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Abstract. The 13C(7Li,6He)14N0,1 reactions were measured at E(7Li) = 34MeV with the Q3D magnetic
spectrometer of the HI-13 tandem accelerator, and the first peaks of the angular distributions were obtained
for the first time. The 14N0,1 proton spectroscopic factors were extracted to be 0.67±0.09 and 0.73±0.10,
respectively. Using the 13C(p, γ)14N direct capture Sdc(E) factors derived by the spectroscopic factors,
the direct measurement data for both 1− and 0− resonances were well fitted via updating the resonance
parameters, and then the total astrophysical 13C(p, γ)14N S(E) factors and reaction rates were determined
at stellar energies. The present work offers an independent examination to the existing results of the
13C(p, γ)14N reaction.

1 Introduction

13C(p, γ)14N is one of the key reactions in the CNO cy-
cle [1]. Its astrophysical reaction rates directly affect the
13C abundance and hence the ratio of 12C to 13C. This
reaction may also affect to some extent the s-process
nucleosynthesis because it destroys the seed nuclei of
the 13C(α, n)16O neutron source reaction for AGB stars
with solar metalicity [2], even though the amount of
13C is usually believed to be dominated by the slower
12C(p, γ)13N rate.

So far, several direct measurements of the 13C(p, γ)14N
reaction [3–6] have only reached down to 100 keV which is
much higher than the stellar energies (∼ 25 keV). The ac-
curate measurement for the S(E) factors was carried out
in the energy range of 100–900 keV [6], and the R-matrix
fit gave S(0) = 7.6 keV b [7,8], whereas the latest mea-
surement in inverse kinematics and R-matrix fit deduced
a relatively small result of S(0) = 4.85 keV b [9].

There are two excited states at 1−8062 keV and
0−8776 keV in 14N contribute to the 13C(p, γ)14N reso-
nant captures in the astrophysical energy region. Although
the contribution from the resonance tails may be much
higher than that from the direct capture component, the
interference between two processes can lead to an ap-
preciable influence on the total S(E) factors. Thus the
precise measurement of direct capture is necessary to ob-
tain the reliable S(E) factors, particularly at astrophys-
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ically relevant energies. The 13C(p, γ)14N direct capture
cross-section can be derived in term of spectroscopic fac-
tor or asymptotic normalization coefficient (ANC) of 14N
→ 13C + p, deduced from the angular distribution of pro-
ton transfer reactions.

Several experiments have been performed to study
the spectroscopic factors or ANCs of 14N → 13C +
p through the 13C(d, n) [10,11], 13C(3He, d) [12–14],
13C(7Li,6He) [15] and 13C(14N,13C) [16] reactions. The
spectroscopic factors and ANCs extracted from these mea-
surements deviate in varying degrees, especially for the
first excited state in 14N. In order to clarify the discrep-
ancy, new measurement is still needed. The (7Li,6He) re-
actions are thought to be a valuable spectroscopic tool [17]
because the shapes of their angular distributions can be
well reproduced by the distorted wave Born approxima-
tion (DWBA), and the proton spectroscopic factor of
7Li is well determined [18,19]. Unfortunately, the above-
mentioned 13C(7Li,6He) measurement missed the first
peak of angular distribution. Hence it is highly desired to
ameliorate the measurement of 13C(7Li, 6He)14N reaction.

In the present work, the angular distributions of 7Li
elastic scattering on 13C and 13C(7Li,6He)14N transfer re-
actions leading to ground and first excited states in 14N
have been measured with the Q3D magnetic spectrom-
eter [20] at E(7Li)= 34MeV. The spectroscopic factors
were derived based on DWBA analysis, and then used to
calculate the astrophysical 13C(p, γ)14N S(E) factors and
reaction rates at stellar energies.
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Fig. 1. Typical position spectra on the Q3D focal plane for
the 7Li + 12,13C elastic scattering.

2 Measurement of the angular distributions

Our experiment was carried out with a 34MeV 7Li beam
from the HI-13 tandem accelerator, Beijing. The 150 enA
7Li beam impinged on a 90 μg/cm2 self-supporting 13C
target with a purity of 94%. A 12C target with the same
thickness served as the background measurement. A re-
movable Faraday cup behind the target was used to collect
the beam for normalization. It covered an angular range
of ±6◦ and thus restricted the attainable minimum angle.
The relative normalization of measurements at angles of
θlab ≤ 6◦ was carried out by monitoring the elastic scat-
tering events with a ΔE-E counter telescope placed at 25◦
downstream of the target. The accepted solid angle of Q3D
magnetic spectrometer was set to be 0.34mSr for a good
angular resolution. The reaction products were focused
and separated by Q3D, and measured by a 50mm×50mm
two-dimensional position sensitive silicon detector (PSSD)
on the focal plane.

The 13C(7Li,7Li)13C elastic scattering and the
13C(7Li, 6He)14N0,1 transfer reactions were measured in
the angular ranges of 9◦ ≤ θlab ≤27◦ and 2◦ ≤ θlab ≤ 21◦
in steps of 1◦, respectively. The typical position spectra of
elastic scattering events for 7Li on 13C and 12C targets are
shown in fig. 1. The purity of 13C target can be determined
accurately via the analysis of the position spectra. The dis-
turbance from the 12C contaminant in 13C target can com-
pletely be eliminated based on the position spectra at each
angle. Finally, the 13C(7Li,7Li)13C, 13C(7Li,6He)14N0 and

Fig. 2. Angular distributions of 13C(7Li, 7Li)13C, 13C(7Li,
6He)14N0 and 13C(7Li, 6He)14N∗

1 at E(7Li) = 34MeV, together
with the DWBA calculations. The solid and open circles denote
the data obtained in the present experiment and the earlier
work [15], respectively.

13C(7Li,6He)14N∗
1 angular distributions were obtained as

shown in fig. 2 with solid circles. It can be seen clearly that
the first peaks of 13C(7Li,6He)14N0,1 angular distributions
are fully measured in the present work. The uncertainties
of the differential cross-sections are about 7%, mainly from
the statistics and ununiformity of the target thickness.

3 DWBA calculations

13C(7Li,6He)14N0,1 angular distributions were calculated
with the DWBA code PTOLEMY [21]. The optical po-
tential parameters for the entrance channel were chosen
from ref. [15] and extracted by fitting the present 13C(7Li,
7Li)13C angular distribution with real and imaginary po-
tentials of Woods-Saxon form, respectively. Since no ex-
perimental data exist for the 6He elastic scattering on
14N, the angular distributions of the 14N(6Li,6Li)14N at
E(6Li)= 32MeV [22] and 13C(6Li,6Li)13C at E(6Li)=
28MeV [23] were used to derive the potential parame-
ters for the exit channels. All the potential parameters are
listed in table 1. For calculating the wave functions of the
bound states, the Woods-Saxon potentials with the stan-
dard geometrical parameters r0 = 1.25 fm and a = 0.65 fm
were adopted, and the potential depths were adjusted au-
tomatically to reproduce the proton binding energies of
14N0,1.
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Table 1. Woods-Saxon potential parameters for the en-
trance and exit channels of 13C(7Li,6He)14N0,1. Set I is taken
from ref. [15], Set II, III and IV are extracted by fitting the
13C(7Li,7Li)13C, 14N(6Li,6Li)14N and 13C(6Li,6Li)13C elastic
scattering angular distributions, respectively. The depths and
geometrical parameters are in MeV and fm, respectively. The
last row gives the goodness of fit(χ2 per point).

Channel 7Li + 13C 6He + 14N

Set I Set II Set III Set IV

UV 159.0 198.75 124.88 131.65
rR 0.63 0.52 0.52 0.60
aR 0.81 0.90 1.02 0.91
WV 8.16 8.70 15.37 7.14
rI 1.33 1.31 1.30 1.31
aI 0.78 0.73 0.54 0.7
rC 1.25 1.0 1.0 1.0

χ2/p 15.22 6.37 1.35

Fig. 3. Goodness of fit vs. Sp1/2/Sp3/2 for the 13C(7Li,
6He)14N0 angular distribution.

The 14N proton spectroscopic factor S
lpjp
14N can be de-

rived by normalizing the DWBA calculations to the ex-
perimental data according to the expression

(
dσ

dΩ

)
exp

=
∑
lpjp

S7LiS
lpjp
14N

(
dσ

dΩ

)lpjp

DWBA

, (1)

where (dσ/dΩ)exp and (dσ/dΩ)DWBA are the measured
and calculated differential cross-sections, respectively. The
proton spectroscopic factor of 7Li has been determined to
be S7Li = 0.42 in refs. [18,19].

Proton transfers to the 1p1/2 and 1p3/2 orbits of the
ground state in 14N were taken into account in the analysis
of experimental data. It was found that the χ2 decreases
with the increase of S

1,1/2
14N0

/S
1,3/2
14N0

, as shown in fig. 3. This

result indicates that S
1,1/2
14N0

/S
1,3/2
14N0

should be greater than
100 according to the precision of our experiment. It sup-
ports the theoretical calculations [24,25], and differs from
the previously experimental value of 20 [16]. Because of

Table 2. Theoretical and experimental proton spectroscopic
factors for the ground and first exited states in 14N.

S14N0 S14N∗
1

Exp. or The. Ref.

0.68 0.99 Theory [24]
0.80 0.96 Theory [26]
0.65 0.89 Theory [27]

1.09±0.19 1.42±0.24 13C(d, n)14N [10]
0.50±0.10 0.56±0.11 13C(d, n)14N [11]
0.76±0.15 0.92±0.18 13C(3He,d)14N [12]
0.58±0.04 0.93±0.07 13C(3He,d)14N [13]
0.60±0.09 0.79±0.12 13C(3He,d)14N [14]
0.68±0.04 0.58±0.06 13C(14N,13C)14N [16]
0.62±0.07 0.83±0.10 13C(7Li,6He)14N [15]
0.67±0.09 0.73±0.10 13C(7Li,6He)14N Present Work

the very small contribution, the 1p3/2 component was ne-
glected in DWBA analysis for the 13C(7Li,6He)14N0 reac-
tion. For the proton transfer to the first exited state in
14N, only 1p1/2 component was taken into account due to
the parity and angular momentum constraints.

The calculated results are also shown in fig. 2 with
solid lines. It can be seen that the experimental angular
distributions are well reproduced. Differently from the ear-
lier (7Li,6He) study [15], no obvious phase shift between
the calculations and the experimental data is found in the
present work. The spectroscopic factors of 14N0 → 13C +
p and 14N∗

1 → 13C + p are determined to be 0.67±0.09 and
0.73±0.10, respectively. The uncertainties are mainly from
the measurement (7%), divergence of optical potential pa-
rameters (8%) and error of the 7Li proton spectroscopic
factors (9%). The spectroscopic factors obtained in several
theoretical and experimental investigations are listed in
table 2. Our result is in fair agreement with those derived
from the 13C(3He, d)14N [14] and 13C(14N,13C)14N [16]
reactions within the uncertainty. As compared to the pre-
vious 13C(7Li, 6He)14N work [15], the results are close to
each other by chance, however, the S7Li cited therein is a
factor of 1.4 larger than that used in our calculations.

4 The astrophysical 13C(p, γ) S(E) factors
and reaction rates

The 13C(p, γ)14N direct captures are dominated by the
E1 transition from incoming s-, d-wave to the first three
bound states and p-wave to the next four excited states
in 14N. The astrophysical S(E) factors are related to the
cross-sections by

S(E) = Eσ(E) exp(2πη), (2)

where E is the relative kinetic energy, η = Z1Z2μ/k stands
for the Coulomb parameter in the initial state, μ and k
denote the reduced mass and the wave number. The cross-
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Fig. 4. Astrophysical S(E) factors for the 14C(p, γ)15N0 reac-
tion. The solid circles denote the experimental data from [33].
The solid, dashed and dotted lines are central value, upper and
lower limits, respectively.

section for E1 direct capture can be expressed as [28,29]

σ =
16π

9

(
Eγ

h̄c

)3
e2
eff

k2

1
h̄v

(2If + 1)
(2I1 + 1)(2I2 + 1)

Slf jf

×
∣∣∣∣
∫ ∞

0

r2ωli(kr)ulf (r)dr

∣∣∣∣
2

, (3)

where Eγ is the γ-ray energy; k denotes the incident wave
number; eeff = e(A − Z)/(A + 1) stands for the proton
effective charge of the E1 transition in the potential pro-
duced by a target nucleus with mass number A and atomic
number Z; v is the relative velocity between proton and
13C; I1, I2 and If are the spins of proton, 13C, and 14N,
respectively; Slf jf

is the proton spectroscopic factor of
14N; ωli(kr) is the distorted radial wave function for the
entrance channel, and ulf (r) is the radial wave function
of the bound state proton in 14N.

In the calculation of ωli(kr), the imaginary part of
the optical potential was neglected because of the small
flux into other reaction channels. For the real part, a
Wood-Saxon potential is adopted, for which r0 and a
were set as the same as those for the 14N→13C + p
bound state. According to the previous approach [28,30–
32], the potential depth for the 13C + p system was ad-
justed to reproduce the volume integral of potential per
nucleon JV/A = 334 ± 12MeV fm3 derived from fit the
astrophysical 14C(p, γ)15N0 S(E) factors [33]. The same
proton spectroscopic factor of 15N0 and resonance pa-
rameters as adopted in ref. [33] were used in our fit-
ting, the result is shown in fig. 4. With the fitted JV/A
value, the 13C + p potential depth was derived to be
V0 = 27.5 ± 1.0MeV. Based on the S14N and potential
parameters derived above, the energy dependence of astro-
physical 13C(p, γ)14N0 direct capture Sdc(E) factors was
calculated as shown in fig. 5 with dashed line.

Fig. 5. Astrophysical 13C(p, γ)14N0 S(E) factors. The exper-
imental data are taken from refs. [3–6,9,38]. The various lines
are the calculated results in the present work.

The resonant capture Sres(E) factors can be calculated
with the Breit-Wigner formula [1],

Sres(E) =
πh̄2

2μ

2J + 1
(2J1 + 1)(2J2 + 1)

× Γp(E)Γγ(E)
(E − ER)2 + (Γtot/2)2

exp(2πη), (4)

where J , J1 and J2 are the spins of 14N, proton and 13C,
respectively; ER stands for the resonance energy; Γp, Γγ

and Γtot denote the proton, radiative and total widths in
sequence. The energy dependence of Γp and Γγ are given
by [34]

Γp,l(E) =
Pl(E)
Pl(ER)

Γp,l(ER), (5)

and

Γγ(E) =
(

E + εf

ER + εf

)2L+1

Γγ(ER), (6)

where Γp(ER) and Γγ(ER) are the experimental partial
and radiative widths; l, L and εf donate the orbital angu-
lar momentum, multipolarity of the gamma transition and
the proton binding energy of the bound state in residual
nucleus, respectively. The penetrability Pl(E) is given by

Pl(E) =
ka

F 2
l (k, a) + G2

l (k, a)
, (7)

where Fl and Gl are the regular and singular solutions
of the radial Schrödinger equation, and a is the channel
radius.

The function used to fit the total S(E) factors is [35,
6]

S(E) = Sdc(E) +
∑

i

Sresi(E)

±
∑

i

2 [Sdc(E)Sresi(E)]1/2 cos(δi), (8)
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Table 3. Resonance parameters for the 13C(p, γ)14N reaction.

ER (keV)

Jπ, T Ref. [6] Ref. [38] Ref. [8] Present

1−, 1 518.14±0.95 517 517.6±2.0
0−, 1 1225.7±6.5 1251.0±7.0 1244 1256±14

Γp(ER) (keV)

1−, 1 37.14±0.98 37.07 37 37.4±3.1
0−, 1 408.57 440±8 416 468±28

Table 4. Radiative widths used in the present calculation
along with those from refs. [6,8].

Γγ(ER) (eV)

Jπ, T Jπ,Ef Ref. [6] Ref. [8] Present

1−, 1 1+, 0.00 9.1±1.3 9.1 9.1±0.6
0+, 2.31 0.22±0.04 0.22 0.22±0.05
1+, 3.95 1.53±0.21 1.53 1.57±0.07
0−, 4.92 0.262±0.043 0.26 0.27±0.03
2−, 5.11 0.075±0.025 0.085 0.074±0.019
1−, 5.69 0.61±0.14 0.63 0.61±0.08

0−, 1 1+, 0.00 46±12 56 40.3±1.8

Table 5. Comparison of S(0) values derived in this work and
the previous ones from refs. [8,14,9].

State 14N S(0) (kev·b)

Jπ
f , Ef Ref. [8] Ref. [14] Ref. [9] Present

1+, 0.00 5.16±0.72 5.06 3.54±0.59 5.78±0.48
0+, 2.31 0.32±0.08 0.35 0.42±0.06
1+, 3.95 0.90±0.13 0.79 0.90±0.06
0−, 4.92 0.33±0.07 0.17 0.20±0.01
2−, 5.11 0.046±0.009 0.046 0.030±0.004
1−, 5.69 0.77±0.09 0.5 0.56±0.04
3−, 5.83 0.031±0.007 0.03 0.029±0.003

Total 7.58±1.10 6.94 4.85±0.76 7.92±0.49

where i is the resonance number, δ = arctan
[

Γp(E)
2(E−ER)

]
denotes the resonance phase shift. The sign of interfer-
ence term has to be determined experimentally. For the
s → p direct capture transition, the cross-section has
been observed to interfere constructively with the reso-
nant cross-section below the resonance and destructively
above it [36]. Tang et al. found the same interfere pattern
using an R-matrix method [37].

Among the direct measurements of 13C(p, γ)14N0 re-
action, only Zeps et al. [38] provided the available exci-
tation function which covered both the 1− and 0− reso-
nances. However, a thicker target was adopted in the ex-
periment, and thus the energy divergence is too large to
derive the resonance parameters at low energies around 1−
resonance. We have transformed the excitation function
reported in ref. [38] to astrophysical S(E) factors through
normalizing to the data of 1− resonance peak [6,9], and
the result is well consistent with that from ref. [6] in the
energy range of 600–900 keV. Consequently, we chose the
data of 100–900 keV from ref. [6] together with those of

Fig. 6. Astrophysical 13C(p, γ)14N reaction rates of present
work, and the inset is the ratio of our adopted reaction rates
to the reaction rates adopted in the NACRE compilation.

Table 6. Fitting parameters of the astrophysical 13C(p, γ)14N
reaction rates.

Parameters Values Parameters Values

a0 52.6082 b0 10.5173
a1 −0.926046 b1 0.00187505
a2 −79.2444 b2 −14.7077
a3 35.0371 b3 12.0486
a4 0.971640 b4 −1.85193
a5 −0.371766 b5 0.127750
a6 −35.0429 b6 −2.82447

600–1850 keV from ref. [38] as a benchmark for the fol-
lowing analysis.

In the previous studies [6,8], only 1− resonance data
were used in deriving both the 1− and 0− resonant param-
eters, and the component of direct capture was taken as an
adjustable parameter. The experimental data of 1− reso-
nance can be reproduced successfully by using our Sdc(E)
factors and their resonant parameters, whereas those of 0−
resonance clearly deviate from the calculation. Because of
the considerable influences from the high energy tail of 1−
resonance as well as from the direct capture component on
the 0− resonance, it is necessary to fit experimental S(E)
factors involving both the 1− and 0− resonances for re-
determining the parameters of these two resonances, and
then extrapolating the S(E) factors.

In what follows, the experimental S(E) factors chosen
above were fitted with eq. (8) to determine the 1− and 0−
resonance parameters as well as to extrapolate the S(E)
factors on the basis of our new indirect determination of
the Sdc(E) factors. The extracted resonance parameters
are listed in tables 3 and 4 together with the previous
ones. With the new resonance parameters, the astrophys-
ical 13C(p, γ)14N0 S(E) factors are computed over the en-
ergy range of 0–2MeV, as shown with solid line in fig. 5,
and the upper and lower limits are estimated with the er-
rors of spectroscopic factor, direct measurement data and
fitting result. As can be seen from fig. 5, the low-energy
tail of 1− resonance and its interference with the direct
capture dominates the S(0) factor, and those of 0− res-
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onance also make a considerable contribution (∼ 21%).
On the other hand, the high-energy tail of 1− resonance
affects the determination of the 0− resonance parameters
significantly, and therefore does the value of S(0) factor.
Thus it is more reasonable to take the direct measurement
data of these two resonances into account in the extrapo-
lation of S(E) factors.

The total astrophysical 13C(p, γ)14N S(E) factors are
the sum of the individual ones for the transitions to the
ground and first six excited states. Following the above
procedure, the S14N∗

1
from this work and the S14N∗

2∼6
from

refs. [8,13,16] were used to calculate the Sdc(E) factors
for the first and other excited states, respectively. The
13C(p, γ)14N∗

1∼6 direct measurement data from King et
al. [6] along with the current ER and Γp(ER) were used for
updating the radiative widths. The results are also listed
in table ‘4. The calculated S(0) values corresponding to
the ground and individual excited states as well as the
total are listed in table 5. The total S(25 keV) is found to
be 8.20 ± 0.51 keV b.

The astrophysical 13C(p, γ)14N reaction rates are cal-
culated with

NA〈σν〉 = NA(
8

πμ
)1/2 1

(kBT )3/2

×
∫ ∞

0

S(E) exp
[
−2πη − E

kBT

]
dE, (9)

where ν is the relative velocity of the colliding nuclei, NA

and kB are Avogadro and Boltzmann constants, respec-
tively. Our reaction rates are shown in fig. 6, along with
the ratios of ours to the adopted ones in the NACRE com-
pilation [39]. It can be seen that ours are a factor of 1.18
higher at temperatures corresponding to hydrostatic hy-
drogen burning.

The total reaction rates as a function of temperature
obtained in this work are parameterized with an expres-
sion used in the REACLIB [40],

NA〈σν〉 = exp(a0 + a1T
−1
9 + a2T

−1/3
9 + a3T

1/3
9 + a4T9

+a5T
5/3
9 + a6 ln T9) + exp(b0 + b1T

−1
9

+b2T
−1/3
9 + b3T

1/3
9 + b4T9

+b5T
5/3
9 + b6 ln T9). (10)

The values of fit parameters a0∼6 and b0∼6 for the present
adopted reaction rates are listed in table 6, and the fit-
ting errors are less than 2% in the temperature range of
0.001 < T9 < 10.

5 Summary and discussion

In this work the angular distributions of the 7Li + 13C
elastic scattering and the 13C(7Li, 6He)14N0,1 reactions
have been measured at E(7Li) = 34MeV with the Q3D
magnetic spectrometer. The first peaks of angular distri-
butions for the transfer reactions have been completely

presented for the first time. The data were fairly repro-
duced by the DWBA calculations, and then the proton
spectroscopic factors of 14N0 and 14N∗

1 were derived.
The 13C(p, γ)14N direct capture Sdc(E) factors were

determined by using the proton spectroscopic factors of
14N. Based on our new indirect determination of the
Sdc(E) factors, the direct measurement data of both
the 1− and 0− resonances were well fitted with the up-
dated resonant parameters, and then the astrophysical
13C(p, γ)14N S(E) factors were extrapolated over the en-
ergy range of 0–2MeV. The result indicates that these two
resonances should be taken into account simultaneously
for the precise analysis of S(E) factors.

The astrophysical 13C(p, γ)14N reaction rates derived
in this work are a factor of 1.18 higher than the adopted in
NACRE compilation for the temperature range of hydro-
static hydrogen burning. This may change the 13C stel-
lar abundance and thus the ratio of 12C to 13C as well
as slightly weaken the 13C(α, n)16O reaction as a neu-
tron source for the s process. The present work offers
an independent examination to the existing results of the
13C(p, γ)14N reaction.
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