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The results of extensive coupled-reaction-channel calculations are compared with the cross section and new
analyzing power data for the12C(6Li, d)16O reaction leading to the 0.0-MeV 01, 6.13-MeV 32, 6.92-MeV
21, 8.87-MeV 22, and 10.35-MeV 41 states of16O at 6Li bombarding energies of 34 and 50 MeV. All the
analyzing power data at both energies and all the cross section data at 50 MeV, with the exception of that for
the 12C(6Li, d)16O transition to the 0.0-MeV 01 state of16O are presented here for the first time. These results
suggest that there are significant multistep contributions to transfers leading to the 01 and 32 states, while
those leading to the 21 and 41 states may be reasonably well described by simple directa transfer. The
importance of multistep effects is found to increase with increasing bombarding energy.
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I. INTRODUCTION

For almost thirty years there has been considerable sp
lation about the contribution of multistep transfer proces
to the population of individual states in16O via the
12C(6Li, d) reaction@1–4#, although to date no calculatio
has been published which attempts to quantify their pr
ence. In fact, previous discussions only focused on trans
from excited states of the target, whereas these may
occur from ‘‘excited states’’ of the projectile~the threeL
52 resonances in6Li). Also, the importance of transition
between states of16O has so far not been investigated. T
question of the contribution of such multistep processes is
important one if the (6Li, d) reaction is ever to be used t
determinea spectroscopic factors. Previous attempts to
tract these factors from distorted-wave Born approximat
~DWBA! studies @5–8# have assumed that the reactio
mechanism is dominated by directa transfer. Compound
nucleus contributions were assumed to be small at forw
angles for most of the low-lying states in16O populated by
the 12C(6Li, d) reaction at energies well above the Coulom
barrier. This assumption was based on the results of Hau
Feshbach calculations of the compound nucleus compo
normalized to the cross section for formation of the u
natural parity 8.87-MeV 22 state, assumed to be populat
purely by compound nucleus formation@5–7#.

The interest in obtaininga spectroscopic factors for th
16O/12C overlap goes beyond that of probing th
a-clustering character of states in16O. The 12C(a,g)16O
reaction rate is of vital importance in nuclear astrophys
but is still relatively poorly determined@9# due to the diffi-
culty of the measurement at astrophysically relevant en
gies. The 12C(6Li, d)16O reaction may be used instead
determine the reduceda widths of states in16O @5#. How-
ever, an accurate determination of these reduced widths f
DWBA calculations is dependent on the reaction proceed
via directa transfer. Also, the use of the asymptotic norm
ization coefficient method~see, e.g., Ref.@10#! for a given
reaction relies on the validity of the DWBA formalism a
applied to that reaction, as pointed out by Nunes a
Mukhamedzhanov@11#. Thus, it is of considerable impor
tance to determine the significance of nondirect~either mul-
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tistep or compound nucleus! contributions to the
12C(6Li, d)16O reaction.

In Fig. 1 we show the present data for the12C(6Li, d)16O
reaction leading to the 0.0-MeV 01, 6.13-MeV 32, 6.92-
MeV 21, 8.87-MeV 22, and 10.35-MeV 41 states in16O,
measured at6Li bombarding energies of 34 and 50 Me
together with data from the literature for the same reacti
at 6Li bombarding energies of 34 MeV@7#, 42 MeV @5#, and
90 MeV @6#. Note that while the 34-, 42-, and 50-MeV cros
sections are of similar magnitudes and have similar shape
a function of angle, the 90-MeV cross sections~with the
exception of the 8.87-MeV 22 state! are all of considerably
smaller magnitude.

In this work we present for the first time the results
extensive coupled-reaction-channel~CRC! calculations in-
cluding several multistep paths for the12C(6LiW,d)16O reac-
tion leading to the 0.0-MeV 01, 6.13-MeV 32, 6.92-MeV
21, 8.87-MeV 22, and 10.35-MeV 41 states of16O, which
are compared with new analyzing power data for6LiW at bom-
barding energies of 34 and 50 MeV and a combination
new and previously measured@7# cross section data. Th
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FIG. 1. Comparison of angular distributions for th
12C(6Li, d)16O transfer reaction leading to the 0.0-MeV 01, 6.13-
MeV 32, 6.92-MeV 21, 8.87-MeV 22, and 10.35-MeV 41 states
in 16O at several different6Li bombarding energies. The ope
circles denote the current 34-MeV data together with that of C
solo et al. @7#, the filled circles the current 50-MeV data, the op
squares the 42-MeV data of Becchettiet al. @5#, and the filled
squares the 90-MeV data of Becchettiet al. @6#. The lines are to
guide the eye.
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cross section and analyzing powers for the12C(6LiW,d)16O
transition to the 0.0-MeV 01 state of 16O for 50-MeV 6LiW
have been previously published@8#. All other analyzing
power data at both energies and cross section data at 50
are presented here for the first time. We have confined
analysis to the strongly populated states in16O for which we
were able to obtain angular distributions of the analyz
powers. Section II of the present work provides a descript
of the experimental procedure, while Sec. III summarizes
results of previous DWBA calculations. The current CR
calculations are described in Sec. IV and the results
cussed in Sec. V. Our conclusions are presented in Sec.

II. EXPERIMENTAL PROCEDURE

The present 12C(6Li, d) cross section and analyzin
power data at 34 and 50 MeV were measured with sim
experimental procedures. Polarized6Li beams were pro-
duced by the Florida State University~FSU! optically
pumped polarized lithium ion source@12# and accelerated to
34 MeV by the FSU FN tandem van de Graaff accelera
For the higher energy measurements, the 34-MeV beam
injected into a superconducting linear accelerator that ac
erated the beam to 50 MeV. The (6Li, d) analyzing powers
were measured using a large scattering chamber contain
200 ~500! mg/cm2 self-supporting natural carbon target f
6Li beam energies of 34~50! MeV, followed by a smaller
chamber filled with He gas at a pressure of 600 Torr, use
monitor the beam polarization and separated from the m
chamber by a thin Havar foil.

Four Si surface-barrier detector telescopes~two on each
side of the beam! in the main chamber measured the (6Li, d)
analyzing powers, while two single Si surface-barrier det
tors ~one on each side of the beam! in the He-filled polarim-
eter chamber monitored the6Li beam polarization by detect
ing the 4He recoil particles at detector angles between 1
and 21°. The yields from these detectors were also use
determine the absolute beam polarization using previou
established standards@13#. Typical absolute beam polariza
tions wereut10u50.9660.03 andt20521.0260.030. A thin
Ta foil was placed in front of the detector telescopes in
main chamber to stop the intense elastically scattered b
particles from damaging the detectors during the long tim
needed to determine the reaction analyzing powers. C
section angular distributions were obtained using an unpo
ized 6Li beam produced by a standard sputter ion source

In the present work, the 6.05-MeV 01 and 7.12-MeV 12

states of16O could not be resolved from the nearby 6.1
MeV 32 and 6.92-MeV 21 states, respectively. Howeve
the high resolution 42-MeV data of Becchettiet al. @5# con-
tains angular distributions for both the 6.05-MeV 01 and
7.12-MeV 12 states. These data indicate that the 7.12-M
12 state cross section is'10% of that for the 6.92-MeV 21

state, so the unresolved 21112 data was analyzed as a pu
21 state. The 6.05-MeV 01 angular distribution is highly
oscillatory and gives a contribution of about 25% to the 6.1
MeV 32 state data in the angular range between 20°
40°. With the aid of finite-range DWBA calculations@14#, it
04460
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was possible to remove the contribution of this state from
combined 32101 data. To extract the 01 state contribution
from the measured combined vector analyzing poweriT11,
the calculated 01 iT11 was subtracted using the followin
expression:

iT11
32~corrected!5S 12

s~01!

s~32101!
D iT11

32

2S 12
s~01!

s~32101!
D iT11

01 , ~1!

wheres(01) is the calculated 01 cross section ands(32

101) is the measured combined 32101 cross section. The
measured vector analyzing power for the uncorrected2

state~which includes 01 contributions! is denoted byiT11
32 ,

while iT11
01 denotes the calculated 01 vector analyzing

power. Errors were obtained by propagating the errors of
individual quantities, with values of 10% assumed for t
calculated quantities. The tensor analyzing powers,T20, T21,
andT22 were not separated as the calculated 01 tensor ana-
lyzing powers were close to zero at all angles.

III. SUMMARY OF PREVIOUS DWBA ANALYSES

There are a number of DWBA analyses of th
12C(6Li, d)16O reaction at various energies in the literatu
However, many of these are mainly concerned with comp
ing different formulations of finite-range DWBA, and thu
only compare calculations with data for transfer to a sin
state in 16O. The first comparison of finite-range DWBA
calculations with an extensive set of data for t
12C(6Li, d)16O reaction that we are aware of is that of Be
chettiet al. @5# for a 6Li bombarding energy of 42 MeV. The
fits to the 0.0-MeV 01, 6.13-MeV 32, 6.92-MeV 21, and
10.35-MeV 41 states of16O are comparable to those pre
sented below with the exception of the 21 state, where the
calculated angular distribution peaks at an angle larger t
the measured one.

Finite-range DWBA calculations are compared with da
at 6Li bombarding energies of 28 and 34 MeV by Cunso
et al. @7#. Again, fits are comparable to those presented
low, with the fit to the 10.35-MeV 41 state for the 34-MeV
incident 6Li being considerably better than that obtain
here. Apagyi and Vertse@15# present comparisons of zero
range DWBA using microscopic form factors with data at
and 20 MeV. The agreement is poor in almost all cases.

Finite-range DWBA calculations are compared with da
at 90 MeV by Becchettiet al. @6#. Again, the fits to the data
are of comparable quality to those presented below, depe
ing on the choice of optical model potentials used.

Insolia et al. @16# compared zero-range DWBA calcula
tions using microscopic four-particle transfer form facto
with data at 28 and 34 MeV. The agreement is comparabl
that obtained with the current calculations.

Mention must also be made of the work of Makowsk
Rzeszutkoet al. @17#. Although these authors compare finit
range DWBA to data for transfer to the16O ground state
4-3
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TABLE I. Number of radial nodesN and spectroscopic amplitudes for the12C/16O overlaps used in the
present calculations. The number of radial nodes includes that at the origin but excludes that at infini
spin of the final state in16O is denoted byJ, I denotes the spin of the12C core, andL the a-12C relative
angular momentum.

J Ex ~MeV! Channel (I ,L)
(0,J) (2,J22) (2,J21) (2,J) (2,J11) (2,J12)

01 0.00 0.5477 1.1819
N53 N52

32 6.13 0.4593 0.4393 0.4561 0.5020
N52 N53 N52 N51

21 6.92 0.8240 0.0707 0.1049 0.2933
N54 N55 N54 N53

22 8.87 0.3066 0.6411
N53 N52

41 10.35 0.7855 0.3098 0.0632 0.1517
N53 N54 N53 N52
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only, at a6Li bombarding energy of 20 MeV the experime
was carried out with a polarized beam, and angular distri
tions of the vector analyzing powers were obtained. Th
were able to obtain a good fit to the cross section and a
lyzing power data using a cluster-folded6Li112C spin-orbit
potential.

Finally, there is the finite-range DWBA analysis of Drum
mer et al. @8#, which analyses data for transfer to the 0
MeV 01 state of16O using a 50-MeV polarized6Li beam. A
full set of analyzing powers was obtained and good fits to
data were obtained with both6Li112C andd116O spin-orbit
potentials included. It was found that the calculated ana
ing powers were dominated by thed116O spin-orbit poten-
tial.

Overall, DWBA calculations have proved adequate to
scribe the shape of the12C(6Li, d)16O angular distributions
when a number of the input parameters have been va
These variations even within one analysis have made it
ficult to extract meaningful information about the nature
the reaction, and also cast doubt on the use of this reactio
extract 16O→a112C spectroscopic factors. The calculatio
described below are able to obtain similar quality fits to d
with one adjustable parameter~the strength of the real part o
the cluster-folding model potential!, the rest of the input be
ing taken direct from the literature without any adjustmen

IV. THE CALCULATIONS

The goal of this work was to investigate the role ofa
particle transfer from the excited states of the projectile a
04460
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target, and to assess their impact on the extraction of s
troscopic information. Consequently, all calculations we
carried out using the codeFRESCO @18#, version FRXP.14,
which can include these contributions to the direct one-s
process. In order to perform these calculations, the follow
ingredients are required: some means of accurately des
ing the excitation of6Li to its unbound resonant and non
resonanta-d continuum states, spectroscopic amplitudes~in-
cluding their signs! for a transfer via the ground and excite
states, an unambiguous definition of thea-12C wave func-
tions ~binding potential radius and number of radial node!,
the d116O potential in the exit channels, and couplin
strengths~both nuclear and Coulomb! for inelastic excita-
tions of 12C and16O. The details of these ingredients used
the current work are described below.

We utilized thea-d cluster-folding~CF! model descrip-
tion of 6Li with the continuum-discretized coupled-channe
~CDCC! @19# method to take account of resonant and no
resonanta-d breakup. Thea-d continuum was discretized
into a series of bins with respect to the momentum\k of the
a-d relative motion in a way similar to Ruseket al. @20#.
The wave functions of these bins were normalized to un
the radius limiting their range being set to 30 fm. The co
tinuum model space was limited to valuesL50,1,2 of the
a-d relative angular momentum and 0.0<k<0.75 fm21

with Dk50.25 fm21. The binning scheme was suitab
modified in the presence of theL52 resonances in order t
avoid double counting. The threeL52 resonances were
treated as bins of widthsDE50.1, 2.0, and 3.0 MeV for the
2.18-MeV 31, 4.31-MeV 21, and 5.7-MeV 11 states, re-
rs in fm.

0.35
0.35
TABLE II. The d116O optical potential parameters used in the12C(6Li, d)16O calculations at6Li bom-
barding energies of 34 and 50 MeV. Potential depths are in MeV and radius and diffuseness paramete
The potential form is given by Eq.~2!.

E(6Li) VR r R aR WV r V aV WS r S aS VSO r SO aSO WSO r W aW

34 89.3 0.99 0.95 9.5 1.65 0.3 4.1 2.25 0.3 1.0 0.40 0.27 1.75 1.15
50 89.3 0.99 0.95 7.3 2.10 0.3 3.125 2.25 0.3 2.25 0.90 0.27 1.75 1.15
4-4
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spectively. Thea-d binding potential was as used by Kub
and Hirata@21#.

The CF model requiresa112C andd112C optical model
potentials at 2/3 and 1/3 of the6Li beam energy, respec
tively. For the 34-MeV calculations, the nearest availa
potentials were the 27.2-MeVa112C of Nemets and Rud
chik @22# and the 11.4-MeVd112C of Guratzschet al. @23#.
In order to fit the elastic scattering data for 34-MeV6Li
112C @24# with the full model space, the real and imagina
parts of the CF model potential had to be renormalized
factors of 0.5 and 0.6, respectively. For the 50-MeV calcu
tions, the nearest available potentials were the 32.5-MeVa
112C of Burdzik and Heyman@25# and the 15.9-MeVd
112C of Satchler@26#. In order to fit the 50-MeV6Li112C
elastic scattering data@27#, the real part of the CF mode
potential had to be renormalized by a factor of 0.6. Coupl
to the 4.43-MeV 21 state of12C was also included, using th
rotational model. The 01 ground state and 21 excited state
were considered to be the first two members of aK50 ro-
tational band. The Coulomb coupling strength was tak
from the measuredB(E2;01→21) @28# and the nuclear
form factor was obtained by deforming the bare CF pot
tial, with a nuclear deformation length derived from th
B(E2) assuming a12C radius of 1.23121/3 fm.

The following reaction paths were included in the fu
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FIG. 2. Angular distributions for the12C(6Li, d)16O reaction
leading to the 0.0-MeV 01 state of 16O for a 6Li bombarding en-
ergy of 34 MeV. The open circles denote the cross section dat
Cunsoloet al. @7#. The dot-dashed curves denote the result o
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of12C, the dotted curves include
transfer via the threeL52 resonances of6Li, and the solid curves
include couplings from the 0.0-MeV 01 state of 16O to the 6.92-
MeV 21 and 6.13-MeV 32 states.
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calculations: transfer via the6Li ground state and 2.18-MeV
31, 4.31-MeV 21, and 5.7-MeV 11 L52 resonances o
6Li; transfer via the12C 01 ground state and 4.43-MeV 21

state; and coupling between the 01 ground state and 6.13
MeV 32 and 6.92-MeV 21 states of16O in thed116O exit
channel. Spectroscopic amplitudes for the four6Li/ d over-
laps were set to 1.0, as we assumed a purea-d cluster struc-
ture for 6Li. The D-state component of the6Li ground state
was ignored, as the work of Vealet al. @29# shows that it is
very small, and it was found previously to have little influ
ence on the12C(6Li, d) transfer to the16O ground state@8#.
The a-d binding potential was as used in the CF mod
calculation and the threeL52 resonances were treated
unbound resonance bins in the same way as for the CD
calculation described above. The unbound component of
10.35-MeV 41 state built on the12C 01 ground state was
treated as a conventional bound state with a small~0.01
MeV! binding energy for the purposes of these calculatio
Tests, where this component was treated as a narrow r
nance, produced results that gave the same magnitude
section as for the weak-binding approximation, but whi
exhibited spurious oscillations due to numerical soluti
problems associated with the long tail of the resonance w
function.

Spectroscopic amplitudes for the12C(01)/16O and
12C(21)/16O overlaps were taken from the calculations
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Suzuki @30#. The results of these calculations are given
spectroscopic factors (C2S), which are unsigned, wherea
FRESCO requires spectroscopic amplitudesAC2S as input,
which are signed. As we had no information as to the rela
signs of the spectroscopic amplitudes, we adopted the
plest approach for the main calculations and took the sa
sign for all. The number of radial nodes was determined
the usual Talmi-Moshinsky relationship. The spectrosco
amplitudes and the number of radial nodes used in
present calculations are given in Table I.

The a-12C binding potential was of Woods-Saxon form
with radius 1.343121/3 fm and diffuseness 0.65 fm, th
depth being adjusted to give the correct binding energy
each case. As noted previously@8,21#, there is some ambigu
ity as to the choice of binding potential radius for thea
112C system. Many studies@5,6,21# have adopted a valu
consistent with the results of electron scattering, while oth
have chosen the value obtained fromR51.25(41/3

1121/3) fm @7#. For our main calculations, we have chos
to follow those studies that use a value consistent with e
tron scattering, with a radius similar to that used by Ku
and Hirata@21# and slightly larger than that adopted by Be
chetti et al. @5,6#.

The d116O optical potential for the 34-MeV calculation
was obtained from a fit to the elastic scattering data of Ne
manet al. @31#, while that for the 50-MeV calculations wa
obtained by fitting the data of Hinterbergeret al. @32#. As
neither of these datasets contains analyzing powers, no
these available at the appropriate deuteron bombarding e
gies, the spin-orbit components of thed116O optical poten-
tials were obtained from finite-range DWBA calculatio
that produced a simultaneous fit to thed116O cross section
data and the analyzing power data for the12C(6Li, d) trans-
fer to the 16O ground state@14#. The form of thed116O
optical potentials was as follows:

V~r !52VRf ~xR!2 i H WVf ~xV!24WS

d

dxS
f ~xS!J

14
VSO

r

d

dr
f ~xSO!,•s14i

WSO

r

d

dr
f ~xW!,•s,

~2!

where f (xi)5(11expxi)
21 and xi5(r 2r i3121/3)/ai . The

values of the parameters are given in Table II.
Coupling between the16O 01 ground state and 6.13-MeV

32 and 6.92-MeV 21 states were included using the vibr
tional model. The Coulomb coupling strengths were obtain
from the measuredB(E2;01→21) @28# and B(E3;01

→32) @33# values. The nuclear form factors were obtain
by deforming thed116O optical potentials with deformation
lengths obtained from theB(E2) andB(E3) values, assum
ing a 16O radius of 1.23161/3 fm. For the full calculations
which included these couplings in thed116O channel, the
imaginary potential strengths were reduced toWV
57.3 MeV andWS53.125 MeV for the 34-MeV calcula-
tion, andWV55.0 MeV andWS52.3 MeV for the 50-MeV
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calculation in order to retain the fit to the elastic deuter
data of Newmanet al. @31# and Hinterbergeret al. @32#, re-
spectively.

As no couplings between the16O 01 ground state and
either the16O 10.35-MeV 41 or 8.87-MeV 22 states were
included, separate calculations were carried out for trans
to these states in order to save on computing time. As
effect of the transfer couplings on the elastic scattering w
negligible in all cases, the results of these separate calc
tions should be identical to those that would have been
tained if transfers to the 41 and 22 states were included in
the main calculations.

V. RESULTS

In Figs. 2–11, we show the results of our calculations
the 12C(6LiW,d)16O reaction leading to the 0.0-MeV 01, 6.13-
MeV 32, 6.92-MeV 21, 8.87-MeV 22, and 10.35-MeV 41

states of16O at 6Li bombarding energies of 34 and 50 MeV
In order to elucidate the contributions of the various mu
step paths, we show four curves on each figure. The
dashed curves denote the results of calculations that inc
the full CDCC model space of6Li plus coupling to the 4.44-
MeV 21 state of12C, but which only include directa trans-
fer, with no multistep paths. The dashed curves indicate
results of calculations which include transfer via the12C
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FIG. 4. Angular distributions for the12C(6Li, d)16O reaction
leading to the 6.92-MeV 21 state of 16O for a 6Li bombarding
energy of 34 MeV. The dot-dashed curves denote the result
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of12C, the dotted curves include
transfer via the threeL52 resonances of6Li, and the solid curves
include couplings from the 0.0-MeV 01 state of 16O to the 6.92-
MeV 21 and 6.13-MeV 32 states.
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FIG. 5. Angular distributions
for the 12C(6Li, d)16O reaction
leading to the 8.87-MeV 22 state
of 16O at a 6Li bombarding en-
ergy of 34 MeV. The open circles
denote the cross section data
Cunsolo et al. @7#, the dashed
curves denote the result of a ca
culation with transfer via the 4.44
MeV 21 state of12C, and the dot-
ted curves include transfer via th
threeL52 resonances of6Li.
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4.44-MeV 21 state in addition to the other couplings. Th
dotted curves denote the effect of adding transfers via
threeL52 resonances of6Li. Finally, the solid curves de-
note the results of the complete calculations, which add c
plings between the 0.0-MeV 01 and 6.13-MeV 32, and
6.92-MeV 21 states of16O in the exit partition. As our cal-
culations did not include any couplings within16O leading to
either the 8.87-MeV 22 or 10.35-MeV 41 states, the figures
for these states do not exhibit solid curves. Also, as the 8
MeV un-natural parity 22 state of16O cannot be formed by
direct a transfer via the 01 ground state of12C, the figures
for this state do not show dot-dashed curves.

Considering the 34-MeV data first, Figs. 2–6 show th
the full calculations provide a reasonable description of
cross section angular distributions for transfer to the 0
MeV 01, 6.13-MeV 32, and 6.92 MeV-21 states. However
the analyzing powers for these states are rather poorly
scribed. For the un-natural parity 8.87-MeV 22 state, previ-
ously considered to be populated solely by the compo
nucleus mechanism@5–7#, our calculation underpredicts th
cross section data by approximately a factor of 10~analyzing
04460
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power data were not obtained for this state for a6Li bom-
barding energy of 34 MeV!. The shape of the measured cro
section angular distribution is also poorly described by
calculation. It will be noted that the addition of transfer v
the threeL52 resonances of6Li has no effect on either the
predicted cross section or analyzing powers for this state.
the 10.35-MeV 41 state the magnitude of the calculate
cross section matches the data, but its shape is wrong, b
peaked at forward angles while the data are relatively fl
The analyzing powers are again rather poorly described.

For a 6Li bombarding energy of 50 MeV, Figs. 7–1
show that at this energy the calculations are in worse ag
ment with the data than at 34 MeV. By contrast with t
34-MeV case, the description of the 0.0-MeV 01 and 6.13-
MeV 32 cross section data by the full calculation is poo
The description of the 6.92-MeV 21 cross section is still
reasonable, though not as good as that obtained at 34 M
For the 8.87-MeV 22 state, while the shape of the cros
section angular distribution is rather better described tha
34 MeV, the magnitude of the calculated cross section is n
a factor of approximately 70 times smaller than the measu
4-7
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one. Again, it will be noted that the addition of transfer v
the L52 resonances of6Li has no effect on the calculate
cross section or analyzing powers for this state. Finally,
description of the 10.35-MeV 41 state cross section is sim
lar to that obtained at 34 MeV, although the magnitude
now somewhat underpredicted. With a few exceptions,
analyzing powers for all states are again rather poorly
scribed.

Before proceeding to a detailed discussion of the res
of our calculations the question of the effect of the exit ch
nel d116O spin-orbit potential on the calculated analyzi
powers must be addressed. As there are no polarized
teron scattering data available at suitable energies, thd
116O spin-orbit potentials used in our analysis are poo
determined. Therefore, it is possible that the rather poor
scription of the12C(6LiW, d)16O analyzing powers is merel
due to lack of knowledge of the spin-orbit potentials. In F
12 we compare the results of calculations for the12C(6Li, d)
transfer leading to the 6.92-MeV 21 state in 16O at a 6Li
bombarding energy of 50 MeV using the full set of couplin
with ~solid curves! and without ~dotted curves! a d116O
spin-orbit potential included. As can be seen from the figu
the exit channel spin-orbit potential has considerable in
ence on the calculated analyzing powers. The same is
for transfers to the other states in16O considered here~simi-
lar effects are observed at 34 MeV!. Thus, the analyzing
powers do not provide any useful extra information w
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FIG. 6. Angular distributions for the12C(6Li, d)16O reaction
leading to the 10.35-MeV 41 state of 16O at a 6Li bombarding
energy of 34 MeV. The open circles denote the cross section da
Cunsolo et al. @7#, the dot-dashed curves denote the result o
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of 12C, and the dotted curve
include transfer via the threeL52 resonances of6Li.
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which to test our calculations in this instance, as the cal
lated values are dominated by the effect of thed116O spin-
orbit potential, which is not known with any.

Having thus established that the major influence on
calculated analyzing powers at both6Li bombarding ener-
gies is the poorly determinedd116O spin-orbit potential, we
shall concentrate on the agreement between calculated
measured cross sections. As a general observation, we
note that the agreement between calculations and da
worse at 50 MeV than it is at 34 MeV, suggesting that the
are processes not included in our calculations that bec
more important as the6Li bombarding energy is increased
As compound nucleus contributions become less impor
with increasing bombarding energy@5#, the poorer agreemen
at 50 MeV implies that multistep processes are increasin
importance as the bombarding energy is increased. Th
further borne out by the angular momentum mismatches
each transfer at the two energies, given in Table III.

As Table III shows, the angular momentum mismatch
50 MeV is significantly greater than at 34 MeV, further in
dicative of an increased importance of multistep processe
the 6Li bombarding energy is increased.

One may also note the importance of other multis
paths not considered in this work in the mechanism for po
lating the 8.87-MeV 22 state. As this is an un-natural parit
state, it cannot be populated by directa transfer. As our

of
a
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FIG. 7. Angular distributions for the12C(6Li, d)16O reaction
leading to the 0.0-MeV 01 state of 16O for a 6Li bombarding en-
ergy of 50 MeV. The dot-dashed curves denote the result of a
culation with directa transfer only, the dashed curves include tran
fer via the 4.44-MeV 21 state of 12C, the dotted curves include
transfer via the threeL52 resonances of6Li, and the solid curves
include couplings from the 0.0-MeV 01 state of 16O to the 6.92-
MeV 21 and 6.13-MeV 32 states.
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calculations~which consider the multistep routes to this sta
via the 12C 4.44-MeV 21 state! predict cross sections con
siderably smaller than the measured ones at both6Li bom-
barding energies, it would be natural to assume that this s
is largely populated via the compound nucleus method
was done previously@5–7#. However, as noted above, th
discrepancy between calculated and measured cross sec
is significantly larger at 50 MeV than it is at 34 MeV. Th
difference suggests that the balance of the cross sec
strength may come from other multistep routes that we h
not included in our calculations. Further evidence for t
conclusion is provided by the measured vector analyz
poweriT11 for the 12C(6LiW, d)16O22 transfer at 50 MeV. The
measured values ofiT11 are significantly different from zero
ranging from;0.5 to 20.5. Compound nucleus process
are unable to produce large vector analyzing powers, thus
iT11 measurement is a strong indication that the discrepa
between the calculated and measured cross sections fo
22 state cannot be largely accounted for by compou
nucleus contributions and must be due to multistep paths
included in the current calculations. Such paths might
clude transfer via the12C 9.64-MeV 32 state or transitions
from other states in16O to the 8.87-MeV 22 state. We did
not include such couplings in our calculations due to a la
of definite values for the necessary spectroscopic amplitu
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FIG. 8. Angular distributions for the12C(6Li, d)16O reaction
leading to the 6.13-MeV 32 state of 16O for a 6Li bombarding
energy of 50 MeV. The dot-dashed curves denote the result
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of12C, the dotted curves include
transfer via the threeL52 resonances of6Li, and the solid curves
include couplings from the 0.0-MeV 01 state of 16O to the 6.92-
MeV 21 and 6.13-MeV 32 states.
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and coupling strengths which would have made it difficult
draw worthwhile conclusions.

The inclusion of multistep transfer paths has a large eff
on the 12C(6Li, d) transfers to the16O 0.0-MeV 01 and
6.13-MeV 32 states at both6Li bombarding energies con
sidered here. For transfer leading to the 6.92-MeV 21 and
10.35-MeV 41 states the effect of the multistep paths
much less pronounced, particularly so for the 21 state, so
that these transfers might be reasonably accurately mod
as simple directa transfer only. However, this last stateme
needs some qualification, as there is the question of the e
of the signs of the spectroscopic amplitudes for the16O/12C
overlap, which are not determined, and that of the radius
the a-12C binding potential.

As stated above, there is some ambiguity in the choice
a-12C binding potential radius. In the calculations presen
here we used a Woods-Saxon well of radius 1.343121/3 fm.
In order to test the effect of the value chosen for bindi
potential radius we repeated the calculations with a radiu
1.25(41/31121/3) fm, a value used previously in sever
DWBA analyses of the12C(6Li, d) reaction. As might be
expected, the general effect of this increase in binding po
tial radius is to increase the magnitude of the calculated c
sections, at both6Li bombarding energies. However, it als
alters the shapes of the cross sections, leading to some
more structured angular distributions. In general, the lar

a

dσ
/d

Ω
 (

m
b/

sr
)

10–3

10–2

10–1

100

101

 

iT
11

θc.m. (deg)
0 20 40 60 80

 

–0.6

–0.4

–0.2

0.0

0.2

 

T
20

–0.4

–0.2

0.0

 

T
21

–0.1

0.0

0.1

 

θc.m. (deg)

T
22

0 20 40 60 80
 

–0.3

–0.2

–0.1

0.0

0.1

 

FIG. 9. Angular distributions for the12C(6Li, d)16O reaction
leading to the 6.92-MeV 21 state of 16O for a 6Li bombarding
energy of 50 MeV. The dot-dashed curves denote the result
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of12C, the dotted curves include
transfer via the threeL52 resonances of6Li, and the solid curves
include couplings from the 0.0-MeV 01 state of 16O to the 6.92-
MeV 21 and 6.13-MeV 32 states.
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radius leads to overprediction of the magnitudes of the cr
sections for transfer to the 6.13-MeV 32, 6.92-MeV 21, and
10.35-MeV 41 states, with the main effect on transfer to t
0.0-MeV 01 and 8.87-MeV 22 states begin to alter th
shape of the cross section angular distributions. Importan
the change ina-12C binding potential radius does not affe
the conclusion that transfer to the 6.92-MeV 21 and 10.35-
MeV 41 states may be reasonably accurately described
simple direct one-stepa transfer.

We also carried out an extensive series of test calculat
investigating the effect of changing the signs of the16O/12C
overlap spectroscopic amplitudes. The calculations of Suz
@30# give spectroscopicfactors, which are unsigned, rathe
than the signed spectroscopicamplitudeswhich are needed
for coupled-reaction-channel calculations. In the calculati
presented here, we adopted the simplest approach of kee
all 16O/12C spectroscopic amplitudes positive. In our test c
culations, we investigated the effect of giving the spect
scopic amplitudes for the16O/12C(21) overlaps negative
signs while keeping those for the16O/12C(01) overlaps
positive. The main effect of choosing negative signs for
16O/12C(21) overlap spectroscopic amplitudes for a partic
lar 16O final state was to produce constructive interferen
between the directa transfer and the two-stepa transfer via
the 12C 4.44-MeV 21 state. The effect is larger at 34 Me
than at 50 MeV and is most noticeable for transfers lead
to the 0.0-MeV 01 and 6.13-MeV 32 states of 16O. For
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FIG. 10. Angular distributions for the12C(6Li, d)16O reaction
leading to the 8.87-MeV 22 state of 16O at a 6Li bombarding
energy of 50 MeV. The dashed curves denote the result of a ca
lation with transfer via the 4.44-MeV 21 state of 12C, and the
dotted curves include transfer via the threeL52 resonances of6Li.
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transfers leading to the 6.92-MeV 21 and 10.35-MeV 41

states, the effect of changing the signs of the16O/12C(21)
spectroscopic amplitudes at a6Li bombarding energy of 34
MeV is sufficiently large to change the conclusion regard
the accuracy of their being described by simple directa
transfer. The constructive interference of transfer via the12C
4.44-MeV 21 state produces significant effects on the cro
section. However, at a6Li bombarding energy of 50 MeV,
the effect of changing the signs of the16O/12C(21) spectro-
scopic amplitudes is small enough that the previous con
sion about transfer to the 6.92-MeV 21 and 10.35-MeV 41
16O states still holds. They are reasonably well described
simple directa transfer. At both energies the best over
description of the data is obtained with all the spectrosco
amplitudes of positive sign.

VI. CONCLUSIONS

In summary, we have presented here for the first time
results of extensive CRC calculations for the12C(6Li, d) re-
action at two6Li bombarding energies, 34 and 50 MeV. W
found that there were significant contributions from mul
step transfer processes at both energies for transfers lea
to the 0.0-MeV 01 and 6.13-MeV 32 states of16O. This
conclusion is independent of the value chosen for thea-12C
binding potential radius or the relative signs of th
16O/12C(01) and 16O/12C(21) spectroscopic amplitudes
We also presented evidence suggesting that population o

u-
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FIG. 11. Angular distributions for the12C(6Li, d)16O reaction
leading to the 10.35-MeV 41 state of 16O at a 6Li bombarding
energy of 50 MeV. The dot-dashed curves denote the result
calculation with directa transfer only, the dashed curves includ
transfer via the 4.44-MeV 21 state of 12C, and the dotted curves
include transfer via the threeL52 resonances of6Li.
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un-natural parity 8.87-MeV 22 state of 16O may proceed in
large part via multistep processes rather than via compo
nucleus formation, as previously assumed. However,
present calculations greatly underpredict the observed c
section. We also found that for transfers leading to the 6.
MeV 21 and 10.35-MeV 41 states of16O multistep effects
were less important, and that transfer to these states cou
reasonably accurately modeled as simple directa transfer.
Test calculations indicated that this conclusion is depend
on the relative signs of the16O/12C(01) and 16O/12C(21)
spectroscopic amplitudes for a6Li bombarding energy of 34
MeV; at 50 MeV the effect of changing the relative signs
these amplitudes was sufficiently small to have no signific
effect on the importance of multistep transfers. Clearly
one wishes to obtain unambiguous results, a consistent
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FIG. 12. Angular distributions for the12C(6Li, d)16O reaction
leading to the 6.92-MeV 21 state of 16O for a 6Li bombarding
energy of 50 MeV. The solid curves denote the result of the
calculation including ad 1 16O spin-orbit potential, while the dot
ted curves denote the result of a similar calculation without ad 1
16O spin-orbit potential.
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culation of the spectroscopic amplitudeswith their signsis
required, along with a consistent set ofa112C bound state
wave functions. However, our results do unambiguou
show that the DWBA is inadequate to describe t
12C(6Li, d) reaction leading to the 0.0-MeV 01 and 6.13-
MeV 32 states of16O, and thus that the asymptotic norma
ization coefficient method cannot be applied to these tra
tions.

It was also found that all the analyzing powers for t
12C(6LiW,d)16O reaction are dominated by thed spin-orbit
potential. Yamayaet al. @34# found a similar situation for the
12C(dW ,6Li) 8Be reaction, where the dominant influence on t
vector analyzing power was the entrance channeld spin-orbit
potential. Thus, in the case of the12C(6LiW,d)16O reaction the
analyzing powers unfortunately do not provide us with u
ful extra information with which to test our calculations.

With the current interest in transfer reactions involvin
radioactive beams, for both spectroscopic and astrophys
studies, the calculations presented here demonstrate th
one wishes to go beyond simple DWBA analyses that
tempt to extracta spectroscopic factors from (6Li, d) reac-
tions ~albeit in inverse kinematics!, a considerable amount o
nuclear structure information will be required. This inform
tion, of necessity, has to be obtained from structure calc
tions. Therefore, any meaningful CCBA/CRC analysis w
require a consistent set of spectroscopic amplitudes~with the
appropriate signs! plus B(E2) etc. values for the coupling
strengths in the ‘‘target’’ nucleus~i.e., the radioactive nuclide
comprising the beam in an inverse kinematics setup!.
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TABLE III. Angular momentum mismatches for the12C(6Li,
d)16O transfers considered in this work.

Final state in16O Angular momentum mismatch (\)
34 MeV 50 MeV

0.00-MeV 01 2.5 3.8
6.13-MeV 32 3.5 4.6
6.92-MeV 21 3.6 4.7
8.87-MeV 22 3.9 4.9
10.35-MeV 41 4.2 5.2
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