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Background: The proton capture reaction 13C(p,γ)14N is an important reaction in the CNO cycle
during the hydrogen burning in stars with mass greater than the mass of the Sun. It also occurs
in the astrophysical sites like the red giant stars, the Asymptotic Giant Branch (AGB) stars. The
low energy astrophysical S-factor of this reaction is dominated by a resonance state at an excitation
energy of around 8.06 MeV (Jπ = 1−,T = 1) in 14N. The other significant contributions come from
the low energy tail of the broad resonance with Jπ = 0−,T = 1 at an excitation of 8.78 MeV and
the direct capture process.
Purpose: Measurements of low energy astrophysical S factor of the radiative capture reaction
13C(p,γ)14N reported the extrapolated values of S(0) that differ by about 30%. Subsequent R-
matrix analysis and potential model calulations also yielded significantly different values for S(0).
The present work intends to look into the dicrepancy through a detailed R-matrix analysis with
emphasis on the associated uncertainties.
Method A systematic reanalysis of the available decay data following the capture to the Jπ = 1−,
T = 1 resonance state of 14N around 8.06 MeV excitation had been performed within the framework
of R-matrix method. A simultaneous analysis of the 13C(p,p0) data, measured over similar energy
range, was carried out with the capture data. The data for the ground state decay of the broad
resonance state (Jπ = 0−, T = 1) around 8.78 MeV excitations was included as well. The external
capture model along with the background poles to simulate the internal capture contribution were
used to estimate the direct capture contribution. The asymptotic normalization constants (ANCs)
for all states were extracted from the capture data. The multi-channel, multi-level R-matrix code
AZURE2 was used for the calculation.
Results The values of the astrophysical S-factor at zero relative energy, resulted from the present
analysis are found to be consistent within the error bars for the two sets of capture data used.
However, it is found from the fits to the elastic scattering data that the position of the Jπ = 1−,
T = 1 resonance state is uncertain by about 0.6 keV, prefering an excitation energy value of 8.062
MeV. Also the extracted ANC values for the states of 14N corroborate with the values from the
transfer reaction studies. The reaction rates from the present calculation are about 15-10 % lower
than the values of NACRE II compilation but compares well with that from NACRE I.
Conclusion The precise energy of the Jπ = 1−, T = 1 resonance level around 8.06 MeV in 14N
must be determined. Further measurements around and below 100 keV with precision is necessary
to reduce the uncertainty in the S-factor value at zero relative energy.

PACS numbers: 25.60.Bx, 24.10.Ht, 27.20.+n

I. INTRODUCTION

The 13C(p,γ)14N reaction is a key reaction in the CNO
cycle, a sequence of reactions, which dominates the en-
ergy production in the hydrogen burning stage of stars
that have masses greater than the Solar Mass [1]. It oc-
curs in different astrophysical sites, e.g., the red giants,
Asymtotic Giant Branch (AGB) stars in the effective
temperature range of T = 0.03 - 0.1 GK. In AGB stars,
the reaction 13C(α, n)16O is one of the source reactions
generating free neutrons for subsequent nucleo-synthesis
through the slow neutron capture process. The capture
reaction 13C(p,γ)14N depletes the seed nucleus 13C for
the reaction 13C(α, n) in AGB stars of solar metallicity
[2]. The reaction is also important for estimating the
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abundance ratio 12C/13C, an observable for the chemical
composition of surface layers of the stars and is a mea-
sure of subsequent stellar evolution and nucleosynthesis
[1, 3, 4].

The low energy cross section σ(E) or the astrophys-
ical S-factor S(E) of the radiative capture reaction
13C(p,γ)14N (Q = 7.551 MeV) [5] is dominated by a
s wave resonance with Jπ = 1− and T = 1 around
the excitation energy of 8.06 MeV in the nucleus 14N.
This state has been observed to decay to seven low lying
bound states of 14N [6]. Another s wave resonance with
obtainJπ = 0− and T = 1 around 8.78 MeV excitation in
14N, a broad resonance of width ∼ 400 keV and decaying
to four of the low lying states of 14N, is also expected to
affect the low energy cross sections of the capture reac-
tion. Along with the direct capture process, these two
resonant processes determine the 13C(p,γ)14N capture
reaction rate at astrophysically relevant energies. The
narrow d wave resonance of Jπ=2− at excitation energy
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of 7.97 MeV does not have any significant contribution
at energies of astrophysical interest.

The capture reaction 13C(p,γ)14N has been studied
over a wide range of proton beam energies [6–11]. The
cross section measurement was extended down to a beam
energy of about 100 keV. Prior to the work of King et

al.[6], the measurements were restricted to the cross sec-
tion for the decay to the ground state of 14N [9, 10].
Based on these data and with a correction of 18% [12]
for cascade transitions, the recommended value of the
astrophysical S-factor at zero energy was 5.5 keV.b [13].
A systematic measurement of 13C(p,γ)14N capture re-
action data over Ep(lab) = 120 - 950 keV by King et

al. [6] yielded, on extrapolation to stellar energies, as-
trophysical S-factor values of S(0)= 7.64 keV.b at Ec.m.

= 0 and S(25)= 7.7 ± 1.0 keV.b at Ec.m. = 25 keV.
The estimated values included the explicit contributions
of primary decays from the resonances to the low lying
excited states of 14N in addition to decay to the ground
state. The value obtained by King et al. differed from
the previously recommended value of S(0) = 5.5 keV.b
[13]. Mukhamedzhanov et al. [14] carried out a reanaly-
sis of the data of King et al. within the R-matrix frame-
work, using the spectrosopic information of 13C+p and
14N overlaps from the peripheral transfer reaction stud-
ies. The resultant S(0) = 7.6 ± 1.1 keV.b corroborated
the value obtained by King, et al. [6]. A recently re-
ported measurement, in reverse kinematics, of cross sec-
tion of the decay of the 8.062 MeV resonance state to the
ground state of 14N and a subsequent R-matrix analysis
of the data provided S(0) = 4.85 ± 0.76 keV.b [11]. The
value is again significantly lower than that of Refs. [6, 14]
but matched well with the values given in Ref. [13]. The
difference, as has been conjectured in Refs. [6, 14], comes
probably from the inadequate estimation of contributions
to the value of S(0) from the decays to the excited states
of 14N. However, it is to be mentioned that even the con-
tributions to total S(0) from the decay to the ground
state differ significantly in the measurements of Refs. [6]
and [11]. Absolute normalization of the cross section
data could also be a possible source of discrepancy. This
should be probed further.

In this context, we present a systematic reanalyses of
the capture data of King, et al. and Genard, et al. for the
resonance state (Jπ = 1−, T = 1) at around 8.062 MeV.
In the energy range Ec.m. < 100 keV, where no measure-
ment exists, the cross section or astrophysical S-factor for
13C(p,γ)14N reaction has significant non-resonant contri-
bution from the direct capture process and the tail of
the broad resonance around 8.776 MeV excitation. To
make a more constrained analysis, we performed a si-
multeneous fit to the data for the decay of the broad
resonance (Jπ = 0−, T = 1) around 8.776 MeV to the
ground state of 14N and the elastic scattering excitation
function data at two different angles in addition to the de-
cay data for the resonance at 8.062 MeV excitation. The
higher energy resonance data was taken from Ref. [15].
The 13C+p elastic scattering data of Hebbard, et al. [9]

over the centre of mass energy range of 200 to 700 keV at
90◦ and 120◦ were included in the analysis scheme. The
global fitting was performed within the R-matrix formal-
ism using the multi-channel, multi-level R-matrix code
AZURE2 [16]. The alternate R-matrix parametrization
of Ref. [17] has been used in the present analysis.
The details of the analysis have been described in Sec-

tion II. The results including the contributions from res-
onant and dirct capture processes along with the com-
ponent due to interference of the two amplitudes, the
total S-factor value and the associated uncertainties are
given in Seobtainction III. It also includes the resultant
reaction rates obtained from the calculation. Finally, the
work has been summarized in Section IV.

II. ANALYSIS

In the determination of the astrophysical S-factor at
zero energy for proton capture on 13C, two of the reso-
nances of 14N above the 13C+p threshold make signifi-
cant contributions to the cross section besides the non-
resonant capture reaction. The resonance (Jπ = 1−,T =
0) (subsequently refered to as R2) located around Ec.m.

= 511.0 ± 1.0 keV [5] plays the most dominant role in the
extrapolation of the cross section to stellar energies. In
Ref.[6], this resonance is positioned at Ec.m. = 518 keV.
The other resonance that contributes to the value of S(0)
is a broad resonance (Jπ = 0−,T = 0) (henceforth ref-
ered to as R5) at Ec.m. = 1225.0 ± 7.0 keV [5, 18] with
a width of ∼ 400 keV. The resonance R2 decays primar-
ily to the ground state and the first five excited states
of 14N while the resonance R5 decays to the ground and
three of the excited states of the final nucleus [19]. All
these decays contribute to form the resonant component
of the total S-factor value. The ground state and the first
two excited states in 14N are negative parity states, hence
the transitions from the two resonances are E1 in nature.
The transitions to other excited states in consideration
are either M1 or E2 type transitions. The scenario of
important resonant decays, considered for the present R-
matrix analysis, are schematically shown in Fig.1. The
decays to the ground and the first six excited states of
14N following the non-resonant capture occur predomi-
nantly through E1 transitions. Consequently, there can
be interference between the resonant and non-resonant
amplitudes of transitions to the first three positive par-
ity states of the 14N nucleus. The S-factors corresponding
to the transitions to negative parity excited states are in-
coheobtainrent sum of resonant and non-resonant contri-
butions. To start with, we reanalyzed the data measured
and reported by King, et al. [6] for the decays of the
resonant state (1−, 0) of 14N at Ec.m. = 511.0 ± 1.0 keV
and available from EXFOR data base [20]. The decay to
the sixth excited state of 14N, for which the data is not
sufficient, is not considered in the fitting routine of the
analysis.
In the R-matrix theory, the channel radius (rc) divides
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FIG. 1. Level scheme of 14N from Ref. [18]. The vertical arrows denote the transitions considered in the R matrix calculation.
The solid arrows indicate E1 transitions while the dashed arrows indicate M1/E2 transitions.

the coordinate space into an external part and an in-
ternal part [21]. Accordingly, the (p,γ) capture cross
section is divided into an external capture contribution
coming from the radial region beyond rc and an inter-
nal capture contribution from the region below rc [16].
The direct or non-resonant component of the external
capture contribution is estimated following the external
capture model described in Refs. [16, 22, 23]. The mag-
nitude of the external capture cross section, which has
a given energy dependence, is determined by the asymp-

totic normalization coefficient (ANC) of the final bound

state [23]. The internal capture component of the direct
or non-resonant contribution, on the other hand, is sim-
ulated by the high energy background poles. Thus the
direct capture part of the cross section is modelled as a
sum of external cature model and the high energy back-
ground poles in AZURE2. The channel radius, rc, in the

present calculation was fixed at rc = r0×(A
1/3
p +A

1/3
T ) =

4.19 fm with r0=1.25 fm following the systematic (p,γ)
capture reaction analysis of Ref.[24].
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TABLE I. The ANCs for 13C(p,γ)14N determined from the
capture data of Ref. [6]. The lower and upper limits of un-
certaities in ANC values extracted from transfer data [14]
are shown in Column V for comparison. Column III and IV
list the ANCs without and with the high energy background
poles taken into consideration. The last column shows the
ANCs used in the subsequent calculation.

Energy(Jπ) L S ANC ANC ANC ANC
(Without (With range (lit.)a

bg bg (from
pole) pole) fit)

(MeV) (fm1/2) (fm1/2) (fm1/2) (fm1/2)
0.0 (1+) 1 0 1.977 1.370 1.10-1.74 1.565-1.807

1 1 1.775 3.986 3.11-4.20 3.988-4.075

2.31 (0+) 1 1 3.318 2.974 2.05-3.76 2.828-3.130

3.95 (1+) 1 0 0.808 0.851 0.80-0.87 0.950-1.008
1 1 1.008 1.235 0.90-1.27 1.344-1.426

obtain
4.92 (0−) 0 0 5.258 6.025 5.03-6.28 5.403-6.067b

5.11 (2−) 2 0 0.743 0.690 0.21-0.77 0.471-0.508
2 1 0.006 0.340 0.16-0.55 0.385-0.415

5.69 (1−) 1 0 6.041 4.706 4.60-6.97 3.309-3.324

a ANCs are given in JJ coupling scheme in Ref. [14].
b C2=33.00±3.81 fm−1 from Table 3, Ref. [14] has been used to
estimate the limits.

A. Asymptotic Normalization Coefficients

Asymptotic normalization coefficient or ANC defines
the magnitude of the tail of the two-body bound state
wavefunction of the target plus projectile in the compos-
ite nucleus. It is related to the spectroscopic factor of
the bound state of the final nucleus by the relation

C2SJf lf =
(CJf lf

blf jf

)2
(1)

obtain where C2SJf lf is the spectroscopic factor of the
final bound state of the composite nucleus with spin Jf .
The relative orbital angular momentum and spin between
the two clusters in the composite are denoted by lf and
jf . The factor C2 denotes the square of the isospin
Clebsch-Gordon coefficient. CJf lf is the corresponding
ANC and blf jf is the single particle asymptotic normal-
ization constant with lf and jf quantum numbers of the
orbital. ANCs can be used as free parameters in fitting
the capture reaction data or they can be kept fixed at val-
ues determined from the relevant transfer reaction data.
To fix the ANCs to be used in the present analysis, we

followed the prescription of Ref. [25]. In the first step, we
performed a simultaneous fitting of the primary capture
data of King et al. [6] and the scattering data of Hebbard
et al. [9] without introducing any background poles. The

ANCs were left as free parameters for χ2 minimization
and the ANCs resulted are listed in the fourth column
of Table I. Next the high energy background poles were
introduced, which were supposed to take care of the inter-
nal capture contribution of the direct capture component.
The high energy s wave background poles were placed at
15 MeV excitation energy, about 8 MeV above the high-
est excitation energy considered in the calculation. The
particle widths of these states were taken to be Γp = 5
MeV, a value close to the Wigner limit [1], ΓW , corre-
sponding to the chosen channel radius of 4.19 fm . The
gamma widths Γγ were left as fit parameters. Again a χ2

minimization routine was performed. Column 5 displays
the ANCs obtained with minimum χ2 when background
poles were introduced for all the transitions. The ANC
values of Column 4 and 5 were then compared with the
values obtained by Mukhamedzhanov et al. [14] who
used the the data of the one proton stripping reactions,
13C(3He,d)14N and 13C(14N, 13C)14N [26, 27], to extract
the ANCs.
The comparison with the literature values indicates

that significant improvement in the ANC values occurred
not only for the ground state but also for the excited
states with the introduction of the background poles.
The ANC values resulted from the simultaneous fitting
of theobtain capture data and the elastic scattering data
and correspond to the minimum χ2 values, are quite close
to the values obtained from the transfer reaction studies.
It is evident that the captures to the states of the strongly
bound nucleus 14N have dominant contibutions from the
internal capture part simulated by the high energy back-
ground poles. The chosen ANC values essentially gener-
ates the external capture component of the direct capture
cross section. Subsequent to the fixing of the ANCs to
be used (column 5) in the present analysis, calculation
was performed to obtain the range of each ANC value
corresponding to χ2 = χ2

min +1. The range associated
with each ANC has been diplayed in the last column (col-
umn 7) of the table. The broader range associated with
the ANC from the capture reaction data, compared to
that obtained from the transfer reaction study, clearly
show that the ANC values are not so strongly restricted
by the radiative capture data. However, we have used
the ANC values resulted form our analysis and an uncer-
tainty term in the S-factor of individual transition has
been introduced corresponding to the limits of the asso-
ciated ANC value.

B. Simultaneous Fitting

obtain Two different data sets were constructed for the
simultaneous fitting procedure. Data Set I consisted of
the data of King, et al. [6] for resonance R2, the data of
Zeps, et al. [15] for the ground state decay of resonance
R5 and the elastic scattering data of Hebbard, et al. [9]
at θlab= 90o and 120o. Data Set II, on the otherhand,
comprised of the capture data of Genard et al. [11] for
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TABLE II. The resonance parameters obtained from the R matrix fits to the two Data Sets used in the analysis. Uncertainties
in the parenthesis do not include the overall normalization uncertainty in the data.

Ex Γp Jπ Γγ

(MeV) (keV) (eV)

R→0.0 R→2.31 R→3.95 R→4.92 R→5.11 R→5.69

8.068(3) 37.17(30) 1− 9.087(50) 0.218(40) 1.544(9) 0.262(10) 0.074(8) 0.612(6)

8.801 460 0− 40.96 .. 0.556 .. 0.230 0.230
Data
Set 15.0 5000 0− 4.54×103 .. 9.53×103 .. 2.92×103 10×103

I
15.0 5000 1− 5.61×103 6.42 7.79×103 526.1 82.9 960.0

8.062(3) 36.00(28) 1− 8.11(4) .. .. .. .. ..
Data
Set 8.801 460 0− 40.96 .. .. .. .. ..
II

15.0 5000 0− 4.54×103 .. .. .. .. ..

15.0 5000 1− 4.46×103 .. .. .. .. ..
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FIG. 2. (Color online) R matrix fit to the S(E) data for R,DC → 0.0 transition. The solid line (red) gives the total S(E)
for this transition and solid line (green) gives the contribution from resonance R2. the dashed-dotted line describes the R5
resonant component while the dotted line descibes the direct capture component. a) shows the fit to the Data Set I and b) the
fit to the Data Set II (see text).
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the decay of R2 to the ground state of 14N, the data of
Zeps et al., the high energy tail part of the ground state
decay of the resonance R2 from the data of King, et al.
[6] and the scattering data of Ref.[9]. The simultane-
ous fit to the Data Set I was then carried out using the
ANC values listed in column 7 of Table I. The back-
ground pole energies and particle widths (Γp), shown in
Table II, were kept fixed during the search. The best
fit resonance parameters are listed in the upper half of
Table II. The fitted values for the gamma widths (Γγ)
of the background poles are shown in Table II). These
values are larger than the values used in Ref. [14] but are
consistent with the Weiskopff limit for the corresponding
gamma energy [1]. Similar fitting procedure was followed
for Data Set II as well. The lower half of Table II dis-
plays the parameters obtained through the global fit to
the Data Set II. The ANC values, the background pole
energies and particle widths were kept fixed. The exci-
tation energy, Γp and Γγ of resonance R5 obtained from
the fit to Data Set I were kept unchanged in the fitting
of Data Set II.

III. RESULTS AND DISCUSSION

A. Transition to ground state

The resultant fit to the astrophysical S(E) of R,DC
→ 0.0 (Jπ = 1+, T=0) transition is shown in Fig. 2(a).
The thick red solid line in the figure shows the total S(E)
from the R-matrix fit. The individual contributions from
the resonances R2 and R5 and the direct capture process
have also been shown in the diagram. Obviously, the
1− resonance R2 at 8.068 MeV has the most dominant
contribution to the cross sections at the extrapolated en-
ergyobtain region. The direct capture contribution to
the ground state transition is smaller than both the res-
onant contributions at E=0. The fit, on extrapolation,
provides S(0)=4.72 ± 0.66 keV.b with individual reso-
nant and direct capture contributions being SR2(0)=2.35
keV.b, SR5=0.65 keV.b and Sdc(0)=0.25 keV.b. The un-
certainty in the S(0) here does not include the uncer-
tainty due to the 11.3% systematic error. The interfer-
ence between the resonant and direct capture amplitudes
constitutes about 31% of the total S(0) for this transi-
tion with Sint(0)=1.46 keV.b. The S(0) value obtained
for Data Set I is less than the value of 5.16 ± 0.71 keV.b
in Ref.[14] but is consistent within the error bar.
The Data Set II was subsequently fitted with AZURE2.

The resulting curve, shown in Fig. 2(b), generates the
high energy tail of resonance R2 quite nicely, where the
data points were taken from Ref.[6]. It also reproduces
the R5 data of Zeps et al. [15]. The extrapolated value
of S(E) at Ec.m.=0 for Data Set II with the parameters
of Table II is 4.23±0.67 keV.b and the resonant contri-
butions from R2 and R5 are 2.16 keV.b and 0.65 keV.b
respectively. The direct capture contribution is found to
be 0.18 keV.b while the interference component is 1.24
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FIG. 3. (Colour online) Fits to the elastic scattering data at
a) 90◦ and b) 120◦. Soild line resulted with the parameters
from fit to the Data Set I and the dashed line with parameters
from the fit to Data Set II.

keV.b. Overall the two data sets yield comparable S(0)
values for the ground state transition, contrary to the
observation of Ref.[11].
Two things are to be noted from the present analy-

sis regarding the parameters of resonance R2. First, the
width of resonance R2, obtained from the fit to the Data

Set I is comparable with the value obtained from fitting
the Data Set II. The values agree well with those given
obtainin Refs. [6, 15]. Second, the reproduction of the
elastic scattering data of Hebbard, et al. [9] by the two
sets of resonance parameters. Both the parameter sets re-
produce the elastic scattering data in the lower and the
higher energy regions dominated by Rutherford scatter-
ing away from the resonance. However, at the scattering
anomaly region on the resonance, parameter set (Set 2)
with Er= 511.4 keV and particle width Γp=36 keV from
Data Set II produces a remarkably good fit to the elas-
tic data. The excitation function curve (dashed curve)
generated with the parameter set (Set 1) obtained from
the fit to Data Set I clearly shows a shift in this region.
The fits to the elastic scattering excitation functions at
the angles 90◦ and 120◦ with two sets of parameters are
shown in Fig. 3. In Fig. 4, the low energy fall off of the as-
trophysical S-factor for 13C(p,γ)14Ngs reaction predicted
by the R-matrix analysis with the two sets of parame-
ters, Set 1 and 2, has been shown in comparison with the
available experimental data from Refs.[6, 7, 9–11].

B. Transition to excited states

The reproductions of the energy dependence of astro-
physical S factor, S(E), for the transitions to the excited
states of 14N from the R-matrix calculation are shown
in Figs. 5 and 6. The S(E) for R/DC → 2.31 MeV
(Fig 5a) and R/DC → 4.92 MeV (Fig. 5c) transitions
have contributions from the decay of resonance R2 (1−,
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FIG. 4. (Color online) The low energy astrophysical S factor
for 13C(p,γ)14Ngs reaction. The data points are from King et
al. [6][black •], Hester et al. [10][blue ⋄], Woodbury et al. [7]
[orange ∆], Hebbard et al. [9] [green ⊕], Genard et al. [11]
[violet ⋆]. Solid curve denotes the R-matrix calculation with
parameter set (Set 1) fitting the Data Set I and the dashed
curve represents calculation with paramaters (Set 2) fitting
the Data Set II.

1) and from the direct capture process. On the other-
hand, both the resonances R2 and R5 (0−, 1) contribute
to the energy variation of S(E) through E1 transition
to the second excited state at 3.95 MeV (Fig 5b) and
through M1 transition to the fourth excited state at 5.11
MeV (Fig 5d). The values of S(E) at E=0 corresponding
to the four transitions are dominated by the direct cap-
ture process, unlike the transition to the ground state of
14N. The direct capture contributions (dotted line) shown
in the figures include the external capture component de-
fined by the ANCs of the bound states and the internal
capture component through the background poles, if any.

The calculation yielded S(0)=0.34 ± 0.14 keV.b for
transition to first excited state (2.31 MeV) with the di-
rect capture component, Sdc = 0.17 keV.b and the inter-
ference contribution, Sint= 0.08 keV.b respectively.

The direct capture to the second excited state at 3.95
MeV proceeds through E1 transition along with E1 de-
cay of the resonances R2 and R5. The fit to data for
R/DC → 3.95 MeV transition (Figs. 5b) shows that the
interference between the E1 amplitudes is destructive in
both the low and the high energy tail regions of the res-
onance R2. The fit resulted in total S(0)=0.66 ± 0.17
kev.b with SR2+R5(0)=0.30 keV.b and the rest coming
from the direct capture process and its interference with
the resonant term.

The four excited states beyond the the second excited
state at 3.95 MeV in the nucleus 14N are positive parity
states and hence the resonant decays from R2(1−,1) and
R5(0−,1) are either E2 or M1 type.

The data for R/DC → 4.92 MeV transition (Fig. 5c)
has contributions from resonance R2 only and also from
the direct capture component. The resultant total S(0)
= 0.45 ± 0.09 keV.b with SR2=0.06 keV.b and Sdc= 0.36
keV.b.
Both the resonances R2 and R5 can contribute to the

transition R/DC → 5.11 MeV (2−,0), the fourth excited
state of 14N (Fig. 5d). The resonances decay by E2 tran-
sition to this state. The high energy backgorund poles
of 0− and 1− spins at 15 MeV also decay by E2 tran-
sition. Thus, interference is possible between the inter-
nal capture amplitude and the the resonant amplitude.
The direct capture component shows a decreasing trend
with energy for this transition. A good overall fit was
obtained producing a total S(0) = 0.059 ± 0.031 keV.b
with the resonant contribution giving SR2+R5 = 0.015
keV.b where R5 has a very small contribution. The di-
rect capture to this state yields Sdc=0.041 keV.b. The
interference contributes only about 5% of the total S(0).
The results of the best fit to the R/DC → 5.69 MeV

state is shown in Fig. 6a. It includes contributions from
the resonances R2 and R5 and the direct capture process.
Unlike the fourth excited state, the resonances decay by
M1 transition to this state. The chosen background poles
also decay through M1 transition. Excellent fit to the
data, both at low and high energy wings of resonance R2,
was obtained. The fit yielded a total S(0)=0.60 ± 0.30
keV.b that includes SR2+R5 =0.11 keV.b and Sdc=0.44
keV.b. The interference term contributes about 13% to
the total S(0).
In Fig 6b, the available limited data for the transition

to the sixth excited state at 5.84 MeV has been plotted
along with the estimated direct capture contribution. A
background pole at 15 MeV having spin and parity of
1− was included in the calculation to account for the
internal capture component. With the ANCs taken from
the literature [14], the model calculation reproduces the
avialable data at higher energies. The total S(0) obtained
from the fit is 0.016±0.002 keV.b.

C. Total S factor and the uncertainties

The total astrophysical S-factor or S(E) of
13C(p,γ)14N capture reaction as a function of en-
ergy is determined by summing the energy dependences
of all the individual S(E) functions for transitions to
the ground and the excited states of 14N. Estimated
from the extrapolation of R-matrix fit to Data Set I, the
value of S(0) is 6.83 ± 0.95 keV.b. The uncertainty in
total S(0) now includes the contribution of systematic
error of 11.3%. The value compares well with 7.0 ± 1.5
keV.b given in the NACRE compilation [5] but is lower
than 8.1+1.2

−1.1 keV.b used in NACRE-II [29]. Without the
data for the primary decays to the excited states, fitting
of Data Set II yields 4.23 ± 0.82 keV.b for transition to
the ground state only and the value compares well with
the value obtained for Data Set I.
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FIG. 5. (Color online)The astrophysical S-factors for the captures to the first four excited states of 14N in 13C(p,γ)14N reaction.
The red solid lines in all four panels denote the total S factor from the fits while the green lines represent the contributions of
1− resonance state. The dotted lines in the panels are the calculated direct capture contributions to the states. The dashed
dotted lines in the lower panels (b and d) show the contributions of the 0− resonance state in the captures to the second and
fourth excited states of 14N.
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FIG. 6. (Color online)The upper panel (a) shows the S factor
for the capture to the fifth excited state (1−, 5.69 MeV) with
the corresponding best fit curve (red solid line). The contri-
butions of 1− resonance is given by green solid curve and 0−

resonances by dashed dotted curve (multiplied by 10). The
direct capture contribution is shown by the dotted curve. The
lower panel shows the available data and the fit to it assuming
only direct capture mechanism.

TABLE III. S(0) values for each measured γ transitions and
the associated uncertainties. Column IV gives the uncertainty
in the individual astrophysical S-factor values arising from the
variations in the resonance parameters. The systematic un-
certainty of ∼11% has been included in Column V. Column
VI listed the uncertainties Soth arising from the ANCs, chan-
nel radius and background pole positions. The last column
gives the total uncertainty associated with each S(0).

Data Ex S(0) ∆Sstat(0) ∆Ssys(0) ∆Soth(0) ∆S(0)
Set (MeV) (keV.b) (keV.b) (keV.b) (kev.b) (kev.b)

0.0 4.72 0.21 0.54 0.63 0.86
2.31 0.34 0.02 0.04 0.14 0.15

I 3.95 0.66 0.02 0.07 0.17 0.19
4.92 0.45 0.003 0.05 0.09 0.10
5.11 0.06 0.002 0.007 0.03 0.03
5.69 0.60 0.003 0.07 0.03 0.31

II 0.0 4.23 0.20 0.48 0.64 0.82

Table III displays the uncertainties associated with in-
dividual contributions to the total S-factor value at E=0.
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In column 3 of the table, the final S(0) estimates of
the transitions have been listed. The uncertainty esti-
mate routine MINOS has been utilized for the uncer-
tainty analysis of the parameters, shown in column 4 of
Table III. In the uncertainty analysis, a simultaneous fit
was carried out with the primary decay data of Ref. [6]
and the scattering data of Ref. [9]. For a multiparameter
fit, a value of ∆χ2=18.1 was used considering 16 free R-
matrix fit parameters in the relation χ2 = χ2

min + ∆χ2

(See Ref.[28]). The resultant uncertainty in the parame-
ters (Table III) reflects the statistical uncertainty in the
extrapolation. In column 5, systematic uncertainties of
11.3% [6] in the absolute values have been listed. Col-
umn 6 displayed the uncertainties associated with each
extrapolated S(0) value coming from the variations in
the respective ANC (∆SANC), channel radius rc (∆Src)
and the locations of the background poles (∆Sbg). The
uncertainty ∆SANC to the S(0) of each transition has
been estimated from the limits of the individual ANC
value given Table 1. The component ∆Src has been de-
termined by varying the channel radius value with the
condition of χ2 = χ2

min +1 for each transtion. However,
the contribution of ∆Sbg is obtained by introducing a
20 MeV shift in the background pole position. All three
contributions have been added in quadrature to produce
the uncertainty term ∆Soth listed in column 6 of Table
3. The total uncertainty ∆S(0) of individual transition
includes the contributions of columns 4,5 and 6 added
in quadrature. The overall uncertainty in the extrapo-
lated total S(0), the sum of the uncartainties associated
with all individual decays of Data Set I, is about 14.0%.
With Genard’s data in Data Set II, the estimated uncer-
tainty in S(0) for ground state transition is now 19.4%
whereas with King’s data the uncertainty associated with
the extrapolated S-factor for the ground state transition
is around 18.2%.

D. Nuclear Reaction rate

The thermonuclear reaction rate NA < σv > for
13C(p, γ)14N is estimated using the expression

NA < σv > = 3.7318× 1010µ1/2(T9)
−3/2

×
∫

∞

0

dE E σ exp[−11.605E/T9] (2)

where NA is the Avogadro number, µ the reduced mass
of the colliding nuclei, T9 is the stellar temperature in
GK, E the energy in the centre of mass and σ(E) is the
cross section in barns. The numerical integration was
carried out by the code AZURE2. Table IV lists the
calculated reaction rates along with the lower and the
upper limits for T9=0.001 to T9=1.0. In Fig. 7, the re-
action rates from the present analysis have been plotted
relative to the tabulated reaction rates of 13C(p, γ)14N
from NACRE II compilation [29] over the same temper-
ature range. The uncertainty band shown in the figure
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FIG. 7. (Color online) Reaction rate ratio of the present reac-
tion rate to the rate compiled in NACRE II [29] as a function
of temperature for 13C(p,γ)14N capture reaction. The shaded
region corresponds to estimated uncertainties of the S factor
values.

corresponds to all the uncertainties included in the es-
timation of the total S(0) shown in Table III. In the
temperature range below T9=0.1 which defines the hy-
drostatic burning phase, the reaction rates from present
calculation are about 15 - 10 % lower than the values
of NACRE II but compares well with adopted values of
NACRE I [5]. On the other hand, beyond T9 = 0.1, a
temperature range relevant to hydrogen burning in red
giants and AGB stars the reaction rates from the present
work agree well with the adopted values in NACRE II.

IV. SUMMARY AND CONCLUSION

The work presented a reanalyses in a simultaneous
fit to the experimental data for the capture reaction
13C(p,γ)14N from Refs. [6, 11, 15] and the scattering data
for 13C(p,p0)

13C from Ref. [9] within the R-matrix frame-
work using the code AZURE2. Two different data sets,
Data Set I and II, were prepared based on the measure-
ments of King et al. [6] and Genard et al. [11] for the
reaction 13C(p,γ)14Ngs populating the resonance state
around 8.06 MeV excitation. Subsequently, R-matrix
analyses were performed for both the data sets separately.
The astrophysical S-factor at zero energy, S(0), was de-
rived through extrapolation for the two data sets. For
the transition to the ground state of 14N, the present
analysis, with the data from [6], yielded S(0) = 4.72 ±

0.86 keV.b which is lower than S(0) = 5.16 ± 0.72 keV.b
reported in Ref. [14] from their R-matrix fit to the same
data. The values, however, are consistent within the er-
ror bars. Analysis with the ground state transition data
of [11] resulted in a S(0) = 4.23 ± 0.82 keV.b., a value
higher than that obtained by Genard, et al.. Excellent
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TABLE IV. Low temperature reaction rates using the extrapolated S-factor values from the present analysis. The reaction rate
is given in cm3mole−1s−1 The ’Low’ and ’High’ denote the lower and upper limits of uncertainty in the adopted reaction rate.

T9 Low Reaction rate High T9 Low Reaction rate High

0.001 2.21×10−50 2.55×10−50 2.9×10−50 0.06 3.92×10−07 4.53×10−07 5.14×10−07

0.002 2.74×10−38 3.17×10−38 3.6×10−38 0.07 2.09×10−06 2.41×10−06 2.74×10−06

0.003 2.0×10−38 2.32×10−38 2.63×10−38 0.08 8.32×10−06 9.62×10−06 1.09×10−05

0.004 9.98×10−29 1.15×10−28 1.31×10−28 0.09 2.67×10−05 3.09×10−05 3.51×10−05

0.005 4.24×10−26 4.9×10−26 5.56×10−26 0.1 7.33×10−05 8.47×10−05 9.62×10−05

0.006 4.27×10−24 4.94×10−24 5.61×10−24 0.2 0.02 0.029 0.03
0.007 1.7×10−22 1.96×10−22 2.23×10−22 0.3 0.51 0.59 0.67
0.008 3.54×10−21 4.09×10−21 4.65×10−21 0.4 5.18 5.99 6.80
0.009 4.61×10−20 5.33×10−20 6.05×10−20 0.5 36.18 41.82 47.47
0.01 4.2×10−19 4.85×10−19 5.51×10−19 0.6 156.91 181.39 205.88
0.02 1.37×10−13 1.59×10−13 1.8×10−13 0.7 462.84 535.07 607.31
0.03 6.42×10−11 7.42×10−11 8.42×10−11 0.8 1041.25 1203.75 1366.26
0.04 3.073×10−09 3.56×10−09 4.04×10−09 0.9 1939.53 2242.23 2544.93
0.05 4.81×10−08 5.56×10−08 6.32×10−08 1 3158.3 3651.21 4144.13

agreement is obtained between the resultant S(0) values,
deterimined with two different data sets for the ground
state transition from 1− resonance of 14N. Inclusion of
the contributions of transition to the excited states from
the measurement of King et al., produced a total S(0) =
6.83 ± 0.95 keV.b and S(25keV ) = 7.10 ± 1.1 keV.b at
Ec.m. = 25 keV for the 13C(p,γ)14N capture. The values
are lower than the total S(0) = 7.6 ± 1.10 keV.b and
S(25keV ) = 8.0 ± 1.2 keV.b of [14]. However, the error
bars of the two estimates overlap.

The simultaneous analysis including the elastic scat-
tering data indicates that the position of the 1−, T=1
resonance state in 14N is at Ex=8062.0±3.0 keV rather
than 8068.1±0.5 keV [6]. This is probably the main

cause for the inconsistencies in the values of S(0) and
S(25keV ) from the two data sets. The precise energy
of the 1− level must be determined accurately. Also, in-
clusion of the higher energy data further constrains the
energy dependence of the cross section allowed by the R-
matrix model at low energy improving the uncertainty in
the extrapolation. It is to be mentioned that the data
of King, et al., which extends upto Ec.m. ≈100 keV, has
significat scattering in the data points at lower energies.
On the other hand, the measurement of Genard, et al.

has much less scattering in the low energy region but the
data extends only upto Ec.m. ≈220 keV. Hence, a further
measurement with precision to reduce the uncertainty in
and scattering of the data points at low enrgies extending
even beyound 100 keV is definitely worthwhile.
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