the static versus dynami
tensor interaction in producing tensor AP’s, as well as of th
projectile-energy and target-mass dependence of the tens
interactions, has been a subject of considerable discussi
@4,6,14,16,19,21#. In addition, it has been suggested that, in
the double-folded nuclear potential formalism, the normal
ization of the central potential is energy dependent, i.e., in
creasing with projectile energy@22#.

A 6LiW data set that has small AP errors over a large an
gular range, and that is complete at two widely spaced ene
gies would help to answer these questions. This work repor
new inelastic-scattering AP’s for6Li1 12C atElab(

6Li)550
MeV, which, in combination with the 30 MeV data of Reber
et al. @10#, furnishes two data sets for the same target a
incident energies substantially above the Coulomb barrier.
addition, new data are reported for the excitation of states
6Li at the same c.m. energy~33.3 MeV! by using a 100 MeV
12C beam to bombard a6Li target.
The present work presents the results of a CC analysis

both data sets. The CC analysis seeks to determine, at bo
energies, the role of projectile and target-excitation chann
coupling and the role of the explicit and dynamic spin-orbi
and tensor interactions in generating the different analyzin
powers. In this way, the energy dependence of the spin
dependent interactions involved in the scattering is exam
ined.
1267 © 1996 The American Physical Society
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1268 54P. L. KERRet al.
FIG. 1. ~a! The four- and six-
channel coupling schemes use
with the codeFRESCO. The solid
arrows show the four-channe
scheme and the dashed arrow
show the additional channels in
cluded in the six-channel scheme
~b! The one- and two-step cou
pling schemes for the6Li 1 12C
mutual excitation~ME!. The chan-
nel numbers assigned to each e
ergy level are given in parenthe
ses.
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II. EXPERIMENT

The experimental details of the measurements
inelastic-scattering AP’s are the same as given earlier
report focusing on the elastic scattering@23#. After the mea-
surement of cross sections and AP’s for12C(6LiW, 6Li ! at 50
MeV were completed, measurements of cross sections
the inverse-kinematics reaction6Li( 12C,12C! at 100 MeV
were carried out. The motivation for this experiment was
measure the cross sections for the excited states of6Li.
These cross sections are related directly to the strength
which the 6Li * channels couple to the elastic and inelas
12C* channels, and thus allow the coupling-streng
parameters to be fixed in the CC analysis of the 50 M
12C(6LiW, 6Li ! cross section and AP data.
The 6Li target material~enriched to 99%! was deposited

on a Formvar backing and transferred to an 85 cm diam
target chamber under vacuum. This has been found ne
sary because the humid air present in the laboratory re
quickly with lithium, which then dissolves on the backin
Even with considerable care, carbon, oxygen, and sili
contaminants were found in the6Li target. A 12C target that
had roughly the same amount of contaminants as foun
the 6Li target was used at each angle that was used with
6Li target. The cross sections were measured at the lab
tory angles of 4.5°, 5°, 6°, 7°, 10°, 11°, 12°, and 13°. Sp
tra for both targets were obtained at each angle before
detectors were moved to the next angle because the k
matic shift in energy of the peaks is quite rapid when inve
kinematics is used.

Once the contaminant peaks are identified in the12C tar-
get spectra at a given angle, they can be accounted for in
6Li target spectra at the same angle. Other peaks remai
in the 6Li spectra are only from the6Li( 12C,12C! 6Li * reac-
tions, whose yields are used to produce the6Li * cross sec-
tions by normalizing them to the known elastic-scatter
cross sections. Cross sections could be obtained in this
for the excited states 31~2.18 MeV!, 21~4.31 MeV!, and
11~5.65 MeV! of 6Li. Beyond the 5.65 MeV state, ther
were too many states in the continuum part of the spectr
making peak identification impossible.

III. ANALYSIS

Both the new 50 MeV and the previously published
MeV data on elastic and inelastic6Li 1 12C scattering were
of
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analyzed with CC calculations using double-folded~DF! real
and Woods-Saxon~WS! imaginary central potentials. The
use of a semimicroscopic real interaction reduces the num
of parameters in the calculation, allowing the underlyin
mechanisms that are responsible for producing different an
lyzing powers to be identified more clearly.

The initial calculations used a version of the CC cod
CHUCK @24,25# that allows projectile excitation as well as
target excitation to be incorporated in the calculations, b
can couple together only up to four channels. The calcul
tions with CHUCK were used as a starting point because
similar work done earlier at 30 MeV using this code@8,10#.
The starting parameters were taken from the work of Reb
et al. @10#. Later calculations employed the codeFRESCO
@26#, which allowed more channels to be included. Extensiv
tests were carried out withFRESCOusing an external read-in
DF potential to make certain that the calculated analyzin
powers gave the same results as the well-tested project
excitation version ofCHUCK. Other interactions were intro-
duced into the calculations in attempts to improve the agre
ment with observables that eluded simple description. The
included an imaginary SO potential, a deformed SO couplin
potential, and6Li 1 12C mutual excitation. The results of
these calculations are discussed in subsection B.

A. Calculations

The calculations with the codeFRESCOincluded six chan-
nels: the ground state, the first three excited states of6Li,
and the first two nonzero-spin excited states of12C. The
reorientation terms for all channels except the12C~9.64
MeV! channel, which has a zero quadrupole reorientatio
Clebsch-Gordan coefficient, were included. The solid arrow
in Fig. 1~a! show a four-channel coupling scheme and th
dashed arrows show the two additional channels included
the six-channel coupling scheme. The curled arrows rep
sent the reorientation terms.

The real central potential for6Li 1 12C was obtained in
the DF formalism@18,27# using the M3Y effective nucleon-
nucleon interaction of Bertschet al. @28# ~theS5T50 term
only!, supplemented with a term approximating single
nucleon knockout exchange~SNKE! @29#. The nucleon den-
sity of 6Li was obtained from the measured charge density
Suelzle@30# by assuming that the proton and neutron distr
butions have the same shape. The nuclear density of12C was
obtained from a modified harmonic oscillator density@31#.
For strong collective excitations, the radial part of the tran
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54 12696LiW1 12C INELASTIC SCATTERING AT 30 AND 50 MeV
sition density is concentrated near the nuclear surface and
first-order in deformation, is given by the derivative of th
nucleon densityr(r ):

r l
i j ~r !52d l

i j dr~r !

dr
. ~1!

Here,d l
i j is the 2l -pole deformation length for a transition

from statei to statej . The deformed densities are then use
in the DF formalism to obtain the real central transition po
tential.

The imaginary central potential was of the Woods-Sax
~WS! form:

Wdiagonal~r !5
2W0

11expS r2RI

aI
D . ~2!

The imaginary central transition potential is obtained by ta
ing the derivative of the imaginary central potential, usin
the same deformation lengthd l

i j as in the DF real transition
potential:

Wcoupling~r !52d l
i j d

dr

2W0

11expS r2RI

aI
D . ~3!

Also included was a real spin-orbit interaction of the Thom
form:

VSO~r !5S \

mpc
D 2VSO

r

d

dr
f SO~r ! lW•sW, ~4!

wheresW is the spin operator of thes51 spin of 6Li and

f SO~r !5F11expS r2RSO

aSO
D G21

. ~5!

The coupling strengths for the excitation of the6Li ~2.18
MeV!, 6Li ~4.31 MeV!, 6Li ~5.65 MeV!, 12C~4.44 MeV!, and
12C~9.64 MeV! states are given by the deformation length
denoted asd2~2.18!, d2~4.31!, d2~5.65!, d2~4.44!, and
d3~9.64!, respectively. Alternatively, these strengths can b
specified in terms of parametersb l given, for example, by
the relationd l 5b l RI5b l r IAT

1/3, whereRI is the full radius
of the imaginary central potential andAT is the target mass
number. Coupling strengths were set by matching the cal
lated inelastic-scattering cross sections to the experimen
data. The 50 MeV12C* cross section data were obtained i
the measurement of the APiT11 and supplemented with the
data taken by Trckaet al. @32#. The 6Li* cross section data
are described in Sec. II above. In addition to the transiti
coupling strengths, there are also the parameters of the re
entation terms for the6Li ~2.18 MeV!, 6Li ~4.31 MeV!,
6Li ~5.65 MeV!, and 12C~4.44 MeV! excited states, and the
ground state ~g.s.!, denoted as b2~2.18r!, b2~4.31r!,
b2~5.65r!, b2~4.44r!, andb2~g.s.r!, respectively. The transi-
tion and reorientation coupling strengths used at 30 Me
were the same as those used at 50 MeV.
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B. Results

1. Comparison between calculations with the codesFRESCO

and CHUCK

The initial calculations with the codeCHUCK focused on
the 50 MeV elastic-scattering cross section as ratio-t
Rutherford (s/sR) and AP iT11, since these data have the
smallest errors and sinceiT11 was found in an earlier optical-
model analysis to be sensitive to all spin-dependent forc
@23#. The calculations were then refined to describe additio
ally the elastic-scattering APT20. Then the calculations fo-
cused on the 30 MeV data, starting from the 50 MeV param
eter set. Finally, the calculations alternated between those
30 and 50 MeV in order to describe all the data with as fe
parameter differences as possible. A four-channel coupli
scheme, given in Fig. 1~a!, was used in these CC calcula
tions.

After the four-channelCHUCK calculations, the goal was
to reproduce these results withFRESCOas a check between
theCHUCK andFRESCOcodes. Beginning with simplified trial
runs and working up to the full four-channel calculation
very good agreement between the codesCHUCK andFRESCO
was obtained when care was taken in setting the numeric
accuracy parameters. The results of this comparison
given here briefly

~1! Optical model ~OM! calculations with the code
HERMES @33# using standard Woods-Saxon~WS! forms have
been reproduced withFRESCO.

~2! Double-folded real central potential OM calculation
of HERMESV ~HERMES modified to handle DF real central
potentials! have been reproduced withFRESCOby reading in
a DF real central potential.

~3! Coupled-channels calculations of the codeCHUCK
have been reproduced withFRESCO. The couplings included
projectile excitation, target excitation, and reorientatio
Both WS real central and DF real central potential calcul
tions of CHUCK have been reproduced.

~4! When due regard is taken of the different definition
of the spin orbit-potential strengths~the parameter of the SO
potential strength inFRESCOis factors of 1/2 and 1/4 of that
in HERMES and CHUCK, respectively!, the AP’s calculated
with all the three codes agree.

~5! A radial integration step size of 0.05 fm was used i
FRESCOto reproduceCHUCK calculations with a step size of
0.1 fm.

~6! Three methods of coupling channels inFRESCOwere
investigated and each agrees with the correspondingCHUCK

calculations.
The 50 and 30 MeV four-channelFRESCOparameters are

given in Table I as parameter sets A and B, respectively.

2. Combined description of 50 and 30 MeV cross sections
and analyzing powers

The 6Li ~5.65 MeV! and 12C~9.64 MeV! states were then
added to the above four-channelFRESCOcalculations. The
resulting six-channel calculations describe both the 30 a
50 MeV s/sR and elasticiT11 very well with only few dif-
ferences in the parameters between the two energies. Par
eter sets C~50 MeV! and D ~30 MeV! in Table I give the
six-channelFRESCOparameters for the combined descriptio
at both energies. Figure 2 shows the elastic-scattering d
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TABLE I. Parameters of the four- and six-channel CC calculations with the codeFRESCO. The strength of theFRESCOspin-orbit input
parameter is14VSO while that forCHUCK is VSO.

Optical-potential parameters
SNKE W0 r I

a aI VSO rSO
a aSO

Set N ~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

A 0.985 2356.0 12.0 2.22 0.55 2.0 1.8 0.35 Four channels, 50 MeV
B 0.910 2390.0 8.0 2.22 0.55 2.0 1.8 0.8 Four channels, 30 MeV
C 0.985 2356.0 10.0 2.22 0.55 2.0 0.9 0.8 Six channels, 50 MeV
D 0.890 2390.0 7.0 2.22 0.55 2.0 1.8 0.8 Six channels, 30 MeV

Coupling-strength parameters
Set b2~2.18! b2~g.s.r! b2~2.18r! b2~4.31! b2~4.31r! b2~4.44! b2~4.44r! b2~5.65! b2~5.65r! b3~9.64!

A 20.4 20.15 20.3 20.3 20.15 20.3 20.15
B 20.4 20.15 20.3 20.3 20.15 20.3 20.15
C 20.4 20.15 20.3 20.38 20.19 20.26 20.13 20.73 20.37 20.16
D 20.4 20.15 20.3 20.38 20.19 20.26 20.13 20.73 20.37 20.16

aRx5r x12
1/3.
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and calculations at 50 MeV~top! and 30 MeV ~bottom!.
These calculations represent the best six-channel descrip
obtained for the 30 and 50 MeV data. The only differenc
are in the DF normalization parameters,N5(0.89,0.985),
the imaginary WS strengths,W05(7.0,10.0) MeV, and SO
potential radii,rSO5(1.8,0.9) fm atE5(30,50) MeV.

The elastic-scattering cross section, particularly at
MeV, was very sensitive to the DF normalization parame
N, thusN50.985 is chosen over 0.99. The SNKE valu
were fixed at2390 and2356 MeV, at 30 and 50 MeV,
respectively, as given by Stanley@37#. However, it was
found that the changes in calculations that were due
changes in the DF parameterN could be compensated for b
changing the SNKE value. Therefore, alternatively,N could
be fixed and SNKE used as a parameter. This coupling
tweenN and SNKE has been discussed recently by Satc
and Love@38#.

In the full calculations, all coupled states had their reo
entation included, with strengths that were equal to about
tion
es

50
ter
s

to

be-
ler

ri-
the

same fraction (;1/2! of the state transition strengths. The
deformation lengthsd l

i j derived from theb l parameters used
in parameter sets A–D are given in Table II along with val
ues obtained from other references.

The elastic-scattering APiT11 is described very well at
both energies. The small-angle rank-2 AP’s in the elast
scattering are described reasonably well, except forT22,
which is overpredicted at both energies. The most obviou
feature that is not described in elastic scattering is the lar
dip in T20 at 50 MeV between 45°–60° c.m. Better descrip
tions were obtained at both energies, but at the cost of mo
parameter differences. The parameters of the combined
scription indicate that the spin-orbit potential is different a
30 and 50 MeV. They also indicate that the DF normaliza
tion N approaches unity at the higher energy. This is i

agreement with an analysis of6LiW 1 26Mg scattering at 44
and 60 MeV @6#, although deuteron-a cluster-folded~CF!
potentials were used in that work. Finally, the strengthW of
TABLE II. Deformation lengths for6Li and 12C.

Nucleus Transition Q Present Rebera B(El )
( i→ j ) ~MeV! l d l

i j ~fm! d l
i j ~fm! ud l

i j u ~fm! b

6Li 11→31 22.18 2 22.04 22.04 3.69c
6Li 11→11 2 20.76 21.02
6Li 31→31 2 21.53 21.02
6Li 11→21 24.31 2 21.95 22.04 1.83c
6Li 21→21 2 20.98
6Li 11→12

1 25.65 2 23.72
6Li 12

1→12
1 2 21.86

12C 01→21 24.44 2 21.34 21.35 1.48d
12C 21→21 2 20.67
12C 01→32 29.64 3 20.80 21.29 1.91e

aReference @10#.
bDeformation lengths determined fromB(El ) values.
cReference @34#.
dReference @35#.
eReference @36#.
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FIG. 2. Six-channel CC calculations for the12C(6Li, 6Li ! elastic-scattering cross sections and AP’s. The calculation for the energy o
MeV ~top! uses parameter set C of Table I, and the calculation for 30 MeV~bottom! uses parameter set D of Table I.
n
l

e-
for
the imaginary central potential is greater at 50 MeV, refle
ing the fact that, at the higher energy, more reaction chan
open up, but are not accounted for explicitly in the calcu
tion.
ct-
els
a-

The 12C~21, 4.44 MeV! and 12C~32, 9.64 MeV!
inelastic-scattering cross sections and AP’s were not d
scribed nearly as well as the elastic-scattering data. Data
the 12C~01, 7.65 MeV! excitation were obtained, but this
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FIG. 3. Six-channel CC calculations for the12C~4.44 MeV! cross section and AP’s. The calculation for the energy of 50 MeV~top! uses
parameter set C of Table I, and the calculation for 30 MeV~bottom! uses parameter set D of Table I.
e
s.

ll-
state was not included in the calculations due to the difficu
ties found with other projectiles in describing this transition
Figure 3 presents the12C~4.44 MeV! state data and calcula-
tions at 50 MeV~top! and 30 MeV~bottom!. Figure 4 shows
l-
.
the 50 MeV12C~7.65 MeV! state data, and Fig. 5 shows th
12C~9.64 MeV! state data and calculations at both energie
The 12C~4.44 MeV! rank-2 AP’s at 50 MeV are small and

comparable to the calculations, but there are two we
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FIG. 4. Experimental data for the12C~01, 7.65 MeV! cross section and AP’s at 50 MeV.
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structured peaks iniT11~4.44 MeV! that were not reproduced
in the calculations. In addition, the cross section is underp
dicted at large angles. At 30 MeV, the AP calculations ma
the data in magnitude but not in detail or phase. The cal
lated 12C~4.44 MeV! cross section is particularly poor be
yond 60° c.m., underpredicting markedly the data. In t
final description, more weight was placed on the small-an
cross sections and AP’s.

At both energies, the12C~9.64 MeV! experimental AP’s
are much greater than the calculated values, particularly a
MeV. The cross-section calculations are perhaps better
the 12C~9.64 MeV! state than for the12C~4.44 MeV! state.
The exception is a peak in the 30 MeV calculation betwe
50° and 75° c.m., which is not present in the data.

3. Inelastic-scattering cross sections for the 31(2.18 MeV),
21(4.31 MeV), and 12

1(5.65 MeV) states in6Li

Figure 6 shows the cross section data and calculations
inelastic scattering to the6Li ~2.18 MeV!, 6Li ~4.31 MeV!,
and 6Li ~5.65 MeV! states at energies corresponding
Elab(

6Li)550 MeV ~left! and 30 MeV~right! using param-
eter sets C and D, respectively. The6Li ~2.18 MeV! cross
section was very well described at both energies. T
6Li ~4.31 MeV! cross-section calculation was adjusted
bring the magnitude close to the average of all the points,
it does not agree with the data in detail. Only 50 Me
6Li ~5.65 MeV! data exist, and the calculation was adjust
to agree with the two data points.
re-
tch
cu-
-
he
gle

t 30
for

en

for

to
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to
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V
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4. Extending the12C(4.44 MeV) calculations

Additional interactions were investigated in an attempt t
improve the agreement between the calculations and data
the 50 MeV 12C~4.44 MeV! cross section andiT11. These
were an imaginary SO potential, a deformed SO couplin
potential, and couplings to the6Li ~31) 1 12C~21) mutual-
excitation ~ME! channel. These three interactions were in
vestigated with the codeCHUCK, as it is faster for calculation
of one AP. In addition, mutual excitation can be handle
currently only inCHUCK.

The imaginary SO potential did affect the calculations
mainly at angles greater than 50° c.m., but did not provide
improvement that would justify its inclusion. The ‘‘Oak-
Ridge’’ group’s deformed SO coupling potential@39# had an
effect on the elastic and inelastic-scattering rank-1 AP’s, b
resulted in no new features or improvement to the calcul
tions. This version of the spin-orbit potential was used b
Sherif and Blair@40#, and is a limited form of the full de-
formed Thomas spin orbit.

The ME channel6Li ~2.18 MeV! 1 12C~4.44 MeV! was
present in the 100 MeV12C 1 6Li data, and its cross section
was obtained as described in Sec. II. It was investigated s
cifically to determine whether a coupling to this channe
would improve the12C~4.44 MeV! state calculations. Two
mechanisms of ME were investigated, one-step and two-s
excitations. In a one-step excitation, the ground state
coupled directly to the ME channel. A two-step excitatio
proceeds sequentially, with the projectile~target! excited via
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FIG. 5. Six-channel CC calculations for the12C~9.64 MeV! cross section and AP’s. The calculation for the energy of 50 MeV~top! uses
parameter set C of Table I, and the calculation for 30 MeV~bottom! uses parameter set D of Table I.
ns
8
s

the target~projectile! excited state. In this case, the couplin
is between the projectile excited state~target excited state!
and the ME channel. Figure 1~b! shows the one-step and
two-step ME coupling schemes.
g Since the codeCHUCK allows for only up to four channels,
one of the channels included in previous calculatio
with CHUCK had to be removed in order to include the 2.1
14.44 MeV56.62 MeV ME state. The channel removed wa
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FIG. 6. Six-channel CC calculations for the6Li ~2.18 MeV!, 6Li ~4.31 MeV!, and 6Li ~5.65 MeV! cross sections. The calculation for the
energy of 50 MeV~left! uses parameter set C of Table I, and the calculation for 30 MeV~right! uses parameter set D of Table I.
E
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les
the 6Li ~4.31 MeV! state, since it had the least importan
influence in the four-channel calculations. The couplin
strength of the one-step ME is proportional to the product
the strengths for the two excited states, and its coupling
tential is obtained using a second derivative of the diago
WS potential for the imaginary part, and both the project
and target nucleon-density derivatives for the DF real p
@41#.

The one-step ME can occur with more than one value
the total transferred angular momentuml tr , which is deter-
mined vectorially bylW tr5sW tr1Wtr , with str the angular mo-
mentum transferred to the projectile andj tr the angular mo-
mentum transferred to the target. Since the transferstr52 is
used for the 6Li ~2.18 MeV! state excitation, and the
12C~4.44 MeV! state excitation hasj tr52, the one-step ME
can occur with a total transferred angular momentum
l tr50, 2, or 4. The effect of each of these possibilities w
investigated individually and in combination, and found
make no dramatic changes to the calculations. The one-s
ME with l tr54 contributed most significantly to the ME
cross section. It was found that the two-step ME affected
observables, but did not change the general features of
12C~4.44 MeV! cross section oriT11. The

12C~4.44 MeV!
t
g
of
po-
nal
ile
art

for

of
as
to
tep

all
the

cross section was virtually unchanged. The two-step M
coupling via the12C~4.44 MeV! state, 1→3→4 @see Fig.
1~b!#, was the dominant two-step coupling, while the cou
pling via the 6Li ~2.18 MeV! state, 1→2→4, had almost no
effect. In short, the12C~4.44 MeV! state data are not de-
scribed well by the DF CC calculations.

Some other data exist for AP’s of excited target states i
6Li scattering. Reberet al. @11# obtained data for the6LiW

1 9Be* ~5/22, 2.43 MeV! inelastic scattering at 32 MeV.
The inelastic-scattering cross section was described well, b
the AP iT11~2.43 MeV! was reproduced poorly and had a
magnitude similar to the data only when an explicit SO po
tential was included. Ruseket al. @5,6# obtained data for
6LiW1 26Mg* ~21, 1.81 MeV! at 44 and 60 MeV. The 44
MeV inelastic-scattering cross section was described well u
to 80° c.m., but, as in the present case, the measured A
iT11~1.81 MeV! is positive while the calculated AP oscil-
lated around zero. The calculated structure is due to the i
clusion of a cluster-folded~CF! SO potential. The 60 MeV
inelastic-scattering cross section was overpredicted at ang
beyond 40° c.m., while the measured APiT11~1.81 MeV! is
small, with calculations in agreement. There are also6LiW



1276 54P. L. KERRet al.
FIG. 7. Six-channel CC calculations for the elastic-scattering cross section and AP’s at 50 MeV using parameter set C~solid!, and the
6Li ~2.18 MeV!, 6Li ~4.31 MeV!, and 12C~4.44 MeV! channel couplings removed one at a time~dashed!.
ro-

he
ta-
nd
1 120Sn* ~21, 1.1-MeV! data at 44 MeV@14#. The inelastic-
scattering cross section andiT11~1.1 MeV! data were de-
scribed well in calculations which included a CF SO pote
tial and g.s. reorientation.

In each of these cases, the elastic-scattering cross se
and APiT11 are accounted for well. The features common
all these inelastic-scattering data sets are that an explicit
potential is important for the first excited state of the tar
n-

ction
to
SO
get

and that the description of this state worsens at greater p
jectile energies.

5. Channel coupling and spin-dependent interactions

In order to see their effect on the calculations, each of t
five excited-state channel couplings as well as the reorien
tion terms and SO potential were removed one at a time, a
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FIG. 8. Six-channel CC calculation of the12C~4.44 MeV! cross section and AP’s at 50 MeV using parameter set C~solid!, and the
6Li ~2.18 MeV! and 6Li ~4.31 MeV! channel couplings removed one at a time~dashed!.
of
compared with the full calculation. With the exception of th
g.s. reorientation, the reorientation terms affect the obse
ables in a relatively minor way. The6Li ~5.65 MeV! and
12C~9.64 MeV! state couplings also have relatively mino
effects on the measured observables, and so are not incl
in the comparison. Figure 7 shows the 50 MeV elast
e
rv-

r
uded
ic-

scattering cross section and AP’s with the full calculation
set C ~solid!, and calculations with each of the6Li ~2.18
MeV!, 6Li ~4.31 MeV!, and 12C~4.44 MeV! states removed
separately~dashed!. The 6Li ~2.18 MeV! coupling has a sig-
nificant effect oniT11 while the 6Li ~4.31 MeV! coupling
influences significantlyT20. Interestingly, the effect of the
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FIG. 9. Six-channel CC calculations for the elastic,12C~4.44 MeV!, and 12C~9.64 MeV! state scattering rank-2 AP’s at 50 MeV using
parameter set C~solid!, and a calculation without the g.s. reorientation~dashed!. The data have been left off for clarity.
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target excitation12C~4.44 MeV! is not negligible. Similar
results are seen at 30 MeV, except the effect of
6Li ~2.18 MeV! coupling oniT11 is reduced somewhat, esp
cially at small angles.

The most dramatic improvement to the description of
data over the optical-model~OM! calculations@23# was for
the small-angle region of the elastic-scattering APiT11 at 50
MeV. The present calculations indicate that channel coup
is important for this angular region ofiT11, and that the
importance of the included channels is greater at 50 M
than at 30 MeV. This is contrary to the expectation, sinc
greater projectile energy opens higher-energy reaction c
nels in the system, and therefore should reduce the im
tance of any given channel included in CC calculatio
However, the persistence of the importance of projectile
citation as projectile energy increases has been observed
with the targets26Mg @6# and 58Ni @21#.

The effects of the6Li ~2.18 MeV! and 6Li ~4.31 MeV!
couplings on the12C~4.44 MeV! state cross section and AP
at 50 MeV are shown in Fig. 8. The6Li ~2.18 MeV! coupling
influences mainly the rank-2 AP’s, and mainly at lar
angles. The6Li ~4.31 MeV! coupling is important forT20
throughout the angular range, while affectingT21 and T22
mainly at large angles. The6Li ~4.31 MeV! coupling is of
less importance foriT11 than the6Li ~2.18 MeV! coupling.
Similar conclusions hold for the 30 MeV calculations.
he
-

e

ng

V
a
an-
or-
s.
x-
also

e

The g.s. reorientation has almost no effect on both
cross section and the APiT11 for the elastic scattering an
for the excited states12C~4.44 MeV! and 12C~9.64 MeV! at
30 and 50 MeV. However, this coupling was important f
all the rank-2 AP’s at 30 and 50 MeV. Reorientation
known to give rise to tensor like interactions@5#. Figure 9
shows the 50 MeV rank-2 full calculations~solid! for the
elastic scattering and for the excited states12C~4.44 MeV!
and 12C~9.64 MeV!, together with a calculation without th
g.s. reorientation term~dashed!.

In previous OM calculations@23#, a tensor force was
needed to produce any sizable elastic-scattering APT21. In
the present CC calculations, the elastic rank-2 AP’s are
counted for reasonably well by a dynamic tensor interact
from channel coupling and, therefore, there appears to be
need for an explicit tensor potential in the6Li-nucleus inter-
action.

The sensitivity of the elastic-scattering rank-2 AP’s
the g.s. reorientation confirms the findings in works on6LiW

1 26Mg at 44 MeV @5#, 6LiW 1 120Sn at 44 MeV@14#, and
6LiW 1 58Ni at 70.5 MeV@4,21#. Becker@14# found also that
rank-2 AP’s for the120Sn~21, 1.11 MeV! first excited state
were sensitive to this term.

Calculations with the SO potential removed were p
formed also. The rank-2 AP’s were virtually unaffected, b
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FIG. 10. Six-channel CC calculations for the elastic,12C~4.44 MeV!, and 12C~9.64 MeV! state scattering rank-2 AP’s at 50 MeV using
parameter set C~solid!, and a calculation without the explicit spin-orbit potential~dashed!.
but

-

stic

-

the AP’s iT11 at both 30 and 50 MeV were influenced. Fig
ure 10 shows the full calculations~solid! and the calculations
with the SO potential removed~dashed! at 50 MeV~left! and
30 MeV ~right!. The 30 MeV elastic scattering and inelasti
scattering to the12C~4.44 MeV! and 12C~9.64 MeV! states
are very sensitive to the SO potential over the whole angu
range. At 50 MeV, the effect is much less pronounced a
confined to large angles, except for the elastic-scattering
iT11, which shows significant deviation from the full calcu
lation around the large inflection at 55° c.m. These calcu
tions indicate that the explicit SO potential is needed to r
produce the data. This is true in particular for the 30 and
MeV elastic-scattering AP’siT11, and the 30 MeV inelastic-
scattering AP’siT11. Figures 7 and 10 indicate that the
small-angleiT11~g.s.! arises mainly from channel coupling a
50 MeV, and from both the channel coupling and an explic
SO potential at 30 MeV.

It is interesting to note the findings of other6LiW work
concerning the explicit SO potential. Analyses of6LiW
1 26Mg data at 44 MeV@5,19# showed that the SO potentia
contributed noticeably to the APiT11~g.s.!, although the dy-
namic SO interaction dominated. A SO potential for th
-

c

lar
nd
AP
-
la-
e-
50

t
it

l

e

same reaction at 60 MeV@6# had a more minor effect. An
analysis of 44 MeV6LiW 1 120Sn scattering@14# drew con-
clusions similar to those for the 44 MeV26Mg data. An
analysis of6LiW 1 9Be data at 32 MeV@11# showed that the
SO potential is not so important for the g.s. observables,
very important for the9Be~5/22, 2.43 MeV! state. Analyses
of 6LiW 1 58Ni scattering at 14.3–22.1 MeV@16# and at 70.5
MeV @4,21# indicate minor roles for the explicit SO poten
tial. On the other hand, analyses of6LiW 1 4He data at 6–9.1
MeV c.m. @12,16,42,43# and at 27.9 MeV c.m.@13# point to
a significant role for an explicit SO potential.

IV. CONCLUSIONS

A complete set of analyzing powers,iT11, T20, T21, and
T22, has been measured for elastic scattering and inela
scattering to the excited states12C(21, 4.44 MeV!,
12C(01, 7.65 MeV!, and 12C(32, 9.64 MeV! in the system
6LiW1 12C at a 6Li beam energy of 50 MeV. This is the
highest-energy complete set of AP’s measured for6LiW, and it
contains the highest-energy APT21 measured so far. Com
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bining these data with the 30 MeV data of Reberet al. @10#
provides the only two complete sets of6LiW-scattering data
for the same target at energies substantially above the C
lomb barrier.

A coupled-channels analysis of these two sets of data
been carried out with the codesCHUCK and FRESCO, using
DF real central potentials. A direct comparison has be
made between the two codes, and four-channelCHUCK cal-
culations have been reproduced very well withFRESCO.

The 6Li coupling strengths in the CC calculations we
set to reproduce the magnitudes of the cross sections for
excited states of6Li, which were obtained using the invers
kinematics reaction6Li( 12C,12C! 6Li * at Elab(

12C)5100
MeV. The c.m. energy of the12C 1 6Li system is the high-
est ever used in6Li * cross section measurements.

The present analysis employed six-channel CC calcu
tions, which included the first three excited states of6Li and
the first two nonzero-spin excited states of12C, and DF real
central potentials. Very good descriptions of the 30 and
MeV 12C(6LiW, 6Li ! 12C elastic-scattering cross sections a
AP’s were obtained. However, the inelastic-scattering cr
sections,12C~32) AP’s, and12C~21) AP iT11 are described
poorly. The four-channel calculations provided just as goo
description of the data as the six-channel calculations.

At both energies, projectile excitation is very importa
for the details of the elastic and inelastic-scattering AP’s,
not so for the cross sections. The6Li ~2.18 MeV! state has an
especially strong effect on the elastic-scattering APiT11 at
50 MeV, and the6Li ~4.31 MeV! state has a particularly
strong effect, comparable to the g.s. reorientation, on
rank-2 elastic and inelastic-scattering AP’s. The target ex
tation 12C~21, 4.44 MeV! is also important, affecting
strongly all cross sections and AP’s, except those for
12C~9.64 MeV! state, at both energies. The12C~9.64 MeV!
coupling had an influence on the large-angle cross secti
but had almost no effect on the AP’s. The6Li ~5.65 MeV!
coupling had some effect on the magnitude of the elas
scattering AP’s.

The imaginary SO and6Li 1 12C mutual-excitation terms
ou-

has

en

e
the
e

la-

50
d
ss

a

t
ut

the
ci-

he

ns,

tic-

provided no noticeable improvement to the description of
elastic and inelastic-scattering data. A deformed SO coup
potential was also investigated. It led to no new features
improvement in the calculations that would justify its incl
sion.

The effect of the g.s. reorientation term was found to
very significant for the elastic and inelastic-scattering ran
AP’s at 30 and 50 MeV. An explicit tensor force was n
needed for a reasonable description of the elastic-scatte
rank-2 AP’s. This indicates that the tensor interaction
quired to describe the elastic-scattering rank-2 AP’s is d
mainly to channel coupling effects. Other reorientation ter
had only a relatively minor influence on the observables.

Calculations in which the explicit SO potential was r
moved indicate that, while the explicit SO effects are sma
than the dynamical SO effects, they are significant never
less. The explicit SO potential is more important for t
inelastic-scattering AP’siT11 than for the elastic-scatterin
iT11, and is much less important at 50 MeV than at 30 Me
This does not contradict the prediction of Sakuragi@20#, but
does indicate that the effect of the explicit SO potential do
not increase steadily over CC effects as the projectile ene
increases.

It has been suggested that the DF normalization is ene
dependent, increasing with projectile energy, and that
bombarding energies greater than 10 MeV/nucleon, analy
of 6LiW scattering would be free of any renormalization@22#.
The present results support this suggestion: the DF norm
izationN50.91 at 5.0 MeV/nucleon~incident 6Li energy 30
MeV!, andN50.985 at 8.3 MeV/nucleon~incident 6Li en-
ergy 50 MeV!.
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