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Role of spin effects in 12C(Gfi),d)leog_s_
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The first complete set of analyzing powers for ﬂﬁ@(eﬁ,d)lﬁog.s. reaction aE(°Li) =50 MeV is reported.
It was possible to simultaneously descritig + 1°C elastic scattering and its analyzing powets, 'O elastic
scattering, and théZC(GG,d)leog,s, transfer data. This 0—0" transfer is used to probe the role of spin-
dependent interactions in this reaction, including fié D state, with finite-range-distorted-wave-Born-
approximation calculations. It is found that the exit channel spin-orbit®0 interaction produces the transfer
analyzing powers, but that the shape and magnitude of the transfer angular distribution is determined by the
centralLi + *°C andd + 1®0 interactions. The limited knowledge of the size of the *°C system is shown to
be the major uncertainty in using théC(5Li, d)'®0O reaction to determine absolute+“C spectroscopic
factors.[S0556-28189)00605-4

PACS numbe(s): 21.10.Jx, 21.60.GX, 25.45.De, 25.70.Hi

For several decades there has been a great deal of interéistough spin-dependent distortions. The present greatly ex-
in the a-clustering strength of states #i0 [1]. Recent stud- panded data set was compared to finite-range-distorted-
ies to determine théC/°O ratio in the late stage stellar wave-Born-approximation calculatiotSRDWBA) to deter-
evolution of massive stars has rekindled interestioluster  mine the origin of the observed analyzing powers and the
transfer reactions as a probe @fclustering[2] in light nu-  dependence of the magnitude of the ground staspectro-
clei. One reaction that was proposed almost 30 yearg§2lgo scopic factor on the model assumptions commonly made for
to probe thex structure of*®0 was the'?C(®Li, d)%0 reac-  this reaction.
tion. There have been many measurements of the A peam of polarized®Li nuclei was produced by the
'2C(°Li, d)*®0 cross section at different energies and numerfigrida State UniversitfFSU) Optically Pumped Polarized
ous analyses have been performed to extaspectroscopic | jthjum lon Source[10]. The polarized beam was acceler-
factors for states it®0 [4—8]. In general, previous analyses ated with the FSU EN tandem Van de Graaff/
were not able to simultaneously describe the entrance anduperconducting Linear Accelerator to 50 MeV. T
exit channel elastic scattering and transfer cross sectiortgrget was self-supporting of thickness 506/cn?. Four Si
[4.,5] so that it was not possible to resolve the model depensyrface-barrier detectors were arranged in thg-E tele-
dent ambiguities that arise from the large angular momenturgcope configurations, placed symmetrically on either side of
mismatch occurring in this reactiofb,6]. In the present the incident beam. The telescopes had an angular acceptance
work, all available®Li and d elastic scattering scattering data of +0.83°. Thin tantalum foils were placed in front of each
for the present’Li bombarding energy of 50 MeV are de- detector during the analyzing power measurements to pre-
scribed as well as the neVfl(i,d) transfer angular distribu- vent the huge flux of elastically scatter@i ions from strik-
tion and analyzing power data. ing the detectors. The beam polarization was monitored us-

The present work reports the first complete set of analyzing a helium-filled polarimeter which followed the main
ing powers that has been measured for #f@(°Li,d) reac- chamber and was separated from it via a thin Havar window.
tion. An early measurement of tHéC(°Li, d)1°0 vector ana-  The 8Li nucleus has spin 1, and therefore has the three mag-
lyzing power (T,;) for E(°Li)=20 MeV showed this netic substates of p&+1, 0, and—1. During the experi-
analyzing power to be largg], suggesting that analyzing ment, the polarization state of the beam was cycled through
powers could be useful in gaining an understanding of théhe off, N, Ny, andN_ states approximately every 2 min.
(Li, d) reaction. In addition to the complete set of analyzingThe on-target vector polarization was found to He
powers, the'>C(5Li,d) cross section has also been mea-=0.98-0.05 and the tensor polarization was found to be
sured. The present data, taken &Labombarding energy of ty,=—1.10£0.05 with typical beam currents of 150-200
50 MeV, makes use of the'0-0", '%C(g.s.) t0'%0(g.s.) enA. The polarization observables are described in terms of
reaction to explore in detail the results of numerous modethe Madison conventiofil1l]. The angular distribution data
assumptions that have been made in previous works. Thaere taken using an unpolariz&di beam from the labora-
ground state 0—07 transfer provides an excellent labora- tory’s sputter source. An absolute cross section was obtained
tory for the testing of the role played by spin-dependent poby removing the tantalum foils from th®E-E telescopes so
tentials in the model calculations since it can have no prethat °Li+ °C elastic scattering could be measured simulta-
ferred orientation in space, so that the observed analyzingeously with the {Li, d) data. The previously measured ab-
powers, which are large and highly oscillatory, can only arisesolute elastic cross section was then used to provide a nor-
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FIG. 1. A typical spectrum for thé’C(5Li, d)1°0 reaction measured in the present work. The top portion of the figure adds the data taken
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 subtracted
from the spin down data so that the figure is a measure of the reaction vector analyzing power.

malization factor to connect the12C(6Li,d) angular ground state cross section magnitude measured in this man-
distribution to the absolute cross section elastic scatteringer compared well with the cross section measurements of
data. The error in the absolute cross section wd$% and Cunsoloet al. [4], at 34 MeV and Becchetgt al. [5], at 42
arose primarily from the spread in the normalization factorsMeV. Figure 1 shows a typical spectrum with the upper part
at the various angles and the reproducibility of the anglébeing the unpolarized cross section and the lower part show-
setting for the rapidly oscillating elastic scattering. Theing the vector analyzing power at the laboratory angle of
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FIG. 2. FRDWBA calculations for transfer to the*®0 ground FIG. 3. Effects of the deuteron spin-orbit potential on the

state at 50 MeV. The solid line corresponds to calculations with anlzc(eu’ d) 10 calculations. The solid line is a calculation with the
"0 bound state radius d®=3.07 fm and the dashed line corre- ¢ yoyteron spin-orbit potential, the dashed line is with the imagi-
sponds to calculations with atfO bolund state radius ®=4.85 51y deuteron spin-orbit potential only, the dotted line is with the
fm. The top three panels are ki + _2C elastic scattering data of o5 spin-orbit potential only, and the dot-dashed line is with no
Kerr et al. [12] and thed+ ™0 elastic scattering data of Hinter- yo yeron spin-orbit potential. In all calculations, thie spin-orbit
bergeret al. [13] and their corresponding optical model descrip- potential was included.

tions.
) o _the most dramatic similarities in the present data set and that

27°. Figure 2 shows the angular distribution and inalyzmgOr d+1%0 is the rapid oscillation in'T,, shown in Fig. 3,
power data. The errors shown in Fig. 2 for theC(°Li,d) which also occurs in the deuteron scattering dag.
data are purely statistical. The °Li bound state wave function was generated by as-

The information needed to perform FRDWBA calcula- suminga+d clusters in a relativé state with thex particle
tions were entrance®(i +1°C) and exit @+'%0) channel bound in a Woods-Saxon potential well. Investigation of the
optical model parameters from which the distorted wavesffect of theD state of ®Li on the transfer reaction is dis-
were generated, anflLi—a+d and ®0—a+1°C bound cussed in a later section. The quantum numbers forathe
state wave functions. Th&Li bombarding energy of 50 MeV  +d system were assumed to bé&l2L=2. The potential
was chosen for this work because extengile+1%C elastic ~9e0metry was chosen such that the radius agreed with a de-
scattering analyzing power data already exists which sel@iled three-body calculation performed by Lehman and Ra-
verely constrains the choice of distorting potentials and simijan [18], corresponding to a potential radius Rf=2.39 fm.
larly d+1%0 elastic scattering data at energies close to thaf hiS value also agrees with the one determined by Kubo and

needed for the present work, 44 MeV, are also availabldlirata [19], who examined the validity of the DWBA
[13,14. Detailed polarizedi+ %0 scattering measurements Method for studying alpha transfer reactions. The bound state

also exist at the energies of §25] and 56 MeV[16] which ~ 9eometry of thew+'°C system was not as straightforward.
serve as an additional constraint on the deuteron optical pothere is an ongoing discussion in the literature regarding the

tentials. The preserfiLi bombarding energy has the advan- COTect bound state radius. MarlfC(°Li, d) studies have
tage over previous lowefLi energy studies in that the ex- chosen a radius for the+*’C system which agrees with the

perimental characteristics of the deuteron scattering antesults of elastic electron scattering, name®s=3.07 fm,
analyzing power angular distributiofi$7] are stable begin- While others have cited the constancy of the nuclear density
ning around the deuteron energy of the present w@ek and chosen a bound state radius which agrees with the value
MeV) up to 80 MeV, so that it is possible to assess theobtained fromR=1.25(A4% +AiS,,)=4.85 fm. As a re-
importance of thel+ %0 exit channel in the transfer process sult, both values were adopted in the present analysis.

by comparing the transfer analyzing powers with those mea- The first set of DWBA calculations were performed to
sured previously fod+ %0 elastic scattering. Perhaps one of determine whether théLi+2C spin-orbit potential found
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from elastic scattering studies could produce the large transrbit wasVgo=2.0 MeV,rgo=1.16 fm, andago=0.39 fm.

fer analyzing powers observed iHC(6Li,d)1%0. The en- The final d+'%0 parameters were as followsVg
trance channel optical parameters were based on those four89.3 MeV, rg=0.99 fm, ag=0.95 fmW,=7.3 MeV,
in a global analysis ofLi+*C elastic scattering by Vine- fv=2.10 fm, a,=0.30, Ws=3.125 MeV, rs=2.25 fm,
yard et al.[20], adjusted to fit the 50 MeV elastic scattering andas=0.30 fm. The deuteron spin-orbit real potential was
by increasing the imaginary potential strength. Phéspin-  Vso=9.0 (15.0) MeV,r50=0.90 fm, ago=0.27 fm, and
orbit potential was from a study by Kempet al. [21], the imaginary  spin-orbit potential ~ was Wso
where the final stateJ dependence of the reaction = /-0 (9.0) MeV,rso=1.15(1.60 fm, andaso=0.35 fm.

120617 3 . . . The values in parentheses correspond to the lar§er
(’Li,"He) at 34 MeV was investigated. As can be seen iy, state radius values. The form factors for the optical

Fig. 2, this spin-orbit potential gave an excellent account Otpotentials were the same as those in HaB|. The final
the 50 MeV elastic vector analyzing power without any ~5iculations and data are shown in Fig. 2.

modification. Thed + 10 potentials for generating these dis-  QOnce the best description of the ground statéransfer
torted waves were taken from the 34 Mea\'°0 elastic  data had been achieved, it was natural to inquire into the
scattering study of Newmaet al. [14]. This parameter set origin of the observed analyzing powers. The role of the
does not contain d+*%0 spin-orbit interaction but gave a deuteron spin-orbit potential was investigated first. Calcula-
very good description of the elastic cross section data. It wagons were performed with only a real deuteron spin-orbit
found that no adjustment of th&Li+*°C entrance channel potential, only an imaginary deuteron spin-orbit potential,
potentials which was still consistent with the elastic scatterand without deuteron spin-orbit terms, always including the
ing data could yield the large transfer analyzing powers. ThiLi spin-orbit potential. As can be seen in Fig. 3, without a
result implies that the transfer analyzing powers arise fronjeuteron spin-orbit potential, no tensor analyzing powers ap-
the outgoingd +°0 interaction so that further efforts to de- pear and only minimal effects in the calculated vector ana-
scribe the transfer data concentrated ondhe'®O interac-  lyzing power were observed. There was a dependence of the
tion potentials. The rapidly changing shapes of tfiei,d)  deuteron spin-orbit on the bound state radiusf and this
analyzing powers and the similarity of their shapes and magwas seen in the specific contributions of the real and imagi-
nitudes with those of Matsuoket al. [16] for d+1°0 at 56  nary spin-orbit potential terms at the two separate radii. For
MeV, further suggests that tiie+ %0 final state spin effects the R=3.07 fm calculations, the imaginary spin-orbit contri-
are responsible for thél(i, d) analyzing powers. In particu- bution was negative everywhere while the real spin-orbit
lar, the very strong deuteron spin-orbit interaction is knowncontribution is positive, and the sum of the two contributions
[17,22 to dominate thel+ %0 analyzing powers in this en- added to form the correct shape to describe the measured
ergy region and so it is anticipated from the data alone that itlata. The larger radius calculations show that both the real
should be responsible for thél(, d) analyzing powers. and imaginary deuteron spin-orbit contributions were of
The d+ %0 spin-dependent interactions considered in thenearly the same magnitude and phase. Note that the second
present work were based on the deuteron potentials of Mabrder spin-orbit effects were able to reproduce the tensor
suokaet al. [16], for elastic scattering aE(d)=56 MeV. analyzing powers for both bound state radii.
These parameters included both surface and volume absorp- The tensor analyzing powers are normally used to probe
tion terms, and a real deuteron spin-orbit potential; however®Li D-state and tensor potential effects, and even though
calculations using these potentials also failed to describe thiéne tensor analyzing powers are well described by the deu-
transfer angular distribution and analyzing powers. Startingeron spin-orbit potential, calculations were performed to in-
from the Matsuoka parameters, adjustments were then madestigate their effects on the calculated tensor analyzing
to the deuteron potentials to achieve a good description gfowers. ThebLi+°C tensor interaction was based on the
the transfer data, while always maintaining the fit to the elaswork done by Rebeet al.[24], who investigated the impor-
tic scattering data. It was found that by retaining both a surtance of spin-orbit and tensor potentials from polariZéd
face and a volume absorption potential in the exit channe¢lastic scattering at a bombarding energy of 30 MeV. The
optical potentials, and adding an imaginary spin-orbit termRaynal tensor form factdi25] was used to describe the ra-
that the transfer angular distributions could be well describediial part of both the real and imaginary tensor potentials. The
for both the smaller and the larg&fO bound state radii. The geometries for the real and imagindiyi -+ 12C tensor poten-
only difference in the optical potentials was that the real andial were taken from Ref.24].
imaginary spin-orbit strengths and imaginary absorptive po- The d+ %0 tensor potential was taken from the work of
tential radius was larger at 4.85 fm. The inclusion of anFrick et al. [26], where the deuteron tensor potential was
imaginary spin-orbit potential was shown by Goddard andexamined by studying its effect on the calculated elastic scat-
Haeberli[23] to significantly improve the optical model de- tering cross sections and analyzing powers for 20 MeV deu-
scription of precise deuteron elastic scattering vector analyzerons. For the real and imaginary potentials, Fratkal.
ing power data. used radial forms similar to those found by Keaton and Arm-
The determination of a satisfactods %0 potential set  strong[27] who derived analytic expressions to describe the
required several hundred FRDWBA calculations. The resultgleuteron potential arising from the static folding model. The
are shown in Fig. 2. The finafLi+%C optical potentials real and imaginary deuteron central potentials have indi-
were the same as Vineyard's set Ill, except the imaginarwidual geometries whose values were taken from Feical.
volume strength was increased to 10 MeWpg  An imaginary volume Woods-Saxon term was added to the
=186.0 MeV, rg=1.13 fm, ar=0.83 fm, W,  imaginary deuteron tensor potential by Friekal. because it
=10.0 MeV, ry=2.26, anda,=0.62 fm. The SLi spin-  resulted in a substantial improvement in their description of
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component does not contribute to tA&C(ELi, d) reaction.

The small role played by théLi D-state in the {Li,d)
reaction observed in the present work has also been reported
for the (Li, d) reaction on medium-weight nucléCa,Ni by

Veal et al. [30].

a particle spectroscopic factors were extracted from the
ground state transfer calculations by normalizing the theoret-
ical cross sections to the measured cross section. The values
obtained are given in Table | along with values from Cun-
soloet al.[4] and Becchettet al.[5,6]. The quantity needed

sl Ve I for astrophysical calculations is the reduced width and so
0 20 40 60 80 0 20 40 60 80 its values were also extracted and are given in Table I. The
O:n (dog) Ocm (deg) formalism used for extracting the reduced width is given
R=3.07 fm R=4.85fm by Becchettiet al.[5]. The channel radius used in the present

FIG. 4. Effects of including’Li + *2C andd+ 0 tensor poten- Work for determining thex reduced width was the radius at
tials on the FRDWBA calculations. The solid line is for calculations Which the *?C+ a binding potential had decreased to 10% of
with the tensor potentials and the dashed line is for calculationdts largest value, which for thR=3.07 fm calculations cor-
without the tensor potentials. responds to a channel radius of 5.4 fm and for Rve4.85

fm calculation, the channel radius was 7.20 fm. In the works
the d+1%0 data, so it was included here as well. The tensowf Becchettiet al, a channel radius of 5.4 fm was used. The
potential spin coupling was of thEg type as discussed by radius for thea+ 1C system, of interest to the astrophysical
Satchler[28]. As can be seen in Fig. 4, including tensor *2C/*%0 abundance question is typically taken to be 5.5 fm
potentials in the DWBA calculations did not improve the [31]. Redderet al. [31] used the many-leveR-matrix for-
quality of the fit to the tensor analyzing power data, andmalism of nuclear reactions to analygé andE2'? C(«,y)
actually degraded the fit slightly. The small role played bycapture data. They concluded that the appropriate channel
the 6Li tensor force in producing thé(i, d) analyzing pow-  radius fora capture was 5.5 fm, and at this radius the ground
ers is further evidence for the dominance of the'®0 spin  state reduced width was 0.0£2.012, well below our value
orbit potential in producing the transfer tensor analyzingof 0.44 for the same channel radius.
powers. The analysis ofi+0 tensor analyzing powers In summary, a FRDWBA calculation using a standard
[17,22 show that they are dominated by second order spineptical model parametrization of the entrance and exit chan-
orbit effects as are the present transfer analyzing powers. nel interactions gave an excellent simultaneous description

It is known that thebLi wave function has a small of ©Li+'C and d+'%0 elastic scattering and the
(<4%) D-state componenit29] in its wave function and  '2C(5Li, d)*®O reaction at 50 MeV. No adjustment of the
therefore calculations were performed to examine the contriLi + *°C potentials could generate the large observed trans-
bution of theD state to the description of the ground state fer analyzing powers, as long as the fit to te + 1°C elas-
transfer tensor analyzing powers. IncludinB-#tate compo- tic scattering data was maintained whereas they occured
nent increased the numberlotransfers that can occur in the quite naturally when the deuteron spin-orbit potential was
« transfer reactionD-state spectroscopic amplitudes rangingadded. The inclusion of thB-state component of théLi
from —0.20 to +0.20 were examined. It was found that wave function, worsened the description of the data, indicat-
values of theD-state spectroscopic amplitude greater in mag-ing that the reaction was predominan8ywave transfer.
nitude than 0.10 resulted in a substantially worse description The extractedr particle spectroscopic factor was domi-
of the data, while smaller values did not improve the descripnated by the spin-independent potentials, changing by less
tion of the tensor analyzing power data. Hence, Ehstate  than 20% for calculations with and without the deuteron spin

TABLE I. Summary of the extracted spectroscopic factors and reduced widths.

Current Current Cunsolpd] Becchetti{5] Becchetti[6]
Quantity 50 MeV 50 MeV 28 MeV 42 MeV 90 MeV
R?=3.07fm R?%=4.85fm R%=4.85fm R%*=298fm R®=2.98fm
Spectroscopic Factor 14.29 0.32 023 14.3° 11.08°
Dimensionless Reduced
Widths 0.445.40°  0.00447.20 © 0.755.40 ¢  0.295.40 °

@The %0 bound state radius used in the respective calculation.

®These authors assumedlai — o+ d spectroscopic factor of 1.0. For comparison to the current work, this
value was replaced by 0.70 from Werby al. [26].

°The numbers in parentheses are the channel radii in fm used for determining the dimensionless reduced
widths. Here, the definition of the dimensionless reduced width is taken [fsdrand is given by@i(s)
=y2(s)/y4(s) wheresis the channel radiugs is the reducedr width, andy,, is the single-particle Wigner

limit.
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orbit potential. It was seen that th€O bound state radius it is most difficult to determine its magnitude. As has been
played a crucial role in the value of the extracted spectroshown in previous work§32], it is POSSi7b|¢ that the better
scopic factors and reduced widths. The extreme range dingular momentum matched reactiit('Li,t) is the most
absolute a spectroscoptic factors and hence reduaed reliable « transfer reaction for determining the abso_lute sub-
widths found in the present work makes it extremely doubt-tlhzrceShOId redqceda W'.dths needed for determining the
ful that the *2C(6Li, d) reaction can be used to extract mean- (e,7) reaction rate in stars.

ingful «+*°C spectroscopic information even when a very  The authors wish to acknowledge extremely helpful dis-
complete data set including spin-dependent observables exussions with C. Brune and D. Robson. This work was sup-
ists. The rather large angular momentum mismatch (lported by the National Science Foundation, the State of
~b5#) of the reaction makes the calculation extremely senFlorida, and the State Committee for Scientific Research
sitive to thea + 2C wave function at large distances, where (KBN) of Poland.
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