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Abstract

The14N(p,γ )15O low-energyS-factor is analyzed using theR-matrix model. We find that the g.s.
contribution is less than previously reported. TheS-factor is mainly given by the 6.79 MeV state
contribution which is determined by its asymptotic normalization constant (ANC). Consequently,
the S-factor at zero energy is lower by a factor of 1.7 compared to the values given in recent
compilations. This result may affect the nucleosynthesis and time scale evolution in massive stars.
New measurements of the14N(p,γ )15O cross section over a wide energy range, and especially at
low energies, are highly desirable. Significant improvement could be also obtained from the ANC
measurement of the 6.79 MeV state. 2001 Elsevier Science B.V. All rights reserved.

PACS: 24.10.-i; 25.40.Lw; 25.40.Qa; 26.20.+f
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1. Introduction

The 14N(p,γ )15O reaction is the slowest one in the hydrogen burning CN-cycles. In
a massive main-sequence star, this reaction plays the role of setting the energy generation
and, consequently, the time scale for its evolution. In particular, a change in its rate would
have a significant influence on the structure and nucleosynthesis of the star during the
hydrogen and helium phases [1]. The14N(p,γ )15O cross section has been measured by
several groups during the last 50 years [2–6], but only the measurements of Schröder et
al. [6] extend over a wide energy range, for laboratory energiesEp = 0.2 to 3.6 MeV.
According to these authors, the main contribution to theS-factor at zero energy comes
from transitions to the 1/2− ground-state in15O and to the 3/2+ subthreshold state at
Ex = 6.79 MeV (Ecm = −0.504 MeV). From extrapolations to astrophysical energies,
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Schröder et al. find a significant contribution from the subthreshold state, and only
a negligible contribution from capture to the 3/2− state atEx = 6.18 MeV. This implies
that the reaction rate at temperaturesT � 3 × 108 K is dominated by the tail of the
3/2+ subthreshold state, but sensitively depends on its width, which is presently not
well established. Recent experiments [7] aimed at determining the mean lifetime of the
6.79 MeV state, lead to aγ -width smaller than previously accepted and, consequently, to
lower values of the extrapolatedS-factor at astrophysical energies. At temperaturesT �
3×108 K, the 1/2+ resonance atEr = 0.259 MeV dominates the reaction rate. Interference
effects between several 3/2+ higher energy lying resonances must also be considered [8].
As stated in [9], the uncertainty in the reaction rate is, therefore, most probably greater
than the accepted values.

In this paper, we analyze the low-energy radiative capture (RC) data of Schröder
et al. using theR-matrix theory [10]. In this method, the physics of the problem is
determined by the properties (energy, proton andγ widths) of some poles. Although the
poles are related to physical properties of resonances or bound states, their properties
are not directly linked to the experimental data. The main drawback of theR-matrix
method is that the link between the “formal”, or “calculated”, properties and the “observed”
properties, which correspond to the experimental data, is not straightforward. In a recent
paper [11], we have developed a new method to derive “formal” inputs from experimental
data. We have used this new approach in the present analysis of the14N(p,γ )15O cross
section.

In Section 2, theR-matrix formalism is briefly explained. The results of our analysis
and a comparison with previous results are presented in Section 3. Some astrophysical
implications and conclusions are drawn in Section 4.

2. Summary of the R-matrix formalism

2.1. Elastic scattering

In this section, we briefly present the main inputs to theR-matrix theory. Additional
information can be found, for instance, in Refs. [10–12]. We assume here that, for a given
partial waveJπ , a single channel spinI (1/2 or 3/2, resulting from the coupling of14N
and proton spins) and a single
 value contribute. This approximation is justified at low
energies where only the lowest angular momentum is expected to be significant; above the
Coulomb barrier, some mixing may occur, but this effect is beyond the scope of the present
work where we focus on astrophysical energies. In this approximation, theR-matrix at
energyE is defined by

R(E)=
N∑
λ=1

γ̃ 2
λ

Eλ −E
, (1)
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whereγ̃ 2
λ andEλ are the calculated proton reduced width and the energy of the poleλ,

andN is the number of poles. For the sake of clarity, we do not explicitly write angular
momenta as labels. From theR-matrix, one deduces the collision matrix

U(E)= I (ka)

O(ka)

1−L(E)∗R(E)
1−L(E)R(E)

= exp
(
2iδ(E)

)
, (2)

whereI andO are the ingoing and outgoing Coulomb functions,k is the wave number and
a is theR-matrix radius. ConstantL(E) does not depend onr and is defined as

L(E)= ka
O ′(ka)
O(ka)

, (3)

andδ(E) is the phase shift.
TheR-matrix parametersEλ and γ̃ 2

λ are related to experimental energies and proton
widths, but the relationship is not simple whenN > 1. In Ref. [11], we have developed a
new iterative method which enables to switch betweenR-matrix parameters (“calculated”
or “formal” parameters) to experimental data (“observed” parameters). This technique
assumes that the levels are well separated, which is valid here. It is particularly suited when
the parameter set is constrained by well-known data. In the present case,15O energies are
taken from the literature [13] and are not considered as free parameters.

2.2. Capture cross sections

Capture cross sections involve matrix elements of the electromagnetic operatorMσ
L,

(σ = E, electric, orM, magnetic) of orderL. In the internal region, where the relative
distancer between the colliding nuclei is less thana, the radial part of the wave function
is

ψint(r)=
∑
λ

fλχλ(r), r � a, (4)

where χλ(r) are the basis functions defining the pole properties [10,11], andfλ are
variational parameters. In the external region, the wave function is an exact solution of
the Schrödinger equation with the Coulomb potential, and is defined as

ψext(r) = [F(kr)cosδ+G(kr)sinδ], r � a, E > 0,

= CW−η,
+ 1
2
(2kr), r � a, E < 0, (5)

where F and G are the Coulomb functions,W is the Whittaker function andC is
the asymptotic normalization constant (ANC). For bound states, the wave function is
normalized to unity over the whole space.

The capture cross section to a final (bound) state with spinJf and parityπf is given by

σ(E,Jiπi → Jf πf )= π

k2

2Ji + 1

(2I1 + 1)(2I2 + 1)
|Mint +Mext|2, (6)

whereI1 andI2 are the spin of the colliding nuclei [14]. The internal matrix elementMint

is

Mint =
∑

λ ελ[Γ̃λ(E)Γ̃ γ
λ (E)]1/2/(Eλ −E)

|1−LR(E)| , (7)
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whereΓ̃λ(E) is the total width of the poleλ, Γ̃ γ
λ (E) is the formal gamma width, andελ is

a phase factor (+1 or−1). The external contribution is given by

Mext = C

[
Z1

(
A2

A

)L
+Z2

(
−A1

A

)L]
Kif

×
∞∫
a

[F
i (kr)cosδ+G
i (kr)sinδ]W−η,
f+ 1
2
(2kf r)r

Ldr, (8)

where the geometrical factorKif is

Kif = e

[
8(L+ 1)(2L+ 1)

Lh̄v
k2L+1
γ (2
i + 1)(2
f + 1)(2Jf + 1)

]1/2

× 1

(2L+ 1)!!
(

f L 
i

0 0 0

){
Ji 
i I


f Jf L

}
. (9)

In these expressions, we have introduced the initial and final angular momenta, with
labelsi andf , respectively, the relative velocityv, and the photon wave numberkγ .

For deeply bound states, such as the15O ground state, the external contribution is
expected to play a minor role since the Whittaker function decreases rapidly for larger

values. However, this term is dominant for weakly bound states. A well-known example
is the 7Be(p,γ )8B reaction where the8B ground state is bound by only 137 keV, and
where the capture matrix elements are essentially given by the long-range part of the wave
functions. In this case, the unknown quantities are the asymptotic normalization constant
C and, to a lesser extent, the phase shift [15]. Notice that the internal and external terms
are not independent of each other since the phase shift, determined from theR-matrix
parameters, appears in the external matrix element.

2.3. Relationship between ANC and R-matrix parameters

When a capture reaction proceeds to a weakly bound state, the cross section is essentially
determined by the ANC [16,17]. On the other hand, such a subthreshold state may also
be important in capture towards another state. This situation occurs in the12C(α,γ )16O
reaction, for example, where the 1− and 2+ subthreshold states are well known to have an
affect on the low-energyS-factor. The influence of a subthreshold state appears through its
reduced width and its gamma width.

In the single-pole approximation, the “formal” reduced widthγ̃ 2
λ is related to the basis

functionχλ(r) through [10]

γ̃ 2
λ = h̄2

2µa
χ2
λ(a), (10)

whereχλ(r) is normalized to unity in the internal region. Comparison of (5) and (10) yields

(
CW(a)

)2 = 2µa

h̄2

γ̃ 2
λ

N
, (11)
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whereN is the integral ofχ2
λ(r) over the whole space, including the external region

(indexes of the Whittaker function have been dropped). We have

N = 1+ χλ(a)
2

∞∫
a

(
W(r)

W(a)

)2

dr = 1+ γ̃ 2
λ

dS

dE
, (12)

whereS is the shift factor [10]. In the single-pole approximation, the “observed” reduced
width γ 2

λ is related to the “formal” reduced width̃γ 2
λ by

γ 2
λ = γ̃ 2

λ

1+ γ̃ 2
λ (dS/dE)

. (13)

Consequently, we find the relationship betweenC and the “observed” reduced widthγ 2
λ

C2 = 2µa

h̄2W2(a)
γ 2
λ , (14)

which can be used either to derive one parameter from the other one or to check the
consistency of both parameters. In the present study, this equation will be used to test
parameters of the 6.79 MeV level, located 504 keV below the14N + p threshold.

3. Results and discussion

We have analyzed capture data [6] to the 1/2− ground-state, the 6.18 (3/2−) and
6.79 (3/2+) MeV states up to 2.5 MeV, using theR-matrix model explained in Section 2,
with a = 6.5 fm. The sensitivity of the results to this choice of the radius is rather low, and
much lower than the experimental uncertainties. According to Schröder et al., contributions
to the total cross section of transitions to the states at 5.18 (1/2+), 5.24 (5/2+),
6.86 (5/2+), and 7.28 (7/2+) MeV account for less than 3% of the total zero-energy cross
section and have not been considered here. In each case, theελ values are considered as
free parameters (+1 or−1).

3.1. Ground-state transitions

Capture data for transitions to the15O ground-state involve the E1 contributions
from s-waves, i.e., from the 1/2+ resonance atEr = 0.259 MeV, from the two 3/2+
resonances atEr = 0.985 and 2.187 MeV, and from the 3/2+ subthreshold state at
E = −0.504 MeV. In order to account for higher energy resonances, we have included
a background pole (
i = 0) atE = 5.0 MeV for both the 1/2+ and 3/2+ components. The
external contribution to the matrix elements is taken into account through the parameterC

(Eq. (14)). All resonance energies are taken from the literature [13], all proton andγ -widths
are left as free parameters. The parameters of the fit are given in Table 1. The best fit, which
corresponds toελ = +1 for all resonances, is shown in Fig. 1 as a full curve (all other sets
of ελ values do not give satisfactory fits). The sensitivity to the external capture is very low
and the fit is consistent withC = 0.
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Table 1
ObservedR-matrix parameters for capture transitions to the ground-state and to the states at
Ex = 6.18 and 6.79 MeV

Er (MeV) Γp (keV) Γγ (eV) ελ

RC→ g.s. J
πi
i

= 1/2+ 0.2594 1.0± 0.1 (1.60± 0.20)×10−3 +1
J
πi
i = 3/2+ −0.504 140± 30a 1.75± 0.60 +1

0.985 3.0± 1.0 0.10± 0.03 +1
2.187 270± 10 9.0± 0.2 +1
5.0 4800± 500 82.0± 8.0 +1

RC→ 6.18 MeV J
πi
i = 1/2+ 0.2594 1.0± 0.1 (2.0± 0.4)×10−2 +1

1.446 42± 10 0.11± 0.02 −1
5.0 3120± 1040 30± 10 +1

J
πi
i = 3/2+ −0.504 140± 30a (5.0± 3.0)×10−3 +1

0.985 3.0± 1.0 (4.0± 2.0)×10−3 −1
2.187 270± 10 0.33± 0.07 −1

RC→ 6.79 MeV J
πi
i = 1/2+ 0.2594 1.0± 0.1 (1.0± 0.1)×10−2 +1

C = 5.6 fm−1/2 J
πi
i

= 1/2−,3/2−,5/2−b − − −

a Reduced width,γ 2.
b External capture only.

This fit is obtained without contribution of the background pole in the 1/2+ component.
We obtain a reduced width of the subthreshold stateγ 2

1 = 0.14 MeV which is 9% of the
Wigner limit. The fittedγ -width,Γγ = 1.75 eV, is 3.6 times smaller than the value given
in [6], but much larger than the lower limit given in compilations,Γγ > 0.024 eV [13].
For the resonance atEr = 0.985 MeV, we obtain a proton widthΓp = 3.0 keV, in good
agreement with previous results [5,6,18]; however, theγ -width Γγ = 0.10 eV is a factor
of 2.4 lower than the value given in [13]. Notice that the fit is very sensitive to the energy
of this resonance. The best fit is obtained for an energy 2 keV lower than the value given
in literature. The proton width of theEr = 2.187 MeV resonance is about 40% larger than
the value given in literature [13]. Notice that the
i = 0 assumption has been used for this
resonance, but a
i = 2 contribution could be non-negligible [6].

The error inS(0) has been estimated by varying the parameters of the subthreshold
state and of the background pole. In fact, theχ2 values essentially depend on the products
γ 2

1 × Γ 1
γ andΓ 4

p × Γ 4
γ . In both cases, variations of the product by about 40% change the

χ2 by a few percents, but affectS(0) significantly. In other words, the sensitivity ofS(0) is
much stronger than the sensitivity of the globalχ2. As an illustrative example, Fig. 2 shows
the sensitivity of theS-factor with respect to the proton andγ widths of the subthreshold
state for energiesE � 1 MeV (above 1 MeV, the curves are not distinguishable). Although
the S-factor at zero energy is changed by more than a factor 2, the quality of the fit
remains almost unchanged. Similar conclusions are obtained by considering variations of
the background properties. TheR-matrix fit leads to aS-factor at zero energyS(0) =
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Fig. 1. TheS-factor data of the14N(p,γ )15O reaction for the capture process into the ground-state
of 15O from Ref. [6] is shown together with theR-matrix fits. The full curve represents the best fit
(see text). The dotted curve is the fit of Schröder et al. [6].

0.08+0.13
−0.06 keV b, where the error bar accounts for uncertainties on the subthreshold-state

and background parameters. ThisS(0) is about 20 times smaller than the value obtained
by Schröder et al. [6].

On the other hand, in an attempt to understand the results of Schröder et al., we have
used their resonance parameters to perform aR-matrix calculation. We have included a
background pole fixed at 5.0 MeV. The free parameters of the fit are the proton reduced
width of the subthreshold stateγ 2

1 , not given in [6], and the proton,Γ 4
p , andγ , Γ 4

γ , widths
of the background pole. Our best fit does not agree with the data at the energies where this
analysis is performed (E � 2.5 MeV). We did not find any parameter set which reproduces
the fit of Schröder et al., shown as a dotted curve in Fig. 1.

3.2. Transitions to the 6.18 MeV state

For transitions to the 6.18 MeV state (3/2−), we include E1 contributions from the 1/2+
resonances atEr = 0.259 and 1.446 MeV, E1 contributions from the 3/2+ resonances at
Er = 0.983 and 2.187 MeV, and from the 3/2+ subthreshold state atE = −0.504 MeV, as
well as background poles for eachJπ component.

Resonance energies are taken from the literature [13], and proton andγ -widths are left
as free parameters. The parameters of the best fit are given in Table 1; again the data are
not accurate enough to derive the ANC. The best fit is obtained for a zero contribution of
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Fig. 2. Low-energyS-factor of14N(p,γ )15O for the capture process into the ground-state of15O [6].
The lower and upper limits have been calculated by changing the parameters of the subthreshold state
(see text).

the background pole in the 3/2+ component. The resulting parameters for all resonances
are in good agreement with the values of nuclear data compilations [13].

The best fit is shown in Fig. 3 (full curve) together with the data of Schröder
et al. [6]. Since the energy difference is small, theγ -width of the subthreshold state,Γγ =
5.0× 10−3 eV is very low and, thus, the contribution of this state is not important for this
transition. We have estimated that a change of about 40% in the productΓ 1

p ×Γ 1
γ does not

change the fit significantly. The resultingS-factor at zero energy isS(0)= 0.06+0.01
−0.02 keV b,

about 2.3 times lower than the value given in [6] due to the lower contribution of the
subthreshold state found here. This value is also more than 16 times lower than the
value given by Hebbard and Bailey [5]. Consequently, transitions to the 6.18 MeV state
contribute less than 3.5% to the totalS-factor atE = 0.

3.3. Transitions to the 6.79 MeV state

The 1/2+ resonance at 0.259 MeV decays to the 6.79 MeV state by E2 radiation. The
non-resonant part of the data can be explained by an E1 contribution from theJ

πi
i =

1/2−,3/2− and 5/2− partial waves (
i = 1); since the 6.79 MeV state is weakly bound
and since no resonance decays by E1 multipolarity, only the external part of the matrix
elements is included. The parameters of the best fit are given in Table 1. Fig. 4 shows
the best fit compared to the data of Schröder et al. [6]. Notice that the inclusion of
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Fig. 3. TheS-factor data of the14N(p,γ )15O reaction for the capture process into the 6.18 MeV state
of 15O from Ref. [6] are shown together with the best fit (see text).

Fig. 4. TheS-factor data of the14N(p,γ )15O reaction for the capture process into the 6.79 MeV state
of 15O from Ref. [6] are shown together with the best fit (see text).
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a background pole would give a better fit for energies above 1 MeV, but will not change
the conclusions for the lower energies. We obtain a value of theS-factor at zero energy
of S(0) = 1.63± 0.17 keV b, which is the main contribution to the totalS-factor of the
14N(p,γ )15O capture process. This value is in fair agreement with the result of Schröder
et al. [6] (S(0)= 1.41 keV b). The 10% uncertainty is mainly due to experimental errors.

The ANC value deduced from the capture data for the 6.79 MeV level (J
πf
f = 3/2+)

is C = 5.6 fm−1/2 (see Table 1). Using the reduced width obtained from capture from the
3/2+ partial waves (γ 2 = 0.14 MeV — see Table 1) gives

C = 4.2 fm−1/2 (15)

from Eq. (14). Although obtained by quite different procedures, both values are consistent
with each other. The 30% difference can be explained by experimental uncertainties and
from theoretical approximations, such as the single-pole approximation to derive Eq. (14).
Since the 6.79 MeV level provides the main contribution to the14N(p,γ )15O low-energy
cross section, the quantityC appears to be the most important input. Contrary to the
conclusions of [6], these results, together with the results for the transitions to the g.s and
the 6.18 MeV state, show that the total capture process is largely dominated by transitions
to the state at 6.79 MeV, and that transitions to the ground-state account for only 5% of the
totalS-factor at zero energy.

3.4. The total S-factor at low energies

TheS(E) values extrapolated to zero energy for transitions to the15O bound states (g.s.,
6.18, and 6.79 MeV, respectively) are presented and compared with the results of Hebbard
and Bailey [5] and Schröder et al. [6] in Table 2. TheS(0) value for capture into the
6.79 MeV state is the main contribution to the totalS-factor, and it is in fair agreement
with previous results [5,6,9]. On the other hand, the contribution of transitions to the
6.18 MeV state is found to be minor compared to reported values. The main difference
concerns theS(0) factor for capture to the15O ground-state. Although rather uncertain,
the present valueS(0) = 0.08 keV b is more than a factor of 19 lower than the value of
Schröder et al. [6], but the upper limit is similar to the value reported by Hebbard and
Bailey [5]. This discrepancy is due to the fact that, for transitions to the ground-state, we

Table 2
Summary ofS(0) values (in units of keV b)

Transition Hebbard and Bailey Schröder et al. Present
(MeV) Ref. [5] Ref. [6] R-matrix calc.

RC→ 0 0.27 1.55± 0.34 0.08+0.13
−0.06

RC→ 6.18 1.00 0.14± 0.05 0.06+0.01
−0.02

RC→ 6.79 1.40 1.41± 0.02 1.63± 0.17

Total 2.67 3.10± 0.34 1.77± 0.20



C. Angulo, P. Descouvemont / Nuclear Physics A 690 (2001) 755–768 765

Fig. 5. TotalS-factor for the reaction14N(p,γ )15O. The curves represent the results of theR-matrix
analysis for energiesE � 2.5 MeV. The data are from Refs. [2–6]

find that the 6.79 MeV subthreshold state is not as important as predicted by [6]. Although
this subthreshold state has an observableγ -width,Γγ = 1.75 eV, the proton reduced width
γ 2

1 is probably much lower than the value obtained in [6], but no explanation is given
there for the procedure of obtainingγ 2

1 from spectroscopy factors. From this analysis, the
recommendedS-factor at zero energy isS(0)= 1.77± 0.20 keV b, which is a factor of 1.7
lower than the values used in recent compilations [8,9].

The total S-factor of the 14N(p,γ )15O capture reaction resulting from the present
R-matrix analysis forE � 2.5 MeV is shown in Fig. 5, together with the data taken
from literature [2–6]. The contribution of transitions to the g.s, the 6.18 MeV, and the
6.79 MeV states are also shown. As discussed above, the transition to the 6.79 MeV state
dominates theS-factor. At low energies, the contribution of the g.s. and the 6.18 MeV
state are minor, and the global uncertainties come mainly from the uncertainties due to
6.79 MeV transitions, that are of the order of the experimental errors. Notice that even
if the uncertainties of the subthreshold state parameters for the g.s. and the 6.18 MeV
transitions are large, they do not play a significant role. However, at energies above 1 MeV,
transitions to the g.s. are important, especially near the 3/2+ resonance at 2.187 MeV.

3.5. The 14N(p,γ )15O reaction rate

The Maxwellian averaged reaction rates (in cm3 mole−1 s−1) are computed (Table 3)
from [8]:
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Table 3
14N(p,γ )15O reaction rates in cm3 mole−1 s−1 for temperatures of 0.005� T9 � 2

T9 NA〈σv〉 T9 NA〈σv〉 T9 NA〈σv〉 T9 NA〈σv〉

0.005 1.9× 10−30 0.018 2.2× 10−17 0.12 5.2× 10−06 0.45 1.8× 10+01

0.006 3.2× 10−28 0.02 1.5× 10−16 0.13 1.8× 10−05 0.5 3.0× 10+01

0.007 1.9× 10−26 0.025 7.4× 10−15 0.14 5.7× 10−05 0.6 6.3× 10+01

0.008 5.7× 10−25 0.03 1.4× 10−13 0.15 1.8× 10−04 0.7 1.0× 10+02

0.009 9.8× 10−24 0.04 1.0× 10−11 0.16 5.2× 10−04 0.8 1.5× 10+02

0.01 1.1× 10−22 0.05 2.2× 10−10 0.18 3.3× 10−03 0.9 1.9× 10+02

0.011 9.8× 10−22 0.06 2.2× 10−09 0.2 1.4× 10−02 1 2.2× 10+02

0.012 6.5× 10−21 0.07 1.4× 10−08 0.25 2.1× 10−01 1.25 3.0× 10+02

0.013 3.6× 10−20 0.08 6.3× 10−08 0.3 1.2× 10+00 1.5 3.6× 10+02

0.014 1.6× 10−19 0.09 2.3× 10−07 0.35 3.9× 10+00 1.75 4.1× 10+02

0.015 6.6× 10−19 0.1 7.0× 10−07 0.4 9.3× 10+00 2 4.4× 10+02

0.016 2.4× 10−18 0.11 1.8× 10−06

Fig. 6. Present rates compared to the NACRE and the CF88 rates for temperatures of 0.005� T9 � 2
(see text).

NA〈σv〉 = 3.7313× 1010µ−1/2T
−3/2
9

×
∞∫

0

S(E)exp(−2πη)exp(−11.605E/T9)dE, (16)
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whereµ is the reduced mass of the system in amu,T9 is the temperature in units of 109 K,
E is the c.m. energy in MeV, andη is the Sommerfeld parameter [19].

The calculation is performed numerically using theS-factor values obtained from the
R-matrix fits (Figs. 1 to 4) for temperatures betweenT9 = 0.005 and 2. Fig. 6 shows
the ratio of the present rates compared to those from the NACRE [8] and CF88 [20]
compilations. For temperatures belowT9 = 0.15, the present rates are lower by about a
factor of 2 compared to the NACRE and the CF88 rates. These results can be understood
since theS-factor values used here differ by that same amount to the ones used in [8,20],
which are based on the results of [6]. On the other hand, for temperatures aboveT9 = 0.15,
the present rates are 50% larger than the NACRE and the CF88 rates. These differences are
due to the contribution of the tail of the 1/2+ 0.2594 MeV resonance, that was treated as
an isolated narrow resonance in [8,20]. For temperatures aboveT9 = 2, the contribution of
higher energy resonances must be included to obtain a reliable rate.

4. Conclusions

We have performed aR-matrix analysis of theS-factor of the14N(p,γ )15O reaction to
the bound states of15O which mainly contribute to the total cross section (g.s., 6.18 and
6.79 MeV states, respectively). As a result of this analysis, we have obtained properties
of several important resonances and of the subthreshold state atE = −0.504 MeV, as
well asS-factor values for energiesE � 2.5 MeV. Two main conclusions can be drawn
from this analysis. First, the total capture process is largely dominated by transitions to
the state at 6.79 MeV. The ANC value deduced from the capture data for the 6.79 MeV
level,C = 5.6 fm−1/2, appears to be the most important input. Second, the contribution of
the subthreshold state for transitions to the ground-state is much lower than previously
reported [6]. These results are in agreement with recent experimental data [7]. As a
consequence, the zero energyS-factor for the g.s. transition,S(0)= 0.08 keV b, is lower
than previously accepted values [5,6,8,9].

From the presentS-factor values, we have calculated the14N(p,γ )15O reaction rates
in the temperature range 0.005� T9 � 2 and compared them to the NACRE [8] and the
CF88 [20] rates. The present rates differ from the NACRE and CF88 rates by a factor
of about 2 at temperatures belowT9 = 0.15. The present results may have an important
influence on the nucleosynthesis of main sequence stars during the hydrogen and helium
burning phases. According to Ref. [1], a reduction of the14N(p,γ )15O rate at temperatures
of the order ofT � 3 × 108 K by a factor 2 implies that the CNO cycle, even though
operating in equilibrium, operates at a slightly higher temperature. This fact is enough
to introduce an effect on the amount of17O, which is destroyed more efficiently, and
to produce a slightly higher enrichment of22Na. Therefore, there exists a direct link
between the destruction of14N via the capture process and the cycles operating at higher
temperatures.

New measurements of the14N(p,γ )15O cross section at energiesE � 2 MeV are desir-
able. In particular, new measurements of transitions to the 3/2+ state (6.79 MeV) should
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be performed and extended to lower energies. Indirect measurements of the properties of
resonances and of the 6.79 MeV subthreshold state would also give useful complementary
information.
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