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The CNO cycle is the main energy source in massive stars during their hydrogen burning phase, and, for our
sun, it contributes at the ≈1% level. As the 14N(p, γ )15O reaction is the slowest in the cycle, it determines the
CNO energy production rate and thus the CNO contribution to the solar neutrino flux. These CNO neutrinos are
produced primarily from the β decay of 15O and, to a lesser extent, from the decay of 13N. Solar CNO neutrinos
are challenging to detect, but they can provide independent new information on the metallicity of the solar core.
Recently, CNO neutrinos from 15O have been identified for the first time with the Borexino neutrino detector
at the INFN Gran Sasso underground laboratory. There are, however, still some considerable uncertainties in
the 14N(p, γ )15O reaction rate under solar temperature conditions. The low energy reaction data presented
here, measured at the CASPAR underground accelerator, aim at connecting existing measurements at higher
energies and attempts to shed light on the discrepancies between the various data sets, while moving towards a
better understanding of the 14N(p, γ )15O reaction cross section. The present measurements span proton energies
between 0.27 and 1.07 MeV, closing a critical gap in the existing data. A multichannel R-matrix analysis was
performed with the entire new and existing data sets and is used to extrapolate the astrophysical S factors of the
ground state and the 6.79 MeV transition to low energies. The extrapolations are found to be in agreement with
previous work, but find that the discrepancies between measured data and R-matrix fits, both past and present,
still exist. We examine the possible reasons for these discrepancies and thereby provide recommendations for
future studies.

DOI: 10.1103/PhysRevC.106.065803

I. INTRODUCTION

Solar neutrinos are primarily produced by the pp
chains, which dominate hydrogen burning nucleosynthe-
sis and energy production in our sun [1–3]. The sec-
ondary mechanisms for converting hydrogen into helium
in the solar environment are the CNO cycles, a cat-
alytic sequence of proton capture reactions, and β de-
cays on C, N, and O isotopes. The primary CNO-I
or CN cycle, 12C(p, γ ) 13N(β+ν) 13C(p, γ ) 14N(p, γ ) 15O
15O(β+ν) 15N(p, α) 12C [4], is the main source of the CNO
neutrinos from the β decay of 13N and 15O isotopes. The CNO
cycles contribute ≈1% of solar energy production, but depend
critically on the carbon and oxygen abundances of the solar
core. An analysis of the CNO neutrino flux, therefore, can pro-
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vide important information about the metallicity of the core
of our sun. The analysis of the neutrino flux, in the context of
the reaction cross section of relevance here, requires detailed
knowledge of all the associated reaction rates.

In the standard solar model [5,6], one of the major uncer-
tainties in the description of the sun’s interior is the metallicity
of the core, which is determined by its carbon, nitrogen,
and oxygen content [7]. The expected elemental abundances,
based on the spectroscopic analysis of the solar atmosphere,
disagree with the solar profiles of sound speed and density
as well as the depth of the convective zone and the he-
lium abundance obtained by helioseismology [1]. Haxton and
Serenelli [8] noted that a direct study of the CN neutrinos,
those from the β decay of 13N and 15O, can provide an in-
dependent measure of the solar metallicity. However, the CN
neutrino flux depends not only on the CN abundance in the
solar interior, but also on the associated CN reaction rates,
12C(p, γ ) 13N and 14N(p, γ ) 15O, respectively, since the CN
neutrino flux originates from the β decays of 13N and 15O.
The 14N(p, γ )15O reaction is the slowest process in the cycle,
thus its rate limits the energy release and neutrino production
of the entire cycle. The slow rate causes a gradual enrichment
of 14N in the solar material. This, and the shorter lifetime of
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FIG. 1. Level scheme of the 15O compound nucleus. The res-
onance (laboratory frame) energies and corresponding excitation
energies of the pertinent states are given. As noted, the transitions to
the 6.79 MeV state and ground state are two of the strongest, and are
the transitions reported in this work. All of the states at or below the
6.79 MeV level de-excite with nearly 100% branching to the ground
state.

15O in comparison to the lifetime of 13N, suggests that CNO
neutrinos will be dominated by the β decay of 15O.

The first comprehensive study of the individual partial
cross sections of the 14N(p, γ )15O reaction was performed
by Schröder et al. [9], who reported both excitation func-
tions and angular distributions at select energies, covering the
proton energy range from Ep = 0.2 to 3.6 MeV. The total
S factor at zero energy, S(0), was determined to be 3.20 ±
0.54 keV b, where the transitions to the ground state and
to the Ex = 6.79 MeV excited state in 15O were reported to
be dominant, contributing Sg.s.(0) = 1.55 ± 0.34 keV b and
S6.79(0) = 1.41 ± 0.02 keV b to the total, respectively. Fig-
ure 1 depicts the relevant level structure of the 15O compound
nucleus near the proton separation energy, including these two
important states.

An R-matrix analysis by Angulo and Descouvemont [10]
drastically changed the extrapolated S factor for both tran-
sitions after realizing that the data from Schröder et al.
[9] were yields and not cross sections. They revised the
S factors to Sg.s.(0) = 0.08+0.13

−0.06 keV b and S6.79(0) = 1.63
± 0.17 keV b. Overall, this reduced the total S factor by
a factor of 1.7. A number of more recent measurements at
the LUNA underground accelerator [11–14] expanded the
reaction data to lower energies, suggesting an even lower S
factor, while an independent study by Runkle et al. [15], at the
LENA facility, indicated a higher value for the ground state

transition. The reported S factors, extrapolated to zero energy,
from different measurements are summarized in Table I.

An independent R-matrix analysis of the various reaction
channels, over a wide range of energies by Azuma et al. [19],
incorporating more data sets, found results in agreement with
Imbriani et al. [11], although with a slightly higher zero-
energy S factor for the ground state transition of Sg.s.(0) =
0.28 keV b. The authors stated that there was still considerable
uncertainty, most notably contributions from the resonances
above 2 MeV, the low-energy ground state transition data, and
the width of the 6.79 MeV subthreshold state. A modified
version of this R-matrix fit, which focused on the low energy
region, was used for the evaluation of Adelberger et al. [3].

Daigle et al. [22] provided a new measurement and evalua-
tion of the branching ratios and strength of the Ep = 278 keV
resonance, finding a value for the strength of 12.6 ± 0.3 meV.
This result is significantly more precise than previous mea-
surements, providing an improved normalization for the data.
It is also worth pointing out that when this value for the
strength is used to normalize all of the data, they then share a
common systematic uncertainty in their normalizations. This
must be considered in global fits and in the propagation of the
uncertainties from them.

Li et al. [20] sought to better constrain the several different
reaction contributions to the low energy cross section. They,
for the first time, measured differential cross sections, at up
to five angles, over the proton energy range between 1.5–3.4
MeV for the 6.79 MeV transition, and from 0.6–3.4 MeV for
the ground state transition. They also realized that an error
had been made in the R-matrix fits of both Azuma et al.
[19] and the evaluation of Adelberger et al. [3], where the
� = 2 terms in the calculation had been neglected. However,
its inclusion led to a poorer representation of the experimental
data, and a consistent fit covering their higher energy range
data and the lower energy measurements of Imbriani et al.
[11] could not be achieved. For their extrapolated S factors,
the authors reported S6.79(0) = 1.29 ± 0.04(stat) ± 0.09(syst)
keV b and Sg.s.(0) = 0.42 ± 0.04(stat)+0.09

−0.19(syst) keV b. The
authors identified the primary remaining sources of uncer-
tainty as the γ width of the 6.79 MeV state in 15O, the
ground state and the 6.17 MeV transition. Critically, the data
reported do not overlap with the low energy measurements of
the LUNA and LENA groups, contributing to the difficulty in
achieving a consistent R-matrix fit.

Wagner et al. [21] followed up on these results by attempt-
ing to bridge the gap between the higher energy data sets of
Li et al. [20] and Schröder et al. [9] and the low energy data.
They focused on the cross section for the transition to the
6.79 MeV state and ground state at proton energies between
0.36 and 1.29 MeV. Their reported values for the S factors
are S(0)g.s. = 0.19 ± 0.05 keV b and S(0)6.79 = 1.24 ± 0.11
keV b. For the 6.79 MeV transition, particularly above Ep =
0.8 MeV, they found cross sections significantly elevated com-
pared to those of either Schröder et al. [9] or Li et al. [20].
The authors note that, following these analyses, there are still
sources of significant uncertainty in the reaction data.

New measurements have also been made of the γ width
of the 6.79 MeV subthreshold state in 15O by Frentz et al.
[23], following several previous studies [24–29]. As noted in
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TABLE I. A summary of zero energy S factors for the 14N(p, γ )15O reaction.

Astrophysical S factor S(0) (keV b)

Year Reference R/DC → 0.00 R/DC → 6.792 R/DC → 6.172 Othersd Total

1987 Schröder et al. [9] 1.55 ± 0.34 1.41 ± 0.02 0.14 ± 0.05 0.1 3.20 ± 0.54
2001 Angulo et al.a [10] 0.08+0.13

−0.06 1.63 ± 0.17 0.06+0.01
−0.02 −− 1.77 ± 0.20

2003 Mukhamedzhanov et al. [16] 0.15 ± 0.07 1.40 ± 0.20 0.133 ± 0.02 0.02 1.70 ± 0.22
2004 Formicola et al. [17] 0.25 ± 0.06 1.35 ± 0.05 (stat) 0.06+0.01

−0.02
b 0.04 1.7 ± 0.1 (stat)

± 0.08 (sys) ± 0.02 (sys)
2005 Imbriani et al. [11] 0.25 ± 0.06 1.21 ± 0.05 0.08 ± 0.03 0.07 1.61 ± 0.08
2005 Runkle et al. [15] 0.49 ± 0.08 1.15 ± 0.05 0.04 ± 0.01 −− 1.68 ± 0.09
2005 Angulo et al. [18] 0.25 ± 0.08 1.35 ± 0.04 0.06 ± 0.02 0.04 1.70 ± 0.07 (stat)

± 0.10 (sys)
2006 Bemmerer et al. [13] −− −− −− −− 1.74 ± 0.14 (stat)

± 0.14 (sys)c

2008 Marta et al. [14] 0.20 ± 0.05 −− 0.09 ± 0.07 −− 1.57 ± 0.13
2010 Azuma et al. [19] 0.28 1.3 0.12 0.11 1.81
2011 Adelberger et al. [3] 0.27 ± 0.05 1.18 ± 0.05 0.13 ± 0.06 0.08 1.66 ± 0.08
2016 Li et al. [20] 0.42 ± 0.04 (stat) 1.29 ± 0.06 (stat) −− −− −−

+0.09
−0.19(sys) ± 0.06 (sys)

2018 Wagner et al. [21] 0.19 ± 0.01 (stat) 1.24 ± 0.02 (stat) −− −− −−
± 0.05 (sys) ± 0.11 (sys)

2022 This work 0.33+0.16
−0.08 1.24 ± 0.09 0.12 ± 0.04 −− 1.69 ± 0.13

aR-matrix analysis on available data, not a measurement.
bAdopted from Angulo and Descouvemont [10].
cMeasured S factor at 70 keV.
dCalculated difference of the total S(0) from the other transitions.

the analyses of Li et al. [20] and Adelberger et al. [3], this
component was one of the largest source of uncertainty in the
low-energy extrapolations of the cross section. The work by
Frentz et al. [23] found a lifetime of τ = 0.6 ± 0.4 fs, placing
the most stringent limit on the lifetime to date, and, therefore,
the width of the state. These results, however, when combined
with an R-matrix analysis, demonstrated that the uncertainty
in the lifetime still remains too large to significantly reduce
the uncertainty in the extrapolation of the low energy S factor.

On the neutrino side, the Borexino collaboration has
succeeded in the first measurement of the CNO neutrinos
associated primarily with the β decay of 15O in our sun [30].
Their results suggest an enhanced reaction rate, and therefore
a larger cross section, for the 14N(p, γ )15O reaction at low
energies. The suggested cross section is more in line with
the higher low-energy extrapolation based on the LENA data
[15] rather than that obtained using the LUNA data [11–14].
The low energy extrapolation by Li et al. [20] utilized a more
comprehensive R-matrix analysis, covering a wide energy and
angular range. Their extrapolation was also found to be in-
consistent with the low energy data of Imbriani et al. [11], yet
consistent with the data of Runkle et al. [15].

In light of these existing discrepancies, and those in the
higher energy data presented by Wagner et al. [21], a new
measurement of the 14N(p, γ )15O reaction cross section has
been performed. In particular, the energy range targeted in
this work bridged the gap between the low energy data of
LUNA [11–14] and LENA [15] and the high energy data of
Li et al. [20], in order to work towards a consistent R-matrix
analysis that includes the entire data ensemble. The ground

state and the 6.79 MeV transition are therefore the main
focus.

In this work, we report on a measurement, providing
a new and independent cross section for two of the most
important transitions in the 14N(p, γ )15O reaction, namely
the transitions to the ground state and the 6.79 MeV level
with proton energies between 0.27 and 1.07 MeV. The ex-
perimental details are first discussed in Sec. II, covering
the setup and measurement. In Sec. III, the data analysis is
explained and the cross sections are presented. R-matrix cal-
culations incorporating the new data from this measurement
and the corresponding reaction rate calculations are described
in Secs. IV and VI, respectively. Section V contain discussions
of the results and their implications for the flux of CNO
neutrinos. Finally, the summary and conclusions are presented
in Sec. VII.

II. EXPERIMENTAL METHODOLOGY

A. Accelerators and setup

The measurements were performed using the 1 MV JN
Van de Graaff accelerator located at the Compact Accelerator
System for Performing Astrophysical Research (CASPAR)
[31] at the Sanford Underground Research Facility [32].
The primary advantage of the CASPAR facility is the low-
background environment. Located nearly a mile underground
in the Black Hills of South Dakota, the rock overburden
(4300 mwe) between the CASPAR facility and Earth’s sur-
face shields from cosmic rays, decreasing the high energy
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FIG. 2. Background γ -ray spectrum taken at the deep under-
ground CASPAR facility (with and without lead shielding) and the
Notre Dame Nuclear Science Laboratory (a surface laboratory). (a)
The full spectrum. (b) The low-energy subset of the spectrum high-
lighting the radiogenic background region, which is higher at the
CASPAR facility when lead shielding is not employed, because of
decays from the surrounding rock.

background from γ rays by orders of magnitude. Further, in
this environment, lead shielding is even more effective, reduc-
ing low energy γ rays from room background without produc-
ing additional ones from cosmic ray interactions with the lead
itself. This dramatic background reduction is shown in Fig. 2.

Proton beams from laboratory energies Ep = 0.27 to
1.07 MeV were produced from the 1 MV JN accelerator with
typical intensities between 50 and 100 µA on target. The
energy calibration of the machine was established to better
than 1 keV, using the well-known 27Al(p, γ ) 28Si resonance at
992 keV [33] and the 14N(p, γ )15O resonance at 278 keV [34].

Targets were mounted on a 45◦ target holder, relative to the
beam axis and, due to the high beam currents, the backings
were constantly cooled with recirculating deionized water. A
copper cold finger, biased to −400 V and cooled with a liquid
nitrogen reservoir, was utilized to limit carbon build-up and
suppress secondary electrons throughout the measurements.
The position of the beam on the target was defined by pairs of
vertical and horizontal slits to prevent drifting on the face of
the targets throughout the course of the runs.

B. Targets

The ZrN targets were fabricated at the Karlsruhe Nano
Micro Facility by reactive sputtering of Zr in a nitrogen atmo-

FIG. 3. Typical deterioration of the ZrN targets used in this
experiment. The thickness was measured by scanning the Ep =
278 keV resonance in the 14N(p, γ )15O reaction. This degradation
was used to correct for the amount of nitrogen in the target.

sphere enriched in 14N to >99.99% in two batches to nominal
thicknesses of 50 and 100 nm, respectively. The thicknesses
the three targets used in this experiment were measured using
the narrow resonance at Ep = 278 keV in the 14N(p, γ )15O
reaction and were found to produce proton beam energy losses
of 11.2 ± 0.2 keV, 11.5 ± 0.1 keV, and 20.8 ± 0.1 keV. The
stability of these targets was also continuously monitored
during the course of the experiment by remeasuring this res-
onance and monitoring the target profile. Target degradation,
as shown in Fig. 3, was found to be linearly dependent on the
integrated charge.

C. γ-ray detector

De-exciting γ rays were observed with a Canberra coax-
ial p-type high-purity germanium (HPGe) detector, of 130%
relative efficiency. A lead sheet, of 1.5 mm thickness, was
placed between the crystal’s face and the target to attenu-
ate low-energy x rays, greatly reducing the count rate from
low energy beam induced reactions. Lead bricks were placed
around the detector, at least 10 cm thickness on all sides, in
order to reduce the radiogenic background from uranium and
thorium decay chains in the rock environment surrounding
the experimental hall. The detector was placed at 55◦ relative
to the beam axis to minimize angular distribution effects, as
shown schematically in Fig. 4. Additionally, the detector was
on an adjustable table, allowing it, and the lead shielding, to be
moved closer or further from the target. This was necessary in
order to reduce the high count rate during some of the runs. At
the closest distance, the detector face was 1.0 cm away from
the target and 25.4 cm away from the target at the furthest
geometry. The table’s guide rails also contained block stops,
making the detector’s distance to target reproducible in each
position. All of the data used for the cross section measure-
ments were obtained at the 1.0 cm distance.

III. ANALYSIS AND RESULTS

A. Efficiency and summing

The full-energy peak HPGe detector efficiency was mea-
sured using transitions from the well-known Ep = 278 keV
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FIG. 4. (a) Schematic of the experimental setup. For clarity, the
lead shielding that surrounded the detector during the measurement
is not shown. (b) Overhead picture of the experimental setup showing
the detector and lead shielding in the far distance configuration.

resonance in the 14N(p, γ )15O reaction [22]. A polynomial
function of third order was used to fit the full-energy-peak
(FEP) efficiency [35]

ε(Eγ ) = exp

(
n∑

i=0

ai ln(Eγ )i

)
, (1)

where ai are fit parameters and Eγ is the γ -ray energy.
As noted in Sec. II C, the entire detector setup could be

moved to different distances from the target and the data were
taken in both near and far geometries. At near distances, the
count rate was high and summing effects were significant,
whereas the count rate was low and there was negligible
summing at far distance. We therefore determined the relative
efficiencies at far distance, in the absence of summing, and
scaled the efficiency curve for the near distance, where the
data in the experiment were measured. The scaling was de-
termined using the monoenergetic, isotropic, 2365 keV decay
from the 12C(p, γ ) 13N reaction on top of the 450 keV reso-
nance. The ratio of counts measured in the near/far distances
from this additional reaction directly provides the relationship
necessary to scale the far-distance fitted efficiency curve. The
efficiency curves are shown in Fig. 5, where we note that the
close distance efficiency curve is not a fit to the data, but is
the efficiency determined from the far distance configuration
scaled by the correction ratio obtained from the 12C(p, γ ) 13N
reaction.
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FIG. 5. Efficiency calibration of the 130% HPGe placed at 55◦

relative to the beam axis. (a) Full-energy peak efficiency for a single
γ ray as a function of γ -ray energy and detector setup. The two
setups had the detector placed 1.0 and 25.4 cm away from the target.
The open markers are efficiencies uncorrected for summing effects
while the full markers include them. The line through the far distance
points was fit to the data while the line for the near distance was
scaled by the difference in solid angle subtended by the detector in
the two distances. (b) Relative residuals (δ) between the corrected
data and the efficiency curve at the detector distance of 1.0 cm.

Broadly speaking, summing effects arise when multiple
photons deposit a portion or all of their energy in the detector
at the same time. When this occurs, the individual γ -ray peaks
have fewer counts (summing-out) and artificial counts are
added at their energy sum (summing-in). With large detec-
tion efficiencies or small distances between the detector and
source, the effect of the coincidence summing was significant
and had to be taken into account. The summing effects can be
observed directly in the uncorrected, close distance efficiency
data present in Fig. 5 (open triangles), where the summing-out
effect decreases the primary and secondary counts for each
of the three transition cascades, while the summing-in effect
causes the ground state counts to be increased.

For a primary/secondary pair of decays in a cascade, the
summing-out effects can be determined with

Y pri
i = RBiη

FEP
(
Epri

γ

)(
1 − ηTOT

(
E sec

γ

))
, (2)

Y sec
i = RBiη

FEP
(
E sec

γ

)(
1 − ηTOT

(
Epri

γ

))
, (3)

where i denotes a specific transition sequence, Yi represents
the measured yields of the primary and secondary (pri/sec)
transitions, R is the number of reactions per incoming particle,
Bi are the branching ratios for the respective transitions, and
ηFEP and ηTOT are the full-energy peak and total efficiencies,
respectively [35,36]. Note that in the case of the primary
transition, specifically, the summing-out correction is constant
regardless of the reaction’s incident proton energy because
the secondary transition itself has a fixed γ -decay energy.
For this reason, in this analysis we only considered data from
the primary decays for the nonground state transitions. Using
the same close/far distance ratios determined by the use of
the 12C(p, γ ) 13N reaction described above, the summing-out
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TABLE II. Geometric Q coefficients.

Q1 0.92
Q2 0.90
Q3 0.87
Q4 0.82

corrections for each of the transitions can be determined
on top of the Ep = 278 keV resonance by comparing the
expected amount (determined again from the scaled efficien-
cies) with the observed peak counts. Thus, determining these
summing-out corrections for the resonance data allowed us
to apply summing-out corrections for all data taken in the
experiment.

Armed with the summing-out corrections and the efficien-
cies, the summing-in contribution is straightforward to obtain.
For the nonground state transitions in the 14N(p, γ )15O reac-
tion, the decays proceed through a series of two-step cascades,
where every secondary transition has a 100% branching ratio
to the ground state, (see Fig. 1), and each of their sum con-
tributions will match exactly with the ground state transition.
Mathematically, for a single cascade pair, the contribution of
this cascade to the full sum-peak can be written as

Ysum
(
Epri

γ + E sec
γ

) = RBiη
FEP(Epri

γ

)
ηFEP(E sec

γ

)
, (4)

because this contribution is the case where the full energy
of both transitions are deposited at the same time and the
resultant sum-peak’s energy matches the ground state tran-
sition. Therefore, to correct for the summing-in effects, we
took the product of the full-energy photopeak efficiencies with
the summing corrected counts in the primary peak for all
of the transitions. As the summing correction is dependent
on the cross-section of the other contributing transitions, the
correction is not constant (it is, however, well studied [11]);
for the nonresonant ground state transition data, the summing
contribution was dominated by the 6.79 MeV transition cas-
cade, and the average correction was 54%. The summing-in
effects on the ground state transition are clear in Fig. 5 (open
triangles), as is the accuracy of the summing correction to this
data (closed triangles). As discussed above, the measurements
were taken at the different distances between the detector and
target (1.0 cm and 25.4 cm), moving the detector stand on rails
to ensure the detector remained on the same 55◦ axis relative

to the beam. These different distance measurements allowed
for the characterization and correction of the summing effects
in order to produce the efficiency curves shown in Fig. 5.
All measured yields in close measurement geometry were
corrected for summing effects, as can also be seen in the near
data of Fig. 5. The measurements at different distances were
also used to determine the geometric Q coefficients [37] of the
setup (see Table II).

B. Spectrum analysis and fitting procedures

A typical spectrum, taken with the HPGe detector in the
high-energy region, is presented in Fig. 6. The spectrum
shows a strong population of the 6.79 MeV and 6.17 MeV
states through their secondary γ -ray decays to the ground
state. The primary γ -ray peak of the ground state transition
is also visible.

The well-known contamination line at 6.13 MeV was ob-
served in spectra taken above Ep = 340 keV, which originates
from fluorine in the target backings via the 19F(p, αγ )16O
reaction. This peak includes a wide, Doppler-broadened com-
ponent underneath a sharp Gaussian peak, which overlaps
the secondary transition of the 6.17 MeV excited state. This
fact, alongside the relatively weak population of this state at
many energies, is the reason no analysis of this transition is
attempted in this work or those of many others.

In fitting the peaks present in the spectra, the centroid, area,
and width are determined directly from the bin contents in the
histogram. By simply dealing directly with the bin contents,
the fitting is blind to any shape variation in the peak, which
can influence the area determined from more complicated
fits. The net areas of the peaks were found after subtracting
a background contribution from the surrounding spectrum,
determined by a cubic fit of equivalent regions surrounding
the peak of interest. In the high-energy region of the spectrum,
where we are concerned, a cubic background is a reasonable
assumption, as the background is small and the peaks of
interest are typically well isolated from each other. Often,
the cubic term and quadratic terms were consistent with zero,
simplifying to a linear background.

C. Cross section determination

The excitation function for the transition to the 6.79
MeV and ground state for the 14N(p, γ )15O reaction have

FIG. 6. A typical example of the high-energy part of the γ -ray spectrum obtained in this experiment. Specifically, the data taken at Ep =
270 keV, with the detector in close geometry, and approximately 1 C of integrated charge during this run.
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TABLE III. Summary of systematic uncertainty estimates.

Systematic uncertainty contribution %

Charge collection 3
Stopping power 5
Efficiency 5
278 keV resonance strength 2.4
Branching ratio (g.s./6.79) 2/1.3
Total 8.3

been measured over the proton energy range from 0.27 to
1.07 MeV. The experimentally observed yields Y (Ep) were
found by correcting the peak areas for the delivered charge,
target degradation, detector efficiency, and summing effects.
For each of the transitions analyzed here, the primary γ rays
were used to experimentally determine the yield. The differ-
ential cross sections were calculated from these yields via

dσ (E )

d�
=

(
λ2

R

2

)
ωγ Bi

�(Ep)

Y (E )

Ymax(∞)
, (5)

where λR is the de Broglie wavelength of the system, the res-
onance strength ωγ = 12.6 ± 0.3 meV and Bi, the branching
ratio for a given transition, were obtained from [22], �(Ep)
is the target thickness specific to the individual data point
at the incident beam energy, Ep, Y (E ) is the yield for a
given data point, and Ymax(∞) is the thick target yield on the
resonance. The point-to-point uncertainty contributions come
from statistics and target stability, while the remaining uncer-
tainties are treated as common-mode systematic uncertainties
and are summarized in Table III. The resulting differential
cross sections and S factors obtained in this work are shown
in Figs. 7–10. The S factors were calculated using the AZURE2
code [19], as described in Sec. IV. The data are provided in
the Supplemental Material [38].

IV. R-MATRIX ANALYSIS

An R-matrix analysis, using the AZURE2 code [19,40], was
used to simultaneously fit the ground state, Ex = 6.17 and

FIG. 7. Differential cross section for the R/DC → 6.79 MeV
transition. Different measurement campaigns are indicated by the
different symbols.

FIG. 8. As Fig. 7, but for the transition to the ground state.

6.79 MeV primary capture transitions, and the 14N(p, p)14N
differential scattering cross-section data of [41]. The alterna-
tive parametrization of Brune [42] has two main advantages,
it eliminates the need for boundary conditions and the fit
parameters correspond directly to physical level parameters.
A channel radius of 5.5 fm was adopted for the present work,
as in Refs. [3,20,21,23].

The main focus of this work is on the ground state tran-
sition, as that is where the greatest inconsistencies between
different data sets, and between the data and the R-matrix
fit, are present. Because of complications encountered in past
analyses [20,41], which will be discussed further in Sec. V,
only the point-to-point uncertainties were included in the
current fitting, that is, the systematic uncertainties were ig-
nored. This is not usually good practice, but in this case, to
better understand the model uncertainties, it was found to be
a useful approach. The reason for this is that the systematic
uncertainties of the data are relatively small compared to the
model uncertainties since all of the data are normalized to the
strength of the well known resonance at 278 keV. This reso-
nance has a strength with an overall uncertainty of 2.4% and,
for the ground state transition, an uncertainty in the branching
ratio of 2%. Further, past measurements of the strength of the
278 keV resonance and its branching ratios are consistent (see
Daigle et al. [22]), unlike the off-resonance data.

In past R-matrix fits of the ground state transition by Li
et al. [20] and deBoer et al. [41], where the normalization
uncertainties were allowed to vary, albeit constrained using
the χ2 function of those works, the best fits resulted in very
large normalization factors >10% from the nominal value.
These factors were much larger than the estimated few per-
cent systematic uncertainties quoted for the majority of the
experimental studies. As will be discussed further in Sec. V,
this was due to the discrepancy between the R-matrix model
and the data both on the high-energy side of the 278 keV
resonance, between ≈300 and 500 keV, and on the low energy
side, extending down to the lowest energy measurements.

For the ground state 14N(p, γ0)15O reaction, the R-matrix
fit is quite complicated at low energies since there are sev-
eral components to the cross section: broad 3/2+ resonances,
the low energy 278 keV resonance, background contributions
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FIG. 9. S factors for the R/DC → 6.79 MeV transition for this work compared with those from Refs. [9,11–15,17,20,21,39]. The data
series labeled LUNA represents the measurements of Refs. [11,14,17,39]. The data from this work and Li et al. [20] have been scaled by a
factor of 4π for the purposes of plotting and comparing to previous works only, the data were treated as differential in the calculations. The
data from Schröder et al. [9] are corrected according to Adelberger et al. [3].

from high lying levels, direct capture, and subthreshold states
(see Fig. 2 of deBoer et al. [41]). Thus the phenomenological
model requires many different types of data to constrain all of
the possible components.

The cross-section data utilized in the fitting were taken
from measurements at LUNA [11,14,17,39], LENA [15],
Bochum [9], the University of Notre Dame [20,41], and Dres-
den [21]. Due to target effects, some of the data on the high
energy side of narrow resonances were excluded. Correspond-
ing to this, some of the parameters for narrow resonances
were fixed to previously determined values as indicated in
Table IV.

Through the fitting process, it was tested whether it was
most appropriate to treat the various data sets for the ground
state transition as angle integrated or differential cross sec-
tions. For the 6.79 MeV transition, the underlying angular
distribution is well known, since the off-resonance cross sec-
tion is dominated by direct capture (see Li et al. [20]). For the
6.17 MeV transition, the uncertainties in the present data are
likely too large for these effects to be significant. For most of
the prior data, the fitting was insensitive to this choice. How-

ever, by treating the ground state transition data of Schröder
et al. [9] as differential cross sections, the results were dramat-
ically improved, especially in the higher energy regions. Thus,
the best fit from the data considered the present measurement,
Schröder et al. [9], and Li et al. [20] as differential cross
sections. The other data sets were also treated as differential
cross sections, but no significant difference in fit quality was
achieved over treating them as angle integrated. The resulting
fits to the ground state transition are shown in Figs. 11 and
12 and the fit to the 14N(p, p)14N data in Fig. 13. The final fit
parameters are given in Table IV.

For the low-energy contribution from the capture to the
excited state at 6.79 MeV, the present data and fit are in good
agreement with earlier investigations. The present extrapo-
lated S factor for this transition is S6.79(0) = 1.24 ± 0.09 keV
b. This agrees with the recent analysis of Wagner et al. [21]
and lies between those reported by Adelberger et al. [3] and
Li et al. [20], while agreeing with both within their quoted un-
certainties. However, it should be noted that at proton energies
above 700 keV we could not confirm the enhancement in the
cross section that the authors reported in Wagner et al. [21].

FIG. 10. As Fig. 9, but for the ground state transition.
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TABLE IV. Levels used in the R-matrix fits. Bold values indicate parameters that were allowed to vary during the fit. The signs of the
partial widths and ANCs indicate the signs of the corresponding reduced width amplitudes. The dividing line demarcates the proton separation
energy at Ex = 7.2968(5) MeV [34].

Ex (Refs. [22,34]) Ex (fit) Jπ Channel l s ANC (fm−1/2) / Partial width (eV)

0.0 0.0 1/2− 14N+p 1 1/2 0.23
14N +p 1 3/2 7.4

6.7931(17) 6.7931 3/2+ 14N +p 0 3/2 4.75
15O+γ0.00 E1 1/2 2.50

7.5565(4) 7.5563 1/2+ 14N +p 0 1/2 1.0 × 103

15O+γ0.00 E1 1/2 0.61×10−4

15O+γ6.79 M1 3/2 8.22 × 10−3

8.2840(5) 8.2848 3/2+ 14N +p 2 1/2 −92.2
14N +p 0 3/2 4.013×103

14N +p 2 3/2 −509
15O+γ0.00 E1 1/2 0.244

8.9821(17) 8.98 5/2− 14N +p 1 3/2 −5.872 × 103

15O+γ0.00 E2 1/2 −0.303
15O+γ6.79 E1 3/2 −0.001

9.484(8) 9.488 3/2+ 14N +p 2 1/2 77.69×103

14N +p 0 3/2 126.685×103

14N +p 2 3/2 −7.822×103

15O+γ0.00 E1 1/2 6.92
15O+γ6.86 M1 5/2 0.2

9.488(3) 9.4905 5/2− 14N +p 3 1/2 0.979×103

14N +p 1 3/2 −6.576 × 103

14N +p 3 3/2 −0.985 × 103

15O+γ0.00 E2 1/2 −0.307
15O+γ6.79 E1 3/2 −0.0123

15 1/2+ 14N +p 0 3/2 4.0 × 106

15O+γ0.00 E1 1/2 1.0×103

15 3/2+ 14N +p 0 3/2 4.722 × 106

15O+γ0.00 E1 1/2 327.3

For the capture to the ground state, the best fit is similar
to those obtained previously in Li et al. [20] and deBoer
et al. [41], consistent with the discrepancies found in those
works between the data and the R-matrix fit at low en-
ergies. These issues will be discussed further in Sec. V.

The present result for the zero-energy extrapolated S fac-
tor is Sg.s.(0) = 0.33+0.16

−0.08 keV b. This value is higher than
either that of Wagner et al. [21] (0.19 ± 0.05 keV b), Adel-
berger et al. [3] (0.27 ± 0.05 keV b), or Imbriani et al. [11]
(0.25 ± 0.06 keV b) while being lower than that reported by

FIG. 11. Differential S factors for the R/DC → ground state transition for this work compared with Refs. [9,11,15,20,21,39] and the
extrapolated differential S-factor curves calculated with the AZURE2 code. The data from Refs. [11,15,21,39] were originally reported as angle
integrated, we have however converted them to differential ones in performing the fits. The data from Schröder et al. [9] are corrected according
to Adelberger et al. [3] and then treated as differential cross sections (more detail in text).
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FIG. 12. As Fig. 11, but focusing on the low energy range of
the S factor. Differential S factors for the R/DC → ground state
transition from Runkle et al. [15] and Imbriani et al. [11], alongside
the differential S factors determined in this work at 0◦ and 55◦,
respectively. The fits show significant differences in the behavior
of the reaction below the resonance, where the large discrepancy
between these data sets lie.

Li et al. [20] [0.42 ± 0.04(stat)+0.09
−0.19(syst) keV b] and Run-

kle et al. [15] (0.49 ± 0.08 keV b). With these results for
context, the current extrapolated value lies in the middle of
the landscape of previous extrapolations. However, it should
be stressed that because of the poor reproduction of the low
energy experimental data by the R-matrix fit, especially that of
Imbriani et al. [11], the uncertainty in the extrapolation of the
S factor is dominated by the systematic difference between
data and model (see Fig. 12).

While the present study does not report any measure-
ments for the transition to the excited state at 6.17 MeV, a
fit was performed, and an S-factor extrapolation was made,

using the data from Schröder et al. [9], Runkle et al.
[15], and Imbriani et al. [11]. The present extrapolated S
factor for this transition is S6.17(0) = 0.12 ± 0.04 keV b.
This agrees well with the recently reported values of 0.12
given in Azuma et al. [19] and 0.13 ± 0.06 in Adelberger
et al. [3].

With the above considerations, a total S factor for
the 14N(p, γ )15O reaction was calculated, giving Stot (0) =
1.69 ± 0.13 keV b. This value, as well as those for the indi-
vidual transitions, are compared to literature values in Table I.
The other transitions, not explicitly reported in this section,
are expected to contribute less than ≈5% to the total low
energy S factor [3].

This total S factor, at zero-energy, is higher than those
values reported in Refs. [3,11,14] but agrees reasonably well
within uncertainty and is very close to the extrapolations re-
ported in Refs. [15,18]. This analysis continues to suggests a
higher low-energy S factor for the 14N(p, γ )15O reaction than
suggested by the very low energy data of Imbriani et al. [11].

V. DISCUSSION

While the 14N(p, γ )15O reaction is one of the most impor-
tant for modeling the CNO cycle, there are surprisingly few
measurements and there are significant discrepancies between
them over some important energy ranges. In particular, mea-
surements of the ground state transition have shown the largest
deviations, likely resulting from the small cross section and
the large summing corrections that need to be applied to the
yield data to reach an absolute cross section determination.
The inconsistencies are most pronounced on the high energy
side of the Ep = 278 keV resonance. Several measurements
have been made over this region [9,11,15,20,21,39]. Much of
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FIG. 13. R-matrix fit to the 14N(p, p)14N gas target data of [41] fit simultaneously with the 14N(p, γ )15O data discussed in the text.
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the discrepant data may be the result of uncorrected target ef-
fects in the experimental yields. In particular, the well known
issue of small amounts of target material diffusing into the
backing, which affects the data directly above resonances (in
this case the Ep = 300–500 keV range).

As can be seen in Figs. 11 and 12, the present data
agree well with the data of Imbriani et al. [11] above the
resonance at 278 keV, but the R-matrix simulations for this
transition show a systematic deviation in the S factor below
450 keV center of mass energy. This suggests that an
additional reaction component, not included in the phe-
nomenological R-matrix description affects the low energy S
factor of the transition.

Complicating the issue further, almost no reported R-
matrix fit has been able to reproduce the low cross section data
in the energy region from ≈300 to 500 keV [3,11,16,19–21],
with only that of Runkle et al. [15] reporting good agreement.
The issue is further exacerbated by problems in fitting the low
energy data of Imbriani et al. [11] simultaneously with the
higher energy data [20]. Thus, the inability to resolve the data
and R-matrix fit discrepancies for the ground state transition
results in the dominant source of uncertainty for the extrap-
olated low-energy S factor for the ground state transition
and is therefore one of the largest uncertainty contributions
remaining in the total capture cross section.

Several different options were explored in an effort to find
the source of the discrepancy between the experimental data
and the R-matrix fit above and below the 278 keV resonance.
As the current R-matrix fits are unable to reproduce the in-
terference pattern observed around the 278 keV resonance,
calculations were made to see if other states could be added
in the nearby energy range. While levels may have negligible
branchings to different final states in the capture channels,
possibly being too weak to be observed in some channels, all
levels with a significant proton width must be consistent with
the 14N(p, p)14N data.

Insight into possible missing levels in 15O can be gained
from the study of the mirror state 15N, as recently reported by
Mertin et al. [43]. Most significant for this study, the mirror of
the Ex = 9.152 MeV, 3/2− state in 15N does not correspond
to any observed level in 15O. This level is expected to be at
Ex ≈ 8.9 MeV, which would correspond to a resonance in
14N +p reactions at Ep ≈ 1.7 MeV. While this level is some-
what higher in energy, it could provide an additional source of
interference if it is a broad resonance.

Calculations were made to test if a level of any spin
up to 9/2, which had a significant width (� > 10 keV),
could be consistent with the available data between ≈300
and ≈600 keV. With the constraint of the scattering data, no
viable solution could be found. However, at lower energies,
where scattering data do not exist and where the Coulomb
component of the scattering cross section would likely mask
any nuclear contributions, the data could not rule out such a
state.

The Ex = 6.79 MeV subthreshold state is thought to make
a strong contribution to the low energy cross section of the
ground state transition reaction, but other subthreshold states
could also contribute, to a lesser, but still significant extent.
The main candidate is the Ex = 6.17 MeV state. While the
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FIG. 14. R-matrix fit of the 14N(p, γ0 )15O data with an additional
component for the 6.17 MeV subthreshold state.

ANCs of both of the levels are well known [16,44], the ground
state γ -ray width has only lower limits established from life-
time measurements (see Table II of Frentz et al. [23], for
example) of about 0.5 eV. Assuming an M1 multipolarity and
using the recommended upper limit (RUL) of 10 W.u. [45],
gives an upper limit for the γ -ray width of approximately
50 eV.

An R-matrix fit that includes the Ex = 6.17 MeV state as
a subthreshold contribution to the ground state transition is
shown in Fig. 14 compared to the standard fit that does not
include it. In this case, the fit resulted in a γ width of ≈6 eV,
well within the range estimated above. While its inclusion
does not completely resolve the discrepancy between the fit
and the data, it shows that the 6.17 MeV level can make a
significant contribution to the low energy cross section, and
should not be ignored.

The reason for the differences in the S factor for the
14N(p, γ ) 15O ground state transition at very low energy be-
tween the direct measurement of Imbriani et al. [11] and the
R-matrix extrapolation of the higher energy data cannot be
explained at the present time and is therefore treated as a
systematic uncertainty. In this energy region, the data sets of
Imbriani et al. [11] and Runkle et al. [15] exhibit opposite
behavior above and below the resonance. While reported as
angle integrated, Imbriani et al. [11] and Runkle et al. [15]
measured the reaction at 55◦ and 0◦ respectively, albeit, in
very close geometry, and, as can be seen in Fig. 12, the
discrepancy between the two is even more pronounced when
treating the data as differential. These results indicate that
there could be lingering angular effects causing the differ-
ences in this energy region.

In addition, Imbriani et al. [11] made some assumptions
in their conversion from yield to S factors that could have
additional unrealized uncertainties. For example, they state
that all of the primary and secondary angular distributions
they measured were isotropic within uncertainty (except for
the primary transition to the 6.79 MeV state), and that these
results were consistent with that of Schröder et al. [9], yet the
angular distribution coefficients reported by Schröder et al.
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FIG. 15. Comparison of the sum of the partial R-matrix cross
sections, from a global fit to past individual transition measurements,
for all measured transitions compared to the total cross section data
of Gyürky et al. [46]. While there is good agreement in the energy
dependence of the fit and the data, the absolute scale of the R-matrix
fit is undershoots the data by ≈25%. Both the scaled (black circles)
and unscaled (black open squares) data of Gyürky et al. [46] are
shown for comparison.

[9], albeit at somewhat higher energies, indicate a measurable
anisotropy in the ground state transition. Further, the thick
target line shape analysis used by Imbriani et al. [11] may
have unrealized uncertainty contributions, as the precise line
shapes must be known. However, these line shapes can change
shape as a function of target stoichiometry, which can change
through out the experiment. It should be a top priority to
remeasure the low energy range range only so far accessed
by LUNA using a standard thin target or a gas jet target.
Finally, the angular distributions measured by Li et al. [20]
and Schröder et al. [9] only went down to approximately Ep =
500 keV, and, as such, another investigation of the
14N(p, γ )15O reaction’s angular distributions at these low en-
ergies is warranted.

Finally, recent activation measurements by Gyürky et al.
[46] show a discrepancy between the total capture cross
section measured via the activation technique, and that deter-
mined by taking the sum of the partial capture cross sections.
While the energy dependence is in reasonably good agree-
ment with fits like those from the present work, the absolute
cross section is ≈25% larger than that determined from the
R-matrix fit as shown in Fig. 15. Over the energy range of
measurement, the 6.79 MeV and ground state transition data
make up most of the total S factor, however, the R-matrix
fit for several transitions is based solely on the experimental
capture data of Schröder et al. [9], which has an estimated
systematic uncertainty of ≈13%, and the direct contributions
from the squared ANCs reported by Mukhamedzhanov et al.
[16], which have uncertainties of ≈10%. Considering these
estimated uncertainties, the 25% difference between the fit
and the data of Gyürky et al. [46] is quite significant, as the
systematic uncertainty of that work is estimated to be consid-
erably smaller, ≈7%. This disagreement is further indication

FIG. 16. The reaction rate from the present work compared with
the rates presented in Caughlan and Fowler [48], Angulo et al. [49],
and Imbriani et al. [11]. The rates in this work were calculated
numerically with the AZURE2 code. It is important to note that the
rates given in [48,49] were calculated solely from the uncorrected
data of [9]. a) Reaction rates given in cm3 mole−1 s−1. b) Ratio of
the present rate to the given literature rates.

that the modeling or interpretation of the present 14N(p, γ )15O
data remains incomplete and further study, especially of those
transitions only observed in this energy range by Schröder
et al. [9], are needed.

VI. REACTION RATES

For the transitions reported here, the reaction rates were
calculated by numerical integration of the cross sections with
the AZURE2 code for the temperature range of 0.001 GK to
10 GK with 2000 steps spaced equally in log(T ) (see the
Supplemental Material [38]) using

NA〈σv〉 =
(

8

πμ

)1/2 NA

(kBT )3/2

∫ ∞

0
σ (E )Ee−E/kBT dE , (6)

where μ is the reduced mass, E = μv2/2 is the center-of-
mass energy, NA is Avogadro’s number, and kB is Boltzmann’s
constant.

The reaction rate contributions from the ground state
and 6.79 MeV transitions were calculated from the R-
matrix fit described in Sec. IV and thus were determined
from the present data in tandem with the literature data of
Refs. [9,11,14,15,17,20,21,39], while the contribution from
the 6.17 MeV transition were determined from the literature
data of Refs. [9,11,15]. Finally, the remainder of the strength
for the Ex = 7.556 MeV level (278 keV resonance) from other
transitions was added to the reaction rate using the narrow
resonance approximation [47] and the branching information
presented in Daigle et al. [22].

The results for the reaction rates are compared with those
from Caughlan and Fowler [48], Angulo et al. [49], and Im-
briani et al. [11] in Fig. 16. At lower temperatures, the present
rate is approximately 15% higher than those published by
Imbriani et al. [11], while the present rates are lower than
the other two reported values. It should be considered that the
calculations of Caughlan and Fowler [48] and Angulo et al.
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[49] are based only on the uncorrected data from Schröder
et al. [9]. Ultimately, the present higher zero-energy S factors
translate into a higher reaction rate at stellar temperatures,
indicating a better agreement with the results presented by the
Borexino group [30].

VII. SUMMARY AND CONCLUSIONS

New cross sections of the 14N(p, γ )15O reaction have been
measured from Ep = 0.27 to 1.07 MeV for the ground state
and 6.79 MeV transitions at the CASPAR facility. These mea-
surements bridge the gap between low-energy measurements
of Refs. [11,14,15,17,39] and those at high energy [9,20].
R-matrix fits were performed in order to extrapolate into the
astrophysically relevant energy region.

A comprehensive multichannel R-matrix analysis was per-
formed simultaneously for both the transition to the ground
state, the excited states at Ex = 6.17 and 6.79 MeV, as well as
14N(p, p)14N differential scattering data. Incorporating recent
results for the lifetime of the excited state at 6.79 MeV [23],
the present study finds the extrapolated zero-energy S-factor
components for each of the two transitions to be Sg.s.(0) =
0.33+0.16

−0.08 keV b and S6.79(0) = 1.24 ± 0.09 keV b. These
reported uncertainties reflect the fact that there are clear, sys-
tematic differences between the measured low-energy data of
Imbriani et al. [11] and Runkle et al. [15] that are not being
effectively captured in the R-matrix fit.

Through the R-matrix fits, it was found that it was
more appropriate to treat the corrected data from Schröder
et al. [9] as differential cross sections instead of angle in-
tegrated. Ultimately, the present data agreed well with those
of [9,11,15,20,21,39] across the energy range in question for
both transitions, with the notable exception that the enhance-
ment in the 6.79 MeV transition seen in Wagner et al. [21]
could not be confirmed here.

This new S factor translates into a change of the reaction
rate, with the new rate approximately 50% smaller than that
given in previous tabulations such as Caughlan and Fowler
[48] and Angulo et al. [49] and 15% larger than those based
on the LUNA predictions [11]. During CNO burning, the
various associated nuclear processes are in equilibrium [50],
and the increased rate would, therefore, translate into an in-

crease in the CNO neutrino production from the decay of
15O, because the solar 15O decay rate corresponds directly
to the 14N(p, γ ) 15O production rate. This result, in principle,
supports the increased neutrino flux reported by the Borexino
Group [30]. A formal comparison is beyond the scope of this
paper, however, since the details of the Borexino measurement
and the associated corrections for neutrino oscillations have
not yet been published.

After the recent measurement providing the most strin-
gent constraint of the lifetime of the 6.79 MeV state [23]
and this work, it can be broadly concluded that the largest
sources of uncertainty within this reaction now lies in the
weaker transitions, specifically at low energies. Additional
measurements of the ground-state transition at low energies
could yield further insights, particularly with angular dis-
tribution measurements at energies below those performed
by Li et al. [20] and additional measurements below the
278 keV resonance. To have a significant impact, however,
would likely require concentrated, extended counting times
due to the extremely low rates at the energies of interest,
which would be ideally suited for the CASPAR [31], LUNA
[51], or the newly installed JUNA facilities [52].

ACKNOWLEDGMENTS

We are indebted to Harald Leiste (Institute for Applied
Materials, KIT) and the Karlsruhe Nano Micro Facility at the
Karlsruhe Institute of Technology for the production of the
ZrN targets. Figure 1 has been created using the SciDraw
scientific figure preparation system [53]. This research uti-
lized resources from the Notre Dame Center for Research
Computing and was funded by the National Science Foun-
dation through Grant No. PHY-2011890 (University of Notre
Dame Nuclear Science Laboratory), Grant No. PHY-1430152
(the Joint Institute for Nuclear Astrophysics - Center for the
Evolution of the Elements), Grant No. PHY-1615197 (The
Compact Accelerator System for Performing Astrophysical
Research at the Sanford Underground Research Facility), and
the U.S. Department of Energy’s (DOE) National Nuclear
Security Administration (NNSA, Grant No. DE-NA0003888)
and the Sanford Underground Research Facility (SURF, Grant
No. DE-SC0020216).

[1] J. N. Bahcall, S. Basu, M. Pinsonneault, and A. M. Serenelli,
Helioseismological implications of recent solar abundance de-
terminations, Astrophys. J. 618, 1049 (2005).

[2] A. B. McDonald, Solar neutrinos, New J. Phys. 6, 121 (2004).
[3] E. Adelberger, A. García, R. Hamish Robertson, K. Snover, A.

Balantekin, K. M. Heeger, M. Ramsey-Musolf, D. Bemmerer,
A. Junghans, C. A. Bertulani, J.-W. Chen, H. Costantini, P.
Prati, M. Couder, E. Uberseder, M. Wiescher, R. Cyburt, B.
Davids, S. J. Freedman, M. Gai, D. Gazit, L. Gialanella, G.
Imbriani, U. Greife, M. Hass, W. C. Haxton, T. Itahashi, K.
Kubodera, K. Langanke, D. Leitner, M. Leitner, P. Vetter, L.
Winslow, L. Marcucci, T. Motobayashi, A. Mukhamedzhanov,
R. E. Tribble, K. M. Nollett, F. M. Nunes, T.-S. Park, P. Parker,
R. Schiavilla, E. C. Simpson, C. Spitaleri, F. Strieder, H.-P.

Trautvetter, K. Suemmerer, and S. Typel, Solar fusion cross
sections. II. The pp chain and CNO cycles, Rev. Mod. Phys.
83, 195 (2011).

[4] H. A. Bethe, Energy Production in stars, Phys. Rev. 55, 434
(1939).

[5] J. N. Bahcall and M. H. Pinsonneault, What Do We (Not) Know
Theoretically about Solar Neutrino Fluxes? Phys. Rev. Lett. 92,
121301 (2004).

[6] J. N. Bahcall, A. M. Serenelli, and S. Basu, 10,000 standard
solar models: A Monte Carlo simulation, Astrophys. J. Suppl.
Series 165, 400 (2006).

[7] M. Asplund, N. Grevesse, and A. Jacques Sauval, The solar
chemical composition, Nucl. Phys. A 777, 1 (2006), special
Issue on Nuclear Astrophysics.

065803-13

https://doi.org/10.1086/426070
https://doi.org/10.1088/1367-2630/6/1/121
https://doi.org/10.1103/RevModPhys.83.195
https://doi.org/10.1103/PhysRev.55.434
https://doi.org/10.1103/PhysRevLett.92.121301
https://doi.org/10.1086/504043
https://doi.org/10.1016/j.nuclphysa.2005.06.010


B. FRENTZ et al. PHYSICAL REVIEW C 106, 065803 (2022)

[8] W. C. Haxton and A. M. Serenelli, CN cycle solar neutrinos
and the sun’s primordial core metallicity, Astrophys. J. 687, 678
(2008).

[9] U. Schröder, H. Becker, G. Bogaert, J. Görres, C. Rolfs, H. P.
Trautvetter, R. Azuma, C. Campbell, J. King, and J. Vise, Stellar
reaction rate of 14N(p, γ )15O and hydrogen burning in massive
stars, Nucl. Phys. A 467, 240 (1987).

[10] C. Angulo and P. Descouvemont, The 14N(p, γ )15O low-energy
S-factor, Nucl. Phys. A 690, 755 (2001).

[11] G. Imbriani, H. Costantini, A. Formicola, A. Vomiero, C.
Angulo, D. Bemmerer, R. Bonetti, C. Broggini, F. Confortola, P.
Corvisiero, J. Cruz, P. Descouvemont, Z. Fülöp, G. Gervino, A.
Guglielmetti, C. Gustavino, G. Gyürky, A. P. Jesus, M. Junker,
J. N. Klug, A. Lemut, R. Menegazzo, P. Prati, V. Roca, C. Rolfs,
M. Romano, C. Rossi-Alvarez, F. Schümann, D. Schürmann,
E. Somorjai, O. Straniero, F. Strieder, F. Terrasi, and H. P.
Trautvetter, S-factor of 14N(p, γ )15O at astrophysical energies,
Eur. Phys. J. A 25, 455 (2005).

[12] A. Lemut, D. Bemmerer, F. Confortola, R. Bonetti, C. Broggini,
P. Corvisiero, H. Costantini, J. Cruz, A. Formicola, Z. Fülöp,
G. Gervino, A. Guglielmetti, C. Gustavino, G. Gyürky, G.
Imbriani, A. P. Jesus, M. Junker, B. Limata, R. Menegazzo,
P. Prati, V. Roca, D. Rogalla, C. Rolfs, M. Romano, C. Rossi
Alvarez, F. Schümann, E. Somorjai, O. Straniero, F. Strieder,
F. Terrasi, and H. P. Trautvetter, First measurement of the
14N(p, γ )15O cross section down to 70 keV, Phys. Lett. B 634,
483 (2006).

[13] D. Bemmerer, F. Confortola, A. Lemut, R. Bonetti, C. Broggini,
P. Corvisiero, H. Costantini, J. Cruz, A. Formicola, Z. Fülöp,
G. Gervino, A. Guglielmetti, C. Gustavino, G. Gyürky, G.
Imbriani, A. Jesus, M. Junker, B. Limata, R. Menegazzo, P.
Prati, V. Roca, C. Rolfs, D. Rogalla, M. Romano, C. Rossi-
Alvarez, F. Schümann, E. Somorjai, O. Straniero, F. Strieder,
F. Terrasi, and H. P. Trautvetter, Low energy measurement of
the 14N(p, γ )15O total cross section at the LUNA underground
facility, Nucl. Phys. A 779, 297 (2006).

[14] M. Marta, A. Formicola, G. Gyürky, D. Bemmerer, C. Broggini,
A. Caciolli, P. Corvisiero, H. Costantini, Z. Elekes, Z. Fülöp,
G. Gervino, A. Guglielmetti, C. Gustavino, G. Imbriani, M.
Junker, R. Kunz, A. Lemut, B. Limata, C. Mazzocchi, R.
Menegazzo, P. Prati, V. Roca, C. Rolfs, M. Romano, C. R.
Alvarez, E. Somorjai, O. Straniero, F. Strieder, F. Terrasi, H. P.
Trautvetter, and A. Vomiero, Precision study of ground state
capture in the 14N(p, γ )15O reaction, Phys. Rev. C 78, 022802
(2008).

[15] R. C. Runkle, A. E. Champagne, C. Angulo, C. Fox, C. Iliadis,
R. Longland, and J. Pollanen, Direct Measurement of the
14N(p, γ )15O S Factor, Phys. Rev. Lett. 94, 082503 (2005).

[16] A. M. Mukhamedzhanov, P. Bém, B. A. Brown, V. Burjan,
C. A. Gagliardi, V. Kroha, J. Novák, F. M. Nunes, Š. Piskoř,
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