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Angular distributions of 12C�a, a�12C have been measured for Ea � 2.6 8.2 MeV, at angles from
24± to 166±, yielding 12 864 data points. R-matrix analysis of the ratios of elastic scattering yields a
reduced width amplitude of g12 � 0.47 6 0.06 MeV1�2 for the Ex � 6.917 MeV �21� state in 16O �a �
5.5 fm�. The dependence of the x2 surface on the interaction radius a has been investigated and a deep
minimum is found at a � 5.4210.16

20.27 fm. Using this value of g12, radiative a capture and 16N b-delayed
a-decay data, the S factor is calculated at Ec.m. � 300 keV to be SE2�300� � 53113

218 keV b for destructive
interference between the subthreshold resonance tail and the ground state E2 direct capture.
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During stellar helium burning, the two most important
reactions are triple-a and 12C�a, g�16O. The relative rates
of these two reactions determine the C�O ratio and set the
stage for future stellar evolution [1]. A reliable extrapola-
tion of the reaction rate of 12C�a, g�16O from measured
cross sections at Ec.m. $ 1.0 MeV to stellar helium
burning temperatures �Ec.m. � 300 keV� has been a long-
standing problem. Analysis is complicated by the
separate energy dependence of the electric dipole �E1�
and quadrupole �E2� transitions to the ground state.
While the lowest-energy experimental cross sections of
12C�a, g�16O are dominated by a broad 12 resonance at
Ec.m. � 2.42 MeV, it is the influence of two subthreshold
states bound by 45 �12� and 245 keV �21� which deter-
mines the cross section at the energy of interest usually
expressed as the S factor S�300�. Extrapolations are
further complicated by the interference of direct capture
with the resonant E2 contribution, and the evidence of
cascade transitions through excited states of 16O, albeit
with lower cross sections than the ground state transitions.

By measuring the b-delayed a-decay spectrum of 16N
[2] it has been possible to constrain the E1 portion of
12C�a, g�16O. These data were combined with elastic
scattering phase shifts [3] and 12C�a, g�16O cross sec-
tion data [4–7] in an R-matrix fit yielding SE1�300� �
79 6 21 keV b [2]. While the uncertainty of the E1 con-
tribution has thus been reduced to 25%, the 16N data cannot
constrain the E2 contribution. A recent global R-matrix fit
to the relevant primary data [8] yielded a similar SE1�300�
value, and an estimate of SE2�300� at 70 6 70 keV b.
Fitting secondary quantities like elastic scattering phase
shifts ignores inherent correlations between these quanti-
ties [8].
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Extremely low cross sections [s�300� � 10217 b]
make a direct measurement of 12C�a, g�16O increasingly
difficult for Ec.m. , 1 MeV [4–7]. Elastic scattering
measurements have been suggested [3,8] as an alternative
method to constrain the E2 cross section. The E2 part
of the 12C�a,g�16O cross section is largely, though not
entirely (see below), determined by the reduced width
amplitude g12 of the subthreshold 21 state which can be
obtained by global fits to the elastic scattering data. (For R-
matrix expressions and notations see Refs. [2,8]. g12 is
the reduced width amplitude of the first state with angular
momentum � � 2, corresponding to the Ex � 6.917 MeV
state in 16O.) While several measurements [3,9–19] of
12C�a, g�12O have been made in the past, only a few have
provided phase shift error bars [3,9], and only one [3] has
made the primary data available [20]. It has been shown,
however, in [8] that the data set of [3] has limitations both
in the experiment as well as in the phase shift analysis
performed in [3], which has also been noticed in [21].
A new elastic scattering experiment has therefore been
performed at the University of Notre Dame.

The 10-MV FN tandem accelerator at the University of
Notre Dame provided up to 200 nA of highly collimated
4He21 beam on carbon target foils. The beam was posi-
tioned on the target using a pair of 2 mm slits outside of the
chamber, restricting the beam’s angular divergence to less
than 0.09±, and fixing the position of the beam spot within
1.5 mm. The beam current was integrated on a Faraday
cup behind the chamber. Beam energies were calibrated to
0.1% using the narrow 16O states at Ea � 3.577 �21� and
5.245 �41� MeV [22], and beam energies were repeatable
to the same precision. Beam energies were confirmed, in
addition, by analyzing Au and 12C elastic peak centroids.
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Natural carbon targets were used, each with a thin
(1 2 mg�cm2) layer of evaporated Au, and carbon
thicknesses of 8 25 mg�cm2. The targets were oriented
at a 45± angle relative to the incident beam. The target
thickness was monitored by comparing yields relative to
197Au�a, a� 197Au, and showed that targets experienced
an increase of 10%–40% in thickness over time. Correc-
tions for the target thickness growth were applied in the
analysis.

An array of 32 ion-implanted silicon detectors (100 mm
thickness, 100 mm2 area) were arranged at a distance of
62 cm from the target at the center of a 2 m diameter
vacuum chamber. The array covered an angular range of
24± 166±. The position of each detector was aligned us-
ing a telescope. The uncertainty in angular position was
less than 0.1±. To monitor possible systematic effects, half
of the detectors were located forward of the target, while
the other half were positioned behind it. The two sets of
detectors overlapped in angular range. This arrangement
allowed for a comparison of “left” vs “right” yields which
were found to agree very well. A pair of collimators in
front of each detector served to define the solid angle and
restrict off-axis particles. The detector and target positions
remained fixed throughout all runs. The ability to collect
all angular distribution data in a single run constituted a
major improvement over [3]. The detector array was con-
nected to a modular system of preamplifiers and amplifiers
described in Ref. [23]. The resolution of a typical detector
was 20 keV. Data were taken in an event-by-event mode.
Electronic dead times were monitored with pulsers con-
nected to each detector channel.

Angular distributions were obtained at 402 energies be-
tween 2.6 and 8.2 MeV, resulting in 12 864 spectra. All
resonances below 8.2 MeV were scanned. Narrow reso-
nances proved valuable for determining the target thick-
ness integration procedure. For energies below the proton
threshold Ea � 6.62 MeV, elastic peak shapes, given by
kinematics and geometry, prevented the separation of scat-
tered a’s from 12C and 13C for angles below 40±. Exclud-
ing angles below 40± from the fits did not influence the
final results.

It has been shown in Ref. [8] that the energy-angle sur-
face of the elastic scattering cross section in 12C 1 a is
highly structured. This structure is directly related to the
resonance properties of 12C 1 a and is independent of the
absolute cross section. It was decided to fit the ratios of ex-
perimental yields, calculated by dividing the yield at each
angle by the yield of a given angle (the “reference angle”).
This normalization removes (to first order) the dependence
on target thickness and beam current integration. However,
because errors associated with the reference angle are un-
duly weighted in such an analysis, we construct a total x2

by summing the respective partial x
2
i for all possible ref-

erence angles.
Since 12C�a, a�12C has several resonances with small

widths ranging from sub-keV to several tens of keV, the
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cross section was convoluted over the target thickness and
beam energy resolution. The convolution was performed
independently using three different convolution kernels
(modeled on results from sub-keV-width resonances), with
nearly identical results. The R-matrix fits were done using
a single channel approach as described in [8], but a mul-
tichannel program has been employed as well [24] for the
higher energy data. Many of the results here are for an
interaction radius of a � 5.5 fm; however, the effects of
different values of a are explored below.

For reason of computing speed most of the fits were con-
ducted with the elastic channel only in the fit program and
with a set of 356 distributions below the proton threshold.
These fits included all known resonances up to 6.4 MeV
laboratory energy and also all subthreshold states above
Ex � 6 MeV in 16O. Results with a multichannel program
indicated, however, that states above the particle threshold
influence the results. In the single channel program, the
elastic partial widths for states above threshold were
fixed to values based on multichannel fits. Subthreshold
widths were then found to be similar in both kinds of fits.
Partial waves of � � 0 to � � 6 were fitted. Boundary
conditions were set using the energies of subthreshold
resonances in 16O for � � 0 to � � 3, the narrow Ec.m. �
3.933 MeV resonance for � � 4, and Ec.m. � 1.0 MeV
for � � 5 and 6, respectively. Thirty-two R-matrix
parameters were employed in the single channel program,
while additional experimental parameters describe the
properties of the 10 targets used. Figure 1 presents the
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FIG. 1. Excitation curve of the yield ratio for ulab � 84.0± and
ulab � 58.9± and best fit at a � 5.5 fm. The errors shown are
statistical only.
072501-2



VOLUME 88, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 18 FEBRUARY 2002
ratios of the excitation function for ulab � 84.0± relative
to the one at ulab � 58.9± and a fit to this function.

The best fit for the reduced width amplitude of the
21 subthreshold state occurred for g12 � 0.47 MeV1�2,
with g11 � 0.27 MeV1�2 for the subthreshold 12 state for
the single channel program. Identical results were ob-
tained in the multichannel program (both a � 5.5 fm).
To obtain an error estimation, fits were obtained for val-
ues of g12 from 0.2 to 0.60 MeV1�2, with all other pa-
rameters being allowed to vary. The resulting x2 curve
is shown in Fig. 2(a). The same approach was used to
scan g11 from 0 to 0.60 MeV1�2 for the 12 state. A
1s uncertainty of g12 � 0.47 6 0.06 MeV1�2, and g11 �
0.2710.11

20.27 MeV1�2 was calculated with the previously es-
tablished [2] guideline x2 , x

2
min 6 9x2

n. A list of the
best fit parameters is presented in Table I. The best fit has
a x2

n of approximately 1.66. Deviations from an ideal fit
occur at resonances with widths in the keV range where the
sensitivity to target effects and beam energy calibration is
most pronounced.

The influence of the interaction radius a on the results
has been investigated. A strong dependence of x2 as a
function of a was found with a � 5.4210.16

20.27 fm as the best
value shown in Fig. 2(b). The dependence of g12 on the in-
teraction radius a is shown in Fig. 3. The width decreases,
as expected, with increasing a. Close to the minimum
an approximate 1

a dependence is found for g12 and other
widths. This result justifies using a � 5.5 fm throughout
the analysis and represents the first real restriction on the
interaction radius a in the 12C�a, g�16O problem.

Previous extrapolations of SE2�300� have been made us-
ing simultaneous fits to all available primary data [8]. Di-
rect inclusion of all the elastic scattering data presented
here will statistically dominate other data sets. For this rea-
son, the reduced width amplitude g12 can be directly fixed
within its errors in such fits without significantly narrow-
ing the x2 range estimated in the minimization. There-
fore the best-fit elastic scattering parameters for the 21

states were combined with radiative capture data [4–7]

FIG. 2. (a) x2 minimization for g12 at a � 5.5 fm, and
(b) x2 minimization for the interaction radius a.
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from 12C�a, g�16O and 16N data [2]. This analysis leads
to a value of SE1�300� � 80 6 20 keV b, and SE2�300� �
4917

29 or 5818
211 keV b, depending on the sign of the E �

4.39 MeV 21 resonance g width amplitude relative to that
for direct capture and the subthreshold resonance. As this
interference sign is unknown, the two results are averaged
and errors include the limits on both measurements, yield-
ing SE2�300� � 53 6 13 keV b. With the full range of a
allowed here, the final result is SE2�300� � 53113

218 keV b.
In this analysis destructive interference between the ground
state direct capture and the tail of the subthreshold 21 reso-
nance has been employed. This is justified by a total de-
crease in x2 of nearly 300 between the destructive and
constructive options, largely due to the g-angular distri-
butions of Refs. [5] and [7]. However, additional angular
distributions would be desirable, as the constructive option
leads to 92 and 102 keV b, respectively, for SE2�300�. The
data set of Ref. [25] is unfortunately not available to the
authors.

The current value of the reduced width amplitude
g12 � 0.47 6 0.06 MeV1�2 agrees with the original phase
shift analysis of Ref. [3], which yielded g12 � 0.48 6

0.06 MeV1�2 for a � 5.43 fm. However, the cur-
rent value has many of the restrictions on R-matrix
parameters removed which were applied in Ref. [3].
A recent sub-Coulomb a-transfer experiment [26] in-
volving both 6Li and 7Li beams came to g12 � 0.33 6
0.03 MeV1�2 at a � 5.5 fm. A similarly lower value of
g12 � 0.36 6 0.06 MeV1�2 would have been found here,

TABLE I. Best fit R-matrix parameters for a � 5.5 fm. Ener-
gies in brackets are fixed to their physical value.

gl� �MeV1�2� El� �MeV�

g10 9.82 3 1027 E10 �21.1130�
g20 9.198 3 1023 E20 4.888
g30 0.865 E30 9.67
g11 0.270 E11 �20.0451�
g21 0.555 E21 3.358
g31 2.74 E31 52.7
g41 0.139a E41 5.350a

g12 0.473 E12 �20.2450�
g22 2.43 3 1022 E22 2.684
g32 8.95 3 1022 E32 4.387
g42 2.60 E42 44.5
g52 0.128a E52 5.978a

g13 0.190 E13 �21.032�
g23 0.471 E23 5.63
g33 18.7 E33 2.90 3 103

g14 0.44 E14 3.196
g24 3.09 3 1022 E24 3.936
g34 1.287 E34 13.31
g15 0.67 E15 7.845
g16 0.29 E16 6.0b

aFrom phase-shift fit. Fixed in minimization.
bSet limit.
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FIG. 3. Dependence of g12 on the interaction radius a for the
minimization shown in Fig. 2(b).

if the high lying Ex � 13.02 MeV 21 state in 16O had not
been included in this analysis. The present SE2�300� value
of 53113

218 keV b agrees with the value of 36 6 6 keV b
previously derived from a fit using the energy dependence
of a cluster model matched to the experimental cross
section of Ref. [7]. The value is also consistent with
the microscopic-model analysis of [5], which estimated
SE2�300� as 80 6 25 keV b, and the range 50–200 keV b
cited in [27]. It also agrees with a recent analysis of ra-
diative cascade data through the 6.9 MeV state [28]. The
NACRE collaboration value of SE2�300� � 120 keV b
[29] is outside our limits. However, the question of
interference signs in the E2 radiative capture warrants
further investigation.

Combining the SE1�300� and SE2�300� values along with
an estimation [8] of the cascade transitions of Scase�300� �
16 6 16 keV b [27,28,30], a value of S�300� � 149 6
29 keV b is found. This agrees very well with the total
recommended value of S�300� � 146 keV b in Ref. [30].
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Therefore the stellar reaction rates and approximations to
this rate in Ref. [30] can be used without modification.
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