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The cross section of the nuclear reactions involved in stellar nucleosynthesis (e.g. AGB stars)
are often very difficult to measure directly at stellar energies because of their very small value.
Moreover, this situation can be complicated by the existence of very low energy resonances and/or
subthreshold resonances. Indirect methods such as transfer reactions and the ANC method offer
the possibility to overcome these difficulties. In this context, recent indirect measurement of the
reaction13C(α,n)16O is presented.
The 13C(α,n)16O reaction is considered as the main neutron source for s-process in low-mass
asymptotic giant branch stars. At low energies of astrophysical interest, the contribution of the
subthreshold state 6.356 MeV of17O to the13C(α,n)16O cross section should be taken into ac-
count. However, the results of previous studies of this contribution lead to different conclusions.

Hence, we investigated the effect of this resonance on the astrophysical S-factor through a new

precise measurement of the alpha spectroscopic factor, Sα , and the corresponding ANC of the

6.356 MeV state using the transfer reaction13C(7Li,t)17O at two different incident energies. The

measured angular distributions and the obtained spectroscopic factor and the asymptotic normal-

ization constant (ANC) are presented as well as their impacton 13C(α,n)16O cross section and

reaction rate.
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1. Introduction

Nearly half of the heavy elements observed in the Universe are produced by a slow sequence
of neutron capture reactions, the so-called s-process. Forthis astrophysical process, two neutron
sources are used in all evolution models: the reactions13C(α ,n)16O and22Ne(α ,n)25Mg. For the
AGB stars of 1-3 solar masses at low temperatures, only the13C(α ,n)16O reaction is considered as
the main neutron source for the s-process [1, 2, 3] . Hence, all the models describing the s-process
nucleosynthesis in these AGB stars depend on the neutron fluxfrom the13C(α ,n)16O reaction and
so on the cross section of this reaction which occurs in thesestars at temperatures around 108 K,
i.e around the Gamow peak Ecm∼190 keV.

Direct measurement of13C(α ,n)16O reaction at this energy is extremely difficult because the
cross section decreases drastically when the incidentα energy decreases. Thus, direct measure-
ments [4] have only been performed down to 270 keV (see Fig. 1)too far away from the energy
range of interest around 190 keV. R-matrix extrapolations [5, 6] of the cross sections measured at
higher energies have then to be performed and have to includethe contribution of the 6.356 MeV
state of the compound nucleus17O which lies 3 keV below theα+13C threshold. This contribution
strongly depends on theα-spectroscopic factor Sα of this state. R-matrix extrapolations [7] , which
consider a large value of 0.7 for theα spectroscopic factor (Sα ) of the subthreshold state at 6.356
MeV lead to a rapid increase of the S-factor when the energy decreases to zero (see curve A in Fig.
1), while they lead to constant extrapolated S-factor at lowenergies when they use a null Sα (see
curve B in Fig.1).

Figure 1: 13C(α,n)16O astrophysical S-factors as a function of center of mass energy. The data points are
the direct measurements of Drotleff et al. [4]. Curves A and Binferred from R-matrix calculations using an
α spectroscopic factor for the subthreshold state at 6.356 MeV of about 0.7 and 0 respectively.

If the experimental points in Fig.1 suggest a rise of the S-factor when the energy decreases
as expected with the usually used spectroscopic factors [5,6] in the s-models (Sα ∼ 0.3-0.7(curve
A)), the error bars are too large to well discriminate curvesA and B.

Kubono et al. [8] then suggested to measure the Sα of the subthreshold state at 6.356 MeV via
13C(6Li,d)17O α transfer reaction at the laboratory energy of 60 MeV.
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Through a finite-range DWBA analysis of their transfer angular distributions, a very small
value of Sα ∼ 0.01 was deduced for the 6.356 MeV 1/2+ state of17O. This value leads to a very
small contribution of this subthreshold state to the cross section of 13C(α ,n)16O at energies of
astrophysical interest and thus to the S-factor. This result has dramatic effects on the neutron flux
and subsequently on the onset of the s-process nucleosynthesis. However, a reanalysis of the same
data by Keeley et al. [9] ends up to a drastically different conclusion since they found a value of
Sα of about 0.4, forty times higher than Kubono’s value and consistent with the values (Sα ∼ 0.3-
0.7) usually used in astrophysical calculations. In addition to these controversial results, the new
determination of the contribution of the 1/2+ state to the total13C(α ,n)16O astrophysical S-factor,
by the recent13C(6Li,d)17O ANC measurement [10], was found 10 times smaller than Nacre[7]
adopted value (based on Sα=0.1-0.7) but 5 times larger than the result of Kubono et al. at the
energy of 190 keV.

Therefore, it appeared highly desirable to perform a new precise determination of thisα spec-
troscopic factor through another transfer reaction13C(7Li,t)17O and an improved DWBA analysis.

2. Experiment description

The experiment was performed using a7Li3+ beam provided by the Orsay TANDEM. Two
self-supporting enriched13C targets, with a13C thickness of 0.072± 0.004 mg/cm2 and 0.133±
0.007 mg/cm2 and an initial purity of about 90% were used. A12C target of 0.080±0.004 mg/cm2

was also used for calibration purposes and background subtraction. The absolute amount of13C
and the final amount of12C in the13C target were deduced, respectively, from anα-energy loss
measurement and by comparing the measured ratio between 28 MeV elastically scattered particles
at 21◦ from the12C nuclei in12C and13C targets. The reaction products were analyzed with an
Enge Split-pole magnetic spectrometer and detected at the focal plane by a 50 cm long position-
sensitive gas chamber and a∆E proportional gas-counter. The particle identification was made
unambiguously using∆E versus position measurements.

The tritons were detected at angles ranging from 0 to 31 degrees corresponding to angles up
to 43 degrees in the center of mass frame. The beam and12C amount were continuously monitored
with a telescope of silicon detectors mounted inside the scattering chamber atθlab=35o.

Due to the presence of12C impurities, spectra coming from the13C(7Li,t)17O reaction were
contaminated by the excited levels of16O, produced via the reaction12C(7Li,t)16O. So the (7Li,t)
reaction was measured on both13C and12C targets at each angle with the same setup.

3. Results

The experimental13C(7Li,t)17O differential cross sections measured for the 6.356, 3.055, 4.55
and 7.38 MeV, at the two incident energies of 34 and 28 MeV, aredisplayed in Fig.2a and Fig.2b,
respectively. In the 34 MeV column, the 3.055 MeV data are Clark’s measurements [11] at 35.5
MeV. The accuracy assigned to our measured cross sections includes the uncertainties on the peak
yield, the number of target atoms, the solid angle and the integrated charge except for the zero
degree run (no charge measurement) where the number of counts in the silicon monitor detector
placed at 35o was used.
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Calculations with finite-range DWBA method, using the FRESCO code [12] , were performed.
For the triton channel, the optical model potentials used were taken from Garrett et al. [13] (POT
I-f7/2 shell). Concerning the7Li channel, we used for the transfer data at 34 MeV, the optical
potential parameters of Schumacher et al. [14] who performed 7Li elastic scattering measurements
on13C at the same energy. Concerning the data at 28 MeV, we used both those from Schumacher et
al. as well as those provided from fitting our elastic scattering cross sections. The optical potential
parameters finally selected are those giving the best fit for all the studied transitions in the (7Li,t)
reaction.
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Figure 2: Experimental differential cross sections of the13C(7Li,t)17O reaction obtained at 28 and 34 MeV,
compared with finite-range DWBA calculations normalized tothe data.

For theα wave function in17O, anα+13C Wood-Saxon potential was used. A range of radius
(3.6 fm ≤ R ≤ 4.2 fm) and diffuseness ( 0.61 fm≤ a ≤ 0.76 fm) was selected by using the
maximum likelihood function (set at 3σ level) on both 6.356 and 3.055 MeV distributions (that’s
why the selected zone is so narrow). Within this radius and diffuseness range, the boundary values
R=3.6 fm and a=0.76 fm provide the best fit for the angular distributions of the four studied states
at both incident energies (fig.2).

The depth was adjusted to reproduce the binding energy of each considered17O state and
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the number of radial nodes N was fixed by the most probable configuration (N(Fresco)=4 for 6.356
MeV) coming from the oscillator energy conservation relation. The calculated angular distributions
normalized to the data are shown in Figure 2. For both incident energies, the calculated curves
agree fairly well with all the measured angular distributions of the different populated states. The
α-spectroscopic factors were extracted from the normalization of the finite-range DWBA curves
to the experimental data, Sα= σexp

σDW
. The spectroscopic factor for the overlap betweenα+t and7Li

was taken to be 1.0 [15]. With this value, theα-spectroscopic factor of the reference state at 3.055
MeV is found to be Sα=0.26±0.06, similar to that obtained in nuclear model calculations Sα=0.25
[16] . A close value was obtained by Keeley et al. [9].

The good agreement between the DWBA calculations and the measured differential cross sec-
tions of the different excited states of17O at the two bombarding energies of 28 MeV and 34 MeV
respectively, gives strong evidence of the direct nature ofthe (7Li,t) reaction populating these levels
and confidence in our DWBA analysis. An Sα mean value of 0.29±0.11 is deduced for the state of
interest at 6.356 MeV of17O, which is in good agreement with that obtained by Keeley et al. [9]
and those used earlier (Sα ≈0.3-0.7) in the s-process models. The uncertainty on the extractedα
spectroscopic factor for our state of interest (6.356 MeV) was evaluated from the dispersion of the
deduced Sα values at the two incident energies and using different setsof optical potentials in the
entrance [14] and exit channels [13] and differentα-13C well geometry parameters.

The asymptotic normalisation constant (ANC) [17] (for large values of R where it reaches its
asymptotic value) was then deduced and the obtained valueC̃2=4.5±2.2 fm−1 is found five times
larger than that measured by Johnson et al. [10]. Note that the evaluated 49% uncertainty onC̃2 is
larger than the one given for Sα because it takes into account the dependance of the wave function
φ (R) on the well parameters. However, the evaluated ANC was found nearly independent of the
number of nodes N. The above statements are also true for theα-reduced width 13.5±6.6 keV
deduced by using the expressionγ2

α = h̄2R
2µ Sα |φ(R)|2 [15] , whereµ is the reduced mass andφ(R) is

the radial part of theα-13C cluster wave function calculated at R=7.5 fm. This radius was chosen
in order to reach the coulomb asymptotic behavior of the radial part of theα-13C wave function.

The contribution of the 1/2+ state to the astrophysical S-factor when using our deducedγ2
α is

shown in dashed curve in Figure 3. Its value at 190 keV is 9.6×105 MeV-b, which is five times
larger than in reference [10] . The present value forγ2

α (6.356 MeV) has been used to evaluate
the13C(α ,n)16O S-factor at astrophysical energies. All17O resonances up to 7.38 MeV have been
included in anR-matrix calculation. As the resonant structure near the 3/2+ resonance at 0.84
MeV is not well reproduced when using Tilley’s resonance parameters [18], we have readjusted
the partial widths of this resonance. We findΓα = 0.09 keV, andΓn = 400 keV. These results
are slightly different from the recommended values [18] (Γα = 0.07 keV,Γn = 280 keV), but are
consistent with a16O+n measurement of Lister et al. [19]. Note, that in Ref. [10]this problem has
been addressed by including a constant term of 0.4±0.2×106 MeV-b, expected to simulate a non-
resonant contribution in theS-factor. Our resultingS-factor is shown in Fig.3 as a solid curve, with
the uncertainty associated with the error bar onγ2

α (6.356 MeV). At the energy of astrophysical
interest,Ecm=0.19 MeV, the contribution of the 1/2+ subthreshold state to the total S-factor is
dominant (≈ 70%).

Our calculated13C(α ,n)16O reaction rate, at temperature T=0.09 GK important for the s-
process in low mass AGB stars, is found to be 1.3 times less than adopted in NACRE compilation
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Figure 3: AstrophysicalS-factor for the13C(α,n)16 reaction withR-matrix calculations. The data are taken
from Refs.[4, 20]. The contribution of the 6.356 MeV state isshown as the dashed curve. The thick curve
correspond to our recommendedγ2

α values, and the thin curves to the lower and upper limits.

and 2.3 times larger than Johnson’s deduced rate; 5.41+1.8
−1.8, 6.99+1.46

−4.96 and 2.41+0.60
−0.50 ×10−15cm3

mol−1 s−1 respectively.
The discrepancy of a factor as large as 5 between our 1/2+ contribution to the reaction rate

and the one of Ref. [10] is found reduced to a factor of about 2.3 in the total reaction rate because
of the questionnable role of the non-resonant term which wasfound to be dominant in Ref. [10].
After our new precise determination of the 1/2+ state contribution to13C(α ,n)16 reaction rate,the
non-resonant term is now the main source of error in the evaluation of the reaction rate. This points
out the importance to determine experimentally the non-resonant contribution from the angular
distributions of13C(α ,n)16O.

4. Conclusion

In summary, the reaction13C(α ,n)16O was investigated through the directα transfer reaction
(7Li,t) at 28 and 34 MeV incident energies. The spectroscopic factor and hence theα-width and
the ANC of the17O subthreshold state at 6.356 MeV was deduced from a DWBA analysis using
different sets of selected optical and well parameters. These parameters were selected in order
to fit the measured angular distributions of the various populated states at both incident energies.
This procedure leads to a good evaluation of the uncertainties on Sα and theα-reduced width.
Theα-reduced width was used in the calculation of the astrophysical S-factor and the13C(α ,n)16O
reaction rate at stellar temperatures. The latter was found2 times larger than the one given in
ref [10] and 1.3 times lower than the NACRE adopted value but with a smaller range of allowed
values. With our precise measurement [21], the contribution of the 1/2+ state is found dominant at
astrophysical energies like Keeley’s conclusion and contrary to Kubono’s and Johnson’s results.
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