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Role of spin effects in 12C„

6Li¢,d…16Og.s.
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The first complete set of analyzing powers for the12C(6LiW,d)16Og.s. reaction atE(6Li) 550 MeV is reported.
It was possible to simultaneously describe6Li112C elastic scattering and its analyzing powers,d116O elastic

scattering, and the12C(6LiW,d)16Og.s. transfer data. This 01→01 transfer is used to probe the role of spin-
dependent interactions in this reaction, including the6Li D state, with finite-range-distorted-wave-Born-
approximation calculations. It is found that the exit channel spin-orbitd116O interaction produces the transfer
analyzing powers, but that the shape and magnitude of the transfer angular distribution is determined by the
central6Li112C andd116O interactions. The limited knowledge of the size of thea112C system is shown to
be the major uncertainty in using the12C(6Li, d)16O reaction to determine absolutea112C spectroscopic
factors.@S0556-2813~99!00605-6#

PACS number~s!: 21.10.Jx, 21.60.Gx, 25.45.De, 25.70.Hi
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For several decades there has been a great deal of int
in thea-clustering strength of states in16O @1#. Recent stud-
ies to determine the12C/16O ratio in the late stage stella
evolution of massive stars has rekindled interest ina-cluster
transfer reactions as a probe ofa clustering@2# in light nu-
clei. One reaction that was proposed almost 30 years ago@3#
to probe thea structure of16O was the12C(6Li, d)16O reac-
tion. There have been many measurements of
12C(6Li, d)16O cross section at different energies and num
ous analyses have been performed to extracta spectroscopic
factors for states in16O @4–8#. In general, previous analyse
were not able to simultaneously describe the entrance
exit channel elastic scattering and transfer cross sect
@4,5# so that it was not possible to resolve the model dep
dent ambiguities that arise from the large angular momen
mismatch occurring in this reaction@5,6#. In the present
work, all available6Li and d elastic scattering scattering da
for the present6Li bombarding energy of 50 MeV are de

scribed as well as the new (6LiW,d) transfer angular distribu
tion and analyzing power data.

The present work reports the first complete set of ana
ing powers that has been measured for the12C(6Li, d) reac-
tion. An early measurement of the12C(6Li, d)16O vector ana-
lyzing power (iT11) for E(6Li) 520 MeV showed this
analyzing power to be large@9#, suggesting that analyzin
powers could be useful in gaining an understanding of
(6Li, d) reaction. In addition to the complete set of analyzi
powers, the12C(6Li, d) cross section has also been me
sured. The present data, taken at a6Li bombarding energy of
50 MeV, makes use of the 01→01, 12C(g.s.) to 16O(g.s.)
reaction to explore in detail the results of numerous mo
assumptions that have been made in previous works.
ground state 01→01 transfer provides an excellent labor
tory for the testing of the role played by spin-dependent
tentials in the model calculations since it can have no p
ferred orientation in space, so that the observed analy
powers, which are large and highly oscillatory, can only ar
PRC 590556-2813/99/59~5!/2574~6!/$15.00
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through spin-dependent distortions. The present greatly
panded data set was compared to finite-range-distor
wave-Born-approximation calculations~FRDWBA! to deter-
mine the origin of the observed analyzing powers and
dependence of the magnitude of the ground statea spectro-
scopic factor on the model assumptions commonly made
this reaction.

A beam of polarized6Li nuclei was produced by the
Florida State University~FSU! Optically Pumped Polarized
Lithium Ion Source@10#. The polarized beam was accele
ated with the FSU FN tandem Van de Graa
Superconducting Linear Accelerator to 50 MeV. The12C
target was self-supporting of thickness 500mg/cm2. Four Si
surface-barrier detectors were arranged in twoDE-E tele-
scope configurations, placed symmetrically on either side
the incident beam. The telescopes had an angular accep
of 60.83°. Thin tantalum foils were placed in front of eac
detector during the analyzing power measurements to
vent the huge flux of elastically scattered6Li ions from strik-
ing the detectors. The beam polarization was monitored
ing a helium-filled polarimeter which followed the mai
chamber and was separated from it via a thin Havar wind
The 6Li nucleus has spin 1, and therefore has the three m
netic substates of mI511, 0, and21. During the experi-
ment, the polarization state of the beam was cycled thro
the off, N1 , N0, andN2 states approximately every 2 min
The on-target vector polarization was found to beut10u
50.9860.05 and the tensor polarization was found to
t20521.1060.05 with typical beam currents of 150–20
enA. The polarization observables are described in term
the Madison convention@11#. The angular distribution data
were taken using an unpolarized6Li beam from the labora-
tory’s sputter source. An absolute cross section was obta
by removing the tantalum foils from theDE-E telescopes so
that 6Li112C elastic scattering could be measured simu
neously with the (6Li, d) data. The previously measured a
solute elastic cross section was then used to provide a
2574 ©1999 The American Physical Society
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FIG. 1. A typical spectrum for the12C(6Li, d)16O reaction measured in the present work. The top portion of the figure adds the data
with the projectile spin up and down so that it is a cross section spectrum. In the bottom portion of the figure, the spin up data are s
from the spin down data so that the figure is a measure of the reaction vector analyzing power.
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malization factor to connect the12C(6Li, d) angular
distribution to the absolute cross section elastic scatte
data. The error in the absolute cross section was615% and
arose primarily from the spread in the normalization fact
at the various angles and the reproducibility of the an
setting for the rapidly oscillating elastic scattering. T
g

s
e

ground state cross section magnitude measured in this m
ner compared well with the cross section measurement
Cunsoloet al. @4#, at 34 MeV and Becchettiet al. @5#, at 42
MeV. Figure 1 shows a typical spectrum with the upper p
being the unpolarized cross section and the lower part sh
ing the vector analyzing power at the laboratory angle
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2576 PRC 59T. L. DRUMMER et al.
27°. Figure 2 shows the angular distribution and analyz

power data. The errors shown in Fig. 2 for the12C(6LiW,d)
data are purely statistical.

The information needed to perform FRDWBA calcul
tions were entrance (6Li112C) and exit (d116O) channel
optical model parameters from which the distorted wa
were generated, and6Li→a1d and 16O→a112C bound
state wave functions. The6Li bombarding energy of 50 MeV

was chosen for this work because extensive6LiW112C elastic
scattering analyzing power data already exists which
verely constrains the choice of distorting potentials and si
larly d116O elastic scattering data at energies close to
needed for the present work, 44 MeV, are also availa
@13,14#. Detailed polarizedd116O scattering measuremen
also exist at the energies of 52@15# and 56 MeV@16# which
serve as an additional constraint on the deuteron optical
tentials. The present6Li bombarding energy has the adva
tage over previous lower6Li energy studies in that the ex
perimental characteristics of the deuteron scattering
analyzing power angular distributions@17# are stable begin-
ning around the deuteron energy of the present work~44
MeV! up to 80 MeV, so that it is possible to assess
importance of thed116O exit channel in the transfer proce
by comparing the transfer analyzing powers with those m
sured previously ford116O elastic scattering. Perhaps one

FIG. 2. FRDWBA calculations fora transfer to the16O ground
state at 50 MeV. The solid line corresponds to calculations with
16O bound state radius ofR53.07 fm and the dashed line corre
sponds to calculations with an16O bound state radius ofR54.85
fm. The top three panels are the6Li112C elastic scattering data o
Kerr et al. @12# and thed116O elastic scattering data of Hinter
bergeret al. @13# and their corresponding optical model descr
tions.
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the most dramatic similarities in the present data set and
for d116O is the rapid oscillation inTT20 shown in Fig. 3,
which also occurs in the deuteron scattering data@16#.

The 6Li bound state wave function was generated by
suminga1d clusters in a relativeSstate with thea particle
bound in a Woods-Saxon potential well. Investigation of t
effect of theD state of 6Li on the transfer reaction is dis
cussed in a later section. The quantum numbers for tha
1d system were assumed to be 2N1L52. The potential
geometry was chosen such that the radius agreed with a
tailed three-body calculation performed by Lehman and R
jan @18#, corresponding to a potential radius ofR52.39 fm.
This value also agrees with the one determined by Kubo
Hirata @19#, who examined the validity of the DWBA
method for studying alpha transfer reactions. The bound s
geometry of thea112C system was not as straightforwar
There is an ongoing discussion in the literature regarding
correct bound state radius. Many12C(6Li, d) studies have
chosen a radius for thea112C system which agrees with th
results of elastic electron scattering, namely,R53.07 fm,
while others have cited the constancy of the nuclear den
and chosen a bound state radius which agrees with the v
obtained fromR51.25(Aalpha

1/3 1Acarbon
1/3 )54.85 fm. As a re-

sult, both values were adopted in the present analysis.
The first set of DWBA calculations were performed

determine whether the6LiW112C spin-orbit potential found

n
FIG. 3. Effects of the deuteron spin-orbit potential on t

12C(6Li, d)16O calculations. The solid line is a calculation with th
full deuteron spin-orbit potential, the dashed line is with the ima
nary deuteron spin-orbit potential only, the dotted line is with t
real spin-orbit potential only, and the dot-dashed line is with
deuteron spin-orbit potential. In all calculations, the6Li spin-orbit
potential was included.
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from elastic scattering studies could produce the large tra

fer analyzing powers observed in12C(6LiW,d)16O. The en-
trance channel optical parameters were based on those f
in a global analysis of6Li112C elastic scattering by Vine
yard et al. @20#, adjusted to fit the 50 MeV elastic scatterin
by increasing the imaginary potential strength. The6Li spin-
orbit potential was from a study by Kemperet al. @21#,
where the final stateJ dependence of the reactio
12C(6LiW,3He) at 34 MeV was investigated. As can be seen
Fig. 2, this spin-orbit potential gave an excellent accoun
the 50 MeV elastic vector analyzing power without a
modification. Thed116O potentials for generating these di
torted waves were taken from the 34 MeVd116O elastic
scattering study of Newmanet al. @14#. This parameter se
does not contain ad116O spin-orbit interaction but gave
very good description of the elastic cross section data. It
found that no adjustment of the6Li112C entrance channe
potentials which was still consistent with the elastic scat
ing data could yield the large transfer analyzing powers. T
result implies that the transfer analyzing powers arise fr
the outgoingd116O interaction so that further efforts to de
scribe the transfer data concentrated on thed116O interac-
tion potentials. The rapidly changing shapes of the (6Li, d)
analyzing powers and the similarity of their shapes and m
nitudes with those of Matsuokaet al. @16# for d116O at 56
MeV, further suggests that thed116O final state spin effects
are responsible for the (6Li, d) analyzing powers. In particu
lar, the very strong deuteron spin-orbit interaction is kno
@17,22# to dominate thed116O analyzing powers in this en
ergy region and so it is anticipated from the data alone th
should be responsible for the (6Li, d) analyzing powers.

Thed116O spin-dependent interactions considered in
present work were based on the deuteron potentials of M
suokaet al. @16#, for elastic scattering atE(d)556 MeV.
These parameters included both surface and volume abs
tion terms, and a real deuteron spin-orbit potential; howe
calculations using these potentials also failed to describe
transfer angular distribution and analyzing powers. Start
from the Matsuoka parameters, adjustments were then m
to the deuteron potentials to achieve a good description
the transfer data, while always maintaining the fit to the el
tic scattering data. It was found that by retaining both a s
face and a volume absorption potential in the exit chan
optical potentials, and adding an imaginary spin-orbit te
that the transfer angular distributions could be well descri
for both the smaller and the larger16O bound state radii. The
only difference in the optical potentials was that the real a
imaginary spin-orbit strengths and imaginary absorptive
tential radius was larger at 4.85 fm. The inclusion of
imaginary spin-orbit potential was shown by Goddard a
Haeberli@23# to significantly improve the optical model de
scription of precise deuteron elastic scattering vector ana
ing power data.

The determination of a satisfactoryd116O potential set
required several hundred FRDWBA calculations. The res
are shown in Fig. 2. The final6Li112C optical potentials
were the same as Vineyard’s set III, except the imagin
volume strength was increased to 10 MeV:VR
5186.0 MeV, r R51.13 fm, aR50.83 fm, WV
510.0 MeV, r V52.26, andaV50.62 fm. The 6Li spin-
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orbit wasVSO52.0 MeV, r SO51.16 fm, andaSO50.39 fm.
The final d116O parameters were as follows:VR
589.3 MeV, r R50.99 fm, aR50.95 fm,WV57.3 MeV,
r V52.10 fm, aV50.30, WS53.125 MeV, r S52.25 fm,
andaS50.30 fm. The deuteron spin-orbit real potential w
VSO59.0 (15.0) MeV, r SO50.90 fm, aSO50.27 fm, and
the imaginary spin-orbit potential was WSO
57.0 (9.0) MeV, r SO51.15 ~1.60! fm, andaSO50.35 fm.
The values in parentheses correspond to the larger16O
bound state radius values. The form factors for the opt
potentials were the same as those in Ref.@16#. The final
calculations and data are shown in Fig. 2.

Once the best description of the ground statea transfer
data had been achieved, it was natural to inquire into
origin of the observed analyzing powers. The role of t
deuteron spin-orbit potential was investigated first. Calcu
tions were performed with only a real deuteron spin-or
potential, only an imaginary deuteron spin-orbit potenti
and without deuteron spin-orbit terms, always including t
6Li spin-orbit potential. As can be seen in Fig. 3, without
deuteron spin-orbit potential, no tensor analyzing powers
pear and only minimal effects in the calculated vector a
lyzing power were observed. There was a dependence o
deuteron spin-orbit on the bound state radius of16O and this
was seen in the specific contributions of the real and ima
nary spin-orbit potential terms at the two separate radii.
theR53.07 fm calculations, the imaginary spin-orbit cont
bution was negative everywhere while the real spin-or
contribution is positive, and the sum of the two contributio
added to form the correct shape to describe the meas
data. The larger radius calculations show that both the
and imaginary deuteron spin-orbit contributions were
nearly the same magnitude and phase. Note that the se
order spin-orbit effects were able to reproduce the ten
analyzing powers for both bound state radii.

The tensor analyzing powers are normally used to pr
6Li D-state and tensor potential effects, and even tho
the tensor analyzing powers are well described by the d
teron spin-orbit potential, calculations were performed to
vestigate their effects on the calculated tensor analyz
powers. The6Li112C tensor interaction was based on t
work done by Reberet al. @24#, who investigated the impor
tance of spin-orbit and tensor potentials from polarized6Li
elastic scattering at a bombarding energy of 30 MeV. T
Raynal tensor form factor@25# was used to describe the ra
dial part of both the real and imaginary tensor potentials. T
geometries for the real and imaginary6Li112C tensor poten-
tial were taken from Ref.@24#.

The d116O tensor potential was taken from the work
Frick et al. @26#, where the deuteron tensor potential w
examined by studying its effect on the calculated elastic s
tering cross sections and analyzing powers for 20 MeV d
terons. For the real and imaginary potentials, Fricket al.
used radial forms similar to those found by Keaton and Ar
strong@27# who derived analytic expressions to describe
deuteron potential arising from the static folding model. T
real and imaginary deuteron central potentials have in
vidual geometries whose values were taken from Fricket al.
An imaginary volume Woods-Saxon term was added to
imaginary deuteron tensor potential by Fricket al.because it
resulted in a substantial improvement in their description
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2578 PRC 59T. L. DRUMMER et al.
the d116O data, so it was included here as well. The ten
potential spin coupling was of theTR type as discussed b
Satchler@28#. As can be seen in Fig. 4, including tens
potentials in the DWBA calculations did not improve th
quality of the fit to the tensor analyzing power data, a
actually degraded the fit slightly. The small role played
the 6Li tensor force in producing the (6Li, d) analyzing pow-
ers is further evidence for the dominance of thed116O spin
orbit potential in producing the transfer tensor analyz
powers. The analysis ofd116O tensor analyzing power
@17,22# show that they are dominated by second order sp
orbit effects as are the present transfer analyzing power

It is known that the 6Li wave function has a small
(<4%) D-state component@29# in its wave function and
therefore calculations were performed to examine the con
bution of theD state to the description of the ground statea
transfer tensor analyzing powers. Including aD-state compo-
nent increased the number ofL transfers that can occur in th
a transfer reaction.D-state spectroscopic amplitudes rangi
from 20.20 to 10.20 were examined. It was found th
values of theD-state spectroscopic amplitude greater in m
nitude than 0.10 resulted in a substantially worse descrip
of the data, while smaller values did not improve the desc
tion of the tensor analyzing power data. Hence, theD-state

FIG. 4. Effects of including6Li112C andd116O tensor poten-
tials on the FRDWBA calculations. The solid line is for calculatio
with the tensor potentials and the dashed line is for calculati
without the tensor potentials.
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component does not contribute to the12C(6Li, d) reaction.
The small role played by the6Li D-state in the (6Li, d)
reaction observed in the present work has also been repo
for the (6Li, d) reaction on medium-weight nuclei~Ca,Ni! by
Veal et al. @30#.

a particle spectroscopic factors were extracted from
ground state transfer calculations by normalizing the theo
ical cross sections to the measured cross section. The va
obtained are given in Table I along with values from Cu
soloet al. @4# and Becchettiet al. @5,6#. The quantity needed
for astrophysical calculations is thea reduced width and so
its values were also extracted and are given in Table I. T
formalism used for extracting thea reduced width is given
by Becchettiet al. @5#. The channel radius used in the prese
work for determining thea reduced width was the radius a
which the 12C1a binding potential had decreased to 10%
its largest value, which for theR53.07 fm calculations cor-
responds to a channel radius of 5.4 fm and for theR54.85
fm calculation, the channel radius was 7.20 fm. In the wo
of Becchettiet al., a channel radius of 5.4 fm was used. T
radius for thea112C system, of interest to the astrophysic
12C/16O abundance question is typically taken to be 5.5
@31#. Redderet al. @31# used the many-levelR-matrix for-
malism of nuclear reactions to analyzeE1 andE212 C(a,g)
capture data. They concluded that the appropriate cha
radius fora capture was 5.5 fm, and at this radius the grou
state reduced width was 0.01260.012, well below our value
of 0.44 for the same channel radius.

In summary, a FRDWBA calculation using a standa
optical model parametrization of the entrance and exit ch
nel interactions gave an excellent simultaneous descrip
of 6Li112C and d116O elastic scattering and th
12C(6Li, d)16O reaction at 50 MeV. No adjustment of th
6Li112C potentials could generate the large observed tra
fer analyzing powers, as long as the fit to the6Li112C elas-
tic scattering data was maintained whereas they occu
quite naturally when the deuteron spin-orbit potential w
added. The inclusion of theD-state component of the6Li
wave function, worsened the description of the data, indic
ing that the reaction was predominantlyS-wave transfer.

The extracteda particle spectroscopic factor was dom
nated by the spin-independent potentials, changing by
than 20% for calculations with and without the deuteron s

s

this

reduced
TABLE I. Summary of the extracteda spectroscopic factors anda reduced widths.

Current Current Cunsolo@4# Becchetti@5# Becchetti@6#

Quantity 50 MeV 50 MeV 28 MeV 42 MeV 90 MeV

Ra53.07 fm Ra54.85 fm Ra54.85 fm Ra52.98 fm Ra52.98 fm

Spectroscopic Factor 14.29 0.32 0.23b 14.3b 11.08b

Dimensionless Reduced
Widths 0.44~5.40! c 0.0044~7.20! c 0.75~5.40! c 0.29~5.40! c

aThe 16O bound state radius used in the respective calculation.
bThese authors assumed a6Li→a1d spectroscopic factor of 1.0. For comparison to the current work,
value was replaced by 0.70 from Werbyet al. @26#.
cThe numbers in parentheses are the channel radii in fm used for determining the dimensionless
widths. Here, the definition of the dimensionless reduced width is taken from@5# and is given byQa

2(s)
5ga

2(s)/gw
2 (s) wheres is the channel radius,ga

2 is the reduceda width, andgw is the single-particle Wigner
limit.
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orbit potential. It was seen that the16O bound state radius
played a crucial role in the value of the extracted spec
scopic factors and reduced widths. The extreme range
absolute a spectroscoptic factors and hence reduceda
widths found in the present work makes it extremely dou
ful that the 12C(6Li, d) reaction can be used to extract mea
ingful a112C spectroscopic information even when a ve
complete data set including spin-dependent observables
ists. The rather large angular momentum mismatch
'5\) of the reaction makes the calculation extremely s
sitive to thea 1 12C wave function at large distances, whe
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it is most difficult to determine its magnitude. As has be
shown in previous works@32#, it is possible that the bette
angular momentum matched reaction12C(7Li, t) is the most
reliablea transfer reaction for determining the absolute su
threshold reduceda widths needed for determining th
12C(a,g) reaction rate in stars.
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