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The 12C�a, g�16O reaction is crucial for the understanding of He burning in massive stars, but
low-energy cross section is highly uncertain. To address this problem we have measured a
Coulomb energies total cross sections for the12C� 6Li , d�16O and12C� 7Li , t�16O reactions to the bound
21 and12 states of16O. The data are analyzed to obtain the reduceda widths of these states. Togethe
with capture and phase-shift data, these results provide for a more accurate determination of th
energy12C�a, g�16O S factor:SE1�0.3 MeV� � 101 6 17 keV b andSE2�0.3 MeV� � 42116

223 keV b for
the E1 andE2 multipole components of the reaction.

PACS numbers: 24.30.–v, 21.10.Pc, 25.70.Hi, 26.20.+f
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The12C�a, g�16O reaction is a very important helium-
burning process in massive stars. The rate of this reacti
greatly affects the resulting ratio of12C to 16O, the
subsequent nucleosynthesis of heavier elements, and
final fate of the star (i.e., black hole or neutron star) [1,2
The cross section for this reaction at the energies requir
for stellar helium burning [E � 0.3 MeV] (we use center-
of-mass energies throughout this paper) is far too small f
direct measurement using presently available technique

The extrapolation of the measured cross sections (E $

1 MeV) to lower energies is complicated by two state
located 45 keV (Jp � 12) and 245 keV (Jp � 21)
below the 12C 1 a threshold. The cross section a
astrophysical energies arises largely from the high-ener
tails of these states, but the properties of these states
only weakly constrained by cross-section measuremen
at higher energies. Theg-ray widths of these levels
are known [3], but there is considerable uncertainty i
their reduceda widths which parametrize the strength o
a 1 12C clustering at the nuclear surface. The reduce
a width of the 12 state has been inferred in Ref. [4] by
fitting a large body of data including theb-delayeda

spectrum of16N. Very little information exists for the21

state. Reviews of the present status of the12C�a, g�16O
problem can be found in Refs. [5,6].

It has long been known that the needed reduceda

widths can in principle be determined froma transfer
reactions. However, the results reported previously fo
these methods have been subject to rather large unc
tainties, attributed mainly to uncertainties in the potentia
parameters and the influence of compound-nuclear co
tributions (see Refs. [7,8], and references therein). Th
Li-induceda transfer reactions at very low energies offe
several attractive features, which have not been previou
investigated. The slightly negativeQ values for the reac-
tions to the subthreshold states [21.23 and 22.22 MeV
for the �6Li , d� and �7Li , t� reactions to the bound21

state] mean that the outgoing deuterons or tritons will als
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have energies below the Coulomb barrier. Under the
conditions, distorted-wave Born approximation (DWBA
calculations are determined mainly by Coulomb pote
tials, with very little dependence on nuclear potenti
parameters. The calculated cross sections are thus es
tially model independent, except for the absolute norm
ization, which depends in turn on the reduceda widths of
the 16O final state and the Li nucleus which contribute
the a particle. The weak binding of thea particles in
these final states serves to enhance the direct cross se
for sub-Coulomb reactions.

In this Letter, we report the first sub-Coulomb measur
ments of the12C�6Li , d�16O and12C�7Li , t�16O cross sec-
tions to the bound21 and12 states of16O. The data are
analyzed to extract the reduceda widths of these states
The reduced widths are then combined with12C�a, a� and
12C�a, g�16O data to determine the low-energy extrapol
tions of the12C�a, g�16O capture cross section.

The measurements were conducted by bombard
12C targets with6,7Li beams covering2.7 # E�6Li � #

7.0 MeV and4.75 # E�7Li � # 7.0 MeV, supplied by the
Caltech 3-MV Pelletron accelerator. The targets co
sisted of 19.2 6 1.7 mg�cm2 of 12C (.99.9% enrich-
ment) evaporated onto Cu substrates, and were orien
at 45± with respect to the incident beam. The targ
thickness was determined by comparing the Cu�d, d�
scattering plateau edge for the target with that from
blank Cu target. These determinations were perform
with detectors located atulab � 135± and 145± and for
1.5 # Ed # 2.5 MeV using deuteron beams supplied b
the Triangle Universities Nuclear Laboratory FN Tande
accelerator.

Total cross sections for populating the boundJp �
21 and 12 states were determined by detecting the d
excitationg rays from these states. High-purity Ge de
tectors of 85% and 35% relative efficiency were plac
at distances (target to front face) of 7 and 9 cm a
angles of 31± and 110±, respectively. Note that the
© 1999 The American Physical Society 4025
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P4�cosu� Legendre polynomial vanishes at these angles.
The branching ratios of these states to the ground state
of 16O are essentially 100%, so by applying Gaussian
quadrature to the measured yields, the total cross sec-
tion for populating these states could be determined, with-
out ambiguity from angular-distribution effects. Sample
g-ray spectra are shown in Fig. 1. We do not positively
identify the 7.12-MeV g ray from the 12C�7Li, t�16O reac-
tion, due to background from the 12C�7Li, a�15N reaction.
The photopeak efficiencies were determined using a cali-
brated 152Eu source and the 992-keV resonance in the
27Al�p, g� reaction.

The systematic error in the measured cross sections
due to uncertainties in detector efficiency, target thick-
ness, and beam-current integration is estimated to be
615%. The results for the bound 21 and 12 states are
shown in Fig. 2. Cross sections for the 21 state have re-
cently been reported for somewhat higher energies [9,10].
We find good agreement for the range of overlap for
12C�6Li, d�16O [10], but some differences in normaliza-
tion and energy dependence for 12C�7Li, t�16O [9]. We
also note that g-ray angular distributions for the former
reaction (which will be presented elsewhere) agree with
the findings of Carlson [11].

We have analyzed these data using the finite-range
DWBA code FRESCO [12]. The essential ingredients of
these calculations are the optical potentials for the incom-
ing and outgoing scattering states, and the wave functions
of the a-particle bound states. For sufficiently low en-
ergies (E & 2.5 MeV for 12C 1 6Li, E & 3.3 MeV for
12C 1 7Li) the calculations are insensitive to the assumed
optical potentials as both incoming and outgoing channels
are well below the Coulomb barrier (the optical potentials
can effectively be replaced by a point-Coulomb potential).
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FIG. 1. Sample g-ray spectra obtained at 31±, for 12C 1
6Li at E � 2.4 MeV (upper panel), and 12C 1 7Li at E �
3.1 MeV (lower panel).
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It is also found that the calculated cross section at sub-
Coulomb energies is sensitive only to the asymptotic part
of the a particle bound-state wave functions, while other
factors relating to the bound states such as the geometry
of the binding potentials, or the numbers of radial nodes,
are unimportant.

The DWBA calculations are performed using
a-particle bound-state wave functions which are
normalized to unity over all space. The experimental and
calculated cross sections are then related by

sexp � S1S2sDWBA , (1)

where S1 and S2 are the a spectroscopic factors for the
Li ion which contributed the a particle and the 16O final
state, respectively. The asymptotic part of the a-particle
wave functions depends on the spectroscopic factors Si

and the model wave functions ui�r��r , and can be conve-
niently parametrized by an asymptotic normalization con-
stant Ci , such that

S
1�2
i ui�r� � CiW�r� , (2)

where W�r� is the exponentially decaying Whittaker
function, and r is any radius beyond the range of the
nuclear force. The R-matrix reduced widths g

2
i are

directly related to Ci via

C2
i �

2ma
h̄2W2�a�

0
@ g

2
i

1 1 g
2
i

dS
dE

1
A , (3)

where m is the reduced mass, a is the channel radius, and
S�E� is the shift function. This relation holds only for the
R-matrix boundary condition choice B � S�Ei�, where Ei
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FIG. 2. Total cross sections measured using 6Li (upper panel)
and 7Li (lower panel) beams for the 6.92-MeV 21 state of
16O (�) and the 7.12-MeV 12 state (�, 6Li beam only). The
solid curves are DWBA calculations normalized to the data; the
dashed curve is described in the text.
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is the bound-state energy [see Eq. (16) of Barker [13] and
Ref. [14] ].

The DWBA results are shown in Fig. 2, normalized to
the experimental data with E # 2.5 MeV for 12C 1 6Li
and E # 3.3 MeV for 12C 1 7Li. The calculations are
seen to predict the energy dependence of the measured
cross sections very well, particularly at sub-Coulomb en-
ergies, where they are expected to be most reliable. The
normalization of the theoretical cross sections to the ex-
perimental ones then determines the product of spectro-
scopic factors (or normalization constants). The dashed
curve shows the yield for 12C�7Li, t�16O to the bound 12

state predicted from the measured �6Li, d� cross section.
The absolute cross section also depends on the reduced

a width (or asymptotic normalization constant) of the
Li ion which contributed the a particle. This informa-
tion appears to be reasonably well determined; we util-
ize C2�6Li� � 5.3 6 0.5 fm21 [15,16] and C2�7Li� �
12.6 6 1.9 fm21 [17–19].

We have investigated the importance of compound-
nuclear contributions using the Hauser-Feshbach code
STATIS [20]. The predicted absolute cross sections de-
pend somewhat on the assumed optical potentials, but the
calculated energy dependences and ratios between differ-
ent 16O final states are nearly independent of potential as-
sumptions. When the calculations are normalized to the
32 state data of Refs. [9,10], or the 8.87-MeV 22 state
data at higher energies [21], the predicted cross sections
for the 21 and 12 states are at most 5% of the mea-
sured values. It is interesting to note that the DWBA and
Hauser-Feshbach calculations predict that the ratio of di-
rect to compound-nuclear cross sections is largest at the
lowest energies measured.

For the bound 16O states, we find C2�21� �
�1.24 6 0.24� 3 1010 fm21 and C2�12� � �4.33 6

0.84� 3 1028 fm21 from the 12C�6Li, d�16O measure-
ments, and C2�21� � �1.33 6 0.29� 3 1010 fm21 from
�7Li, t�. The quoted uncertainties include contributions
from cross-section data, the Li normalization constants,
and possible effects from compound-nuclear contributions.
The values for the 21 state are seen to be in good agree-
ment; the average value (taking into account common
uncertainties) is C2�21� � �1.29 6 0.23� 3 1010 fm21.

In order to determine the effect of these results on the
12C�a, g�16O reaction, we have incorporated the reduced
a widths determined here in R-matrix fits to 12C�a, g�16O
S factors and 12C�a, a� phase shifts. The reduced a

width for any desired channel radius can be deduced from
the reported Ci using Eq. (3). The E1 and E2 cross-
section data were fitted separately, in conjunction with
phase-shift data from Ref. [22]. All fits were carried out
with the R-matrix boundary-condition constant chosen
to make the level shift vanish at the energy of the
subthreshold state. We report results for a channel radius
of a � 6.5 fm; other channel radii in the range 5.5 #

a # 8 fm yield nearly identical results. The best fits were
determined via x2 minimization. Following Ref. [4], we
determined the acceptable ranges for the low-energy S
factors by allowing fits with x2 # x

2
min�1 1 9�n�, where

n is the number of degrees of freedom, and also taking
into account the uncertainties in the fixed parameters.

The l � 1 fitting was performed using a 3-level fit, with
capture-cross-section data from Refs. [23–26]. The pa-
rameters associated with the bound 12 level are fixed by
the known excitation energy, g-ray width [3], and reduced
a width (determined above from a transfer). We find
SE1�0.3 MeV� � 101 6 17 keV b, with the best fit shown
in Fig. 3 and the parameters given in Table I. This result is
in reasonable agreement with the finding SE1�0.3 MeV� �
79 6 21 keV b [4] based on 16N b-delayed a decay. We
find an additional x2 minimum with destructive interfer-
ence near E � 0.3 MeV which yields SE1�0.3 MeV� �
10 keV b, but this solution increases x2 by 48, which is
ruled out by the adopted x2 criterion.

The l � 2 fitting was carried out utilizing capture-
cross-section data from Refs. [24,26] and the R-matrix
formalism of Barker and Kajino [27]. Four levels were
included, corresponding to the bound state, the narrow
(Ga � 0.625 6 0.100 keV [3]) level at E � 2.68 MeV,
the 4.36-MeV level, and a background state. The known
excitation energy and partial widths of the 2.68-MeV
level are fixed by including in the data set three pseudo
capture-cross-section points around the resonance peak.
Likewise, the g-ray width of the 4.36-MeV state is fixed
by including one additional pseudo data point at the peak
of the resonance. The pseudo data points were assumed
to have 10% uncertainties.

Besides the three parameters for each level, the reduced
a width of the 16O ground state g10 must be specified.
This parameter essentially scales the magnitude of the ex-
ternal contribution to the capture matrix element [27]. The
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FIG. 3. The best R-matrix fits (solid curves) to the E1 and
E2 S-factor data (� [23], � [24], � [25], 3 [26]).
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TABLE I. Best-fit R-matrix parameters for a � 6.5 fm. Pa-
rameters in parentheses are fixed.

l � 1 l � 2

E1l �MeV� �20.0451� �20.2448�
g1l �MeV1�2� (0.0912) (0.1450)
g1lg �MeV21� �8.763 3 1026� �1.771 3 1026�

E2l �MeV� 2.851 2.683
g2l �MeV1�2� 0.3254 0.0123
g2lg �MeV2l� 22.343 3 1026 21.693 3 1027

E3l �MeV� 33.30 4.362
g3l �MeV1�2� 1.932 0.0673
g3lg �MeV2l� 24.955 3 1026 21.275 3 1026

E4l �MeV� · · · 11.036
g4l �MeV1�2� · · · 0.9949
g4lg �MeV2l� · · · 5.613 3 1027

g10 �MeV1�2� · · · 20.0001

SEl�0.3� �keV b� 101 6 17 42116
223

x
2
dl 23 (26 points) 80 (48 points)

x
2
gl 144 (71 points) 54 (27 points)

parameters E12 and g12 are fixed from the known excitation
energy and the value of C2�21� determined above, respec-
tively; g12g is fixed by the known g-ray width [3] and the
value of g10. The fit thus has ten free parameters, of which
four are tightly constrained by the pseudo data points. It
was found essential to systematically investigate all pos-
sible combinations of parameter signs in the fitting process.
We find SE2�0.3 MeV� � 44116

223 keV b, with the best fit
shown in Fig. 3 and the parameters given in Table I. This
result represents considerable improvement upon the pre-
viously available result, SE2�0.3 MeV� , 140 keV b [5].

In summary, we determined the reduced a widths of the
bound 21 and 12 states of 16O from sub-Coulomb mea-
surements of 12C�6Li, d�16O and12C�7Li, t�16O. These re-
duced widths were then included in the fitting of radiative
capture and elastic-scattering data to determine the low-
energy extrapolations of the E1 and E2 S factors. In the
case of the E2 S factor, the result is considerably more ac-
curate than previously available. Allowing 16 keV b for
the cascade S factor [5], the total S factor is S�0.3 MeV� �
159 keV b. This value agrees very well with the finding
[1] S�0.3 MeV� � 170 6 50 keV b deduced by compar-
ing solar-system abundances to supernova nucleosynthesis
calculations. The results reported here will reduce the un-
certainties in such calculations, and allow for better study
of convective mixing processes [2]. We anticipate further
improvements in our understanding of the low-energy S
factors to result from high-precision 12C�a, a� measure-
ments which have very recently been completed [28].
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