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Solar Fusion: pp Chain

2

• pp chain responsible for 99% of solar energy release
• Adelberger et al., Rev. Mod. Phys. 83, 195 (2011)

as a function of temperature, density, and composition
allows one to implement this condition in the SSM.

! Energy is transported by radiation and convection.
The solar envelope, about 2.6% of the Sun by mass, is
convective. Radiative transport dominates in the inte-
rior, r & 0:72R", and thus in the core region where
thermonuclear reactions take place. The opacity is sen-
sitive to composition.

! The Sun generates energy through hydrogen burning,
Eq. (2). Figure 1 shows the competition between the pp
chain and CNO cycles as a function of temperature:
The relatively cool temperatures of the solar core favor
the pp chain, which in the SSM produces #99% of the
Sun’s energy. The reactions contributing to the pp chain

and CNO bicycle are shown in Fig. 2. The SSM requires
input rates for each of the contributing reactions, which
are customarily provided as S factors, defined below.
Typically cross sections are measured at somewhat
higher energies, where rates are larger, then extrapolated
to the solar energies of interest. Corrections also must be
made for the differences in the screening environments
of terrestrial targets and the solar plasma.

! The model is constrained to produce today’s solar
radius, mass, and luminosity. The primordial Sun’s
metal abundances are generally determined from a
combination of photospheric and meteoritic abundan-
ces, while the initial 4He=H ratio is adjusted to repro-
duce, after 4.6 Gyr of evolution, the modern Sun’s
luminosity.

The SSM predicts that as the Sun evolves, the core
He abundance increases, the opacity and core temperature
rise, and the luminosity increases (by a total of #44% over
4.6 Gyr). The details of this evolution depend on a variety of
model input parameters and their uncertainties: the photon
luminosity L", the mean radiative opacity, the solar age, the
diffusion coefficients describing the gravitational settling of
He and metals, the abundances of the key metals, and the
rates of the nuclear reactions.

If the various nuclear rates are precisely known, the com-
petition between burning paths can be used as a sensitive
diagnostic of the central temperature of the Sun. Neutrinos
probe this competition, as the relative rates of the ppI, ppII,
and ppIII cycles comprising the pp chain can be determined
from the fluxes of the pp=pep, 7Be, and 8B neutrinos. This
is one of the reasons that laboratory astrophysics efforts to
provide precise nuclear cross section data have been so
closely connected with solar neutrino detection.

Helioseismology provides a second way to probe the solar
interior, and thus the physics of the radiative zone that the
SSM was designed to describe. The sound speed profile cðrÞ
has been determined rather precisely over the outer 90% of

FIG. 1. The stellar energy production as a function of temperature
for the pp chain and CN cycle, showing the dominance of the
former at solar temperatures. Solar metallicity has been assumed.
The dot denotes conditions in the solar core: The Sun is powered
dominantly by the pp chain.

FIG. 2 (color online). The left frame shows the three principal cycles comprising the pp chain (ppI, ppII, and ppIII), with branching
percentages indicated, each of which is ‘‘tagged’’ by a distinctive neutrino. Also shown is the minor branch 3Heþ p ! 4Heþ eþ þ !e,
which burns only#10'7 of 3He, but produces the most energetic neutrinos. The right frame shows the CNO bicycle. The CN cycle, marked I,
produces about 1% of solar energy and significant fluxes of solar neutrinos.

Adelberger et al.: Solar fusion cross . . .. II. The pp chain . . . 201

Rev. Mod. Phys., Vol. 83, No. 1, January–March 2011
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Rates of pp Chain Reactions
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Quiescent Stellar Burning 
• Radiative capture reaction 

rates determine energy 
release, neutrino 
production, and 
nucleosynthesis in Sun 
and other stars

• 3He + α → 7Be + γ (±5%)
• 7Be + p → 8B + γ (±8%)
• 14N + p → 15O + γ (±7%)
• Solar neutrino fluxes now 

measured to ±3% (8B) 
and ±5% (7Be)

4
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Solar Abundance Problem
• Neutrino fluxes strongly correlated with core temperature due to sensitivity 

of thermally averaged reaction rates
• CNO cycle neutrino fluxes also depend linearly on primordial solar core 

number densities of C & N
• Hence sufficiently precise solar neutrino flux measurements can be used 

to deduce primordial core composition
• By forming a ratio of neutrino fluxes nearly independent of core 

temperature under variations of all other parameters can isolate linear 
dependence on total C+N number density (Haxton & Serenelli)

• 3D solar atmospheric model results imply lower heavy element 
abundance than simple model but disagree with sound speed profile 
deduced from helioseismology

• Can distinguish between two abundances of heavy elements
• Can test assumption that primordial Sun was homogeneous (core 

abundances obtained from solar surface observations)
• Segregation of metals in protoplanetary disk could reconcile 

helioseismology and surface abundances
5
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Prospects
• Borexino might be able to detect CNO neutrinos
• SNO+ can potentially measure 15O flux to ±10% 

in 3 years of running
• Until then, limiting theoretical uncertainties are 

7Be + p → 8B + γ & 14N + p → 15O + γ
• 7Be + p → 8B + γ error dominated by low-

energy extrapolation
• 14N + p → 15O + γ R matrix fit depends on width 

of 6.79 MeV state in 15O

6
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Outline
• Radiative capture reactions on exotic nuclei have 

small cross sections which can nevertheless 
sometimes be measured directly

• For heavy exotic nuclei, this becomes more 
challenging due both to decreasing cross sections 
and difficulty of acceleration

• In cases where direct measurements remain 
impossible, reaction theory needed to interpret 
experimental results, e.g., sorting out roles of 
compound nuclear and direct reaction 
mechanisms

7
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ISAC’s Recoil Separator
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DRAGON Measurements

10
Measured with DRAGON at 3 energies 
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DRAGON  Focal Plane Energy  Spectrum

• Recoil energy spectra 
free from background

• More statistics 
collected than all 
previous DRAGON 
experiments 
combined

• Established world 
record beam 
suppression of

> 1.2 × 1014 (90% CL)

11

commission this system. Here we present a study of DRAGON’s
beam suppression power using data taken from the commission-
ing test using a mixed 3He–4He gas target.

2. Experiment

The data were taken at the TRIUMF-ISAC facility. The accel-
erator delivered ! 100 nA of 4He in the 1þ charge state with
6.542 MeV kinetic energy, determined by NMR measurement of
the field strength required to tune the beam through a 2 mm
aperture after DRAGON’s first magnetic dipole. An initial tune was
achieved through the separator using an attenuated 4He beam
and an empty gas target. This tune was performed step by step
through the two magnetic dipoles and two electric dipoles of the
separator. The spectrum obtained at the focal plain from a
double-sided silicon strip detector (DSSSD) with the attenuated
4He beam is shown in Fig. 1. The events between channels 1000
and 1100 with less than the full beam energy are primarily due to
the scattering off a foil viewed by a microchannel plate detector,
which was removed before counting recoils.

For counting recoils, the central gas target pressure varied
from 7.04 to 7.23 Torr and the gas target was composed of 4He
with a few percent 3He. The mass separator was tuned for charge
3þ 7Be recoils with 3.741 MeV kinetic energy, the median value of
the recoil energy spectrum. This is the only charge state that will
be used for cross-section measurements at this energy. The beam
current on target was measured hourly with Faraday cups;
elastically scattered beam was continuously monitored via silicon
surface barrier detectors at 301 and 571 relative to the beam axis
at the center of the gas target.

3. Analysis

Fig. 1 shows two spectra taken at the focal plane with a DSSSD
during the experiment. The spectrum labelled 7Be recoils shows all
the data taken with 4He beam on target with the separator tuned to
A=q¼ 7=3, during a total elapsed time of Dtspec ¼ 31,354 s. The
average beam current measured by the Faraday cup during this
period gives an estimate of 1:95ð6Þ & 1016 4He on target. The
spectrum labelled 4He beam shows data taken with attenuated beam
tuned through the separator. Fig. 1 also shows a background

spectrum taken with the same detector with no beam, over a time
interval Dtbkgd ¼ 20,967 s.

The data set a lower limit on the beam suppression of DRAGON
for 3He(a,g)7Be at Ea ¼ 6:5 MeV. Based on the attenuated 4He
beam and the background in Fig. 1, we consider the possibility of
scattered 4He beam in energy regions above and below the 7Be
recoil peak to estimate limits on the amount of scattered beam
that could contaminate our signal.

The counts in selected energy intervals in the background and
recoil spectra, Nbkgd and Nspec, determine the beam suppression.
We use a simple model of hypothetical scattered beam events
with a rate of background events, Rb, and a rate of scattered 4He
events, Rs. Given these rates, the expectation value for the number
of events in the range of channels under consideration for the
background run is nb ¼ RbDtbkgd. Similarly, the expectation value
for the number of counts in the given range for the recoil run is
ns ¼ ðRbþRsÞDtspec.

The confidence intervals used to calculate a lower limit on the
beam suppression were determined by a classical (non-Bayesian)
approach similar to the methods discussed in Ref. [8]. This case is
different from the Poisson with a known background scenario in
Ref. [8] because we also treat the background as an unknown. The
requirement that RsZ0, combined with the duration of the
background and recoil data runs, puts a constraint on nb and ns:

nsZ1:50nb:

The model used to determine confidence intervals uses a putative
pair of expectation values ½nb,ns( to calculate the probability of i
background counts and j counts due to scattered beam:

Pij ¼
ni

b

i!
expð)nbÞ

 !
&

nj
s

j!
expð)nsÞ

 !
:

The limiting probability is given by the data, P0 ¼ Pij½i¼Nbkgd,
j¼Nspec(. The 90% confidence intervals are defined by all ½nb,ns(
that satisfy the conditional sum
X

i,j9Pij ZP0

Pijr0:90:

First we consider channels 770–1320 from Fig. 1. There are
Nspec ¼ 52 counts in this range in the 7Be recoil spectrum. There
are Nbkgd ¼ 44 counts in this range in the background spectrum.
The set of all nb and ns satisfying this constraint was considered;
90% confidence intervals were calculated for each model, using a
grid of values for ns and nb with a spacing of 0.05 and Poisson
distributions. The maximum number of counts due to scattered
4He beam consistent with our data at the 90% confidence level
(CL) is 11.6, corresponding to ðnb,nsÞ ¼ ð35,64:05Þ. For 1:95ð6Þ &
1016 4He on target, we use 1:85& 1016 4He on target as a lower
limit at the 90% CL. This is equivalent to beam suppression
Z1:6& 1015 at the 90% CL in this energy range.

Next, we consider the possibility of scattered beam in channels
300–400. There are Nspec ¼ 35 counts in this range in the 7Be recoil
spectrum and Nbkgd ¼ 14 counts in this range in the background
spectrum. The maximum number of counts due to scattered 4He
beam consistent with the data at the 90% CL is 31.6, correspond-
ing to ðnb,nsÞ ¼ ð10:85,47:9Þ. For a 90% lower limit of 1:85& 1016

4He on target, this gives beam suppression Z5:9& 1014 at the
90% CL over these energies.

The 7Be recoil spectrum in Fig. 1 has 11,554 counts from channel
401 to channel 769. While neither of the derived confidence limits
directly covers the region of interest for the recoils, they do enclose
it and there is no reason to expect a higher beam-related back-
ground within the region of interest. The more conservative limit
on beam suppression from channels 300 to 400 gives an upper limit
on the number of counts due to scattered beam equal to 31.6
counts over 101 channels. Over the intermediate range covering the
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Fig. 1. Data taken with a double-sided silicon strip detector at the focal plane of
DRAGON. The spectrum labelled 7Be recoils was taken with DRAGON tuned to
A=q¼ 7=3. The 4He spectrum was taken with an attenuated 4He beam tuned
through the separator. The background spectrum was taken with no beam.

S.K.L. Sjue et al. / Nuclear Instruments and Methods in Physics Research A 700 (2013) 179–181180
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Angular Distribution
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Radiative Captures
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7Be(p,γ)8B Solar Reaction Rate
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S17(0)

Current recommendation is 20.8 eV b (±8%), of 
which ±7% is due to theoretical extrapolation

in Solar Fusion I. Total errors, including systematic errors, are
shown on each data point, to facilitate a meaningful com-
parison of different data sets. All data sets exhibit a similar
S17ðEÞ energy dependence, indicating that they differ mainly
in absolute normalization.

Following the discussion in Sec. IX.B, we determine our
best estimate of S17ð0Þ by extrapolating the data using the
scaled theory of Descouvemont (2004) (Minnesota calcula-
tion). We performed two sets of fits, one to data below the
resonance, with E # 475 keV, where we felt the resonance
contribution could be neglected. In this region, all the indi-
vidual S17ð0Þ error bars overlap, except for the Bochum
result, which lies low.

We also made a fit to data with E # 1250 keV, where the
1þ resonance tail contributions had to be subtracted. We did
this using the resonance parameters of Junghans et al. (2003)
(Ep ¼ 720 keV, !p ¼ 35:7 keV, and !! ¼ 25:3 meV), add-
ing in quadrature to data errors an error of 20% of the
resonance subtraction. In order to minimize the error induced
by variations in energy averaging between experiments, we
excluded data close to the resonance, from 490 to 805 keV,

where the S factor is strongly varying and the induced error is
larger than 1.0 eV b. Above the resonance, the data have
smaller errors. Only the Filippone et al. (1983) and
Weizmann group error bars overlap the UW–Seattle/
TRIUMF error bars.

Figure 9 shows the best-fit Descouvemont (2004)
(Minnesota interaction) curve from the E # 475 keV fit [to-
gether with the 1þ resonance shape determined by Junghans
et al. (2003), shown here for display purposes]. Our fit results
are shown in Table VII. The errors quoted include the in-
flation factors, calculated as described in the Appendix. The
main effect of including the inflation factors is to increase the
error on the combined result by the factor 1.7 for E #
475 keV, and by 2.0 for E # 1250 keV. Both the S17ð0Þ
central values and uncertainties from the combined fits for
these two energy ranges agree well, the latter because the
added statistical precision in the E # 1250 keV fit is mostly
offset by the larger inflation factor.

We also did fits in which the low-energy cutoff was varied
from 375 to 475 keV and the high-energy exclusion region
was varied from 425–530 to 805–850 keV. The central value
of S17ð0Þ changed by at most 0.1 eV b. On this basis we
assigned an additional systematic error of &0:1 eV b to the
results for each fit region.

To estimate the theoretical uncertainty arising from our
choice of the nuclear model, we also performed fits using the
shapes from other plausible models: Descouvemont (2004)
plus and minus the theoretical uncertainty shown in Fig. 8 of
that paper; Descouvemont and Baye (1994); the CD-Bonn
2000 calculation shown in Fig. 15 of Navrátil et al. (2006b);
and four potential-model calculations fixed alternately to
reproduce the 7Liþ n scattering lengths, the best-fit 7Beþ
p scattering lengths, and their upper and lower limits (Davids
and Typel, 2003). The combined-fit results for all these
curves, including Descouvemont (2004), are shown in
Table VIII.

We estimate the theoretical uncertainty on S17ð0Þ from the
spread of results in Table VIII: &1:4 eV b for the E #
475 keV fits, and þ1:5

'0:6 eV b from the E # 1250 keV fits

(the smaller error estimate in the latter case reflects the
exclusion of the poorer potential-model fits). We note that
the estimated uncertainties are substantially larger than those
given by Junghans et al. (2003) and by Descouvemont
(2004).

FIG. 9 (color online). S17ðEÞ vs center-of-mass energy E, for E #
1250 keV. Data points are shown with total errors, including
systematic errors. Dashed line: scaled Descouvemont (2004) curve
with S17ð0Þ ¼ 20:8 eV b; solid line: including a fitted 1þ resonance
shape.

TABLE VII. Experimental S17ð0Þ values and (inflated) uncertainties in eV b, and "2=dof deter-
mined by fitting the Descouvemont (2004) Minnesota calculation to data with E # 475 keV and with
E # 1250 keV, omitting data near the resonance in the latter case.

Fit range E # 475 keV E # 1250 keV
Experiment S17ð0Þ # "2=dof S17ð0Þ # "2=dof

Baby 20.2 1.4a 0:5=2 20.6 0.5a 5:2=7
Filippone 19.4 2.4 4:7=6 18.0 2.2 15:8=10
Hammache 19.3 1.1 4:8=6 18.2 1.0 12:5=12
Hass 18.9 1.0 0=0
Junghans BE3 21.6 0.5 7:4=12 21.5 0.5 12:3=17
Strieder 17.2 1.7 3:5=2 17.1 1.5 5:1=6

Mean 20.8 0.7 9:1=4 20.3 0.7 18:1=5

aWe include an additional 5% target damage error on the lowest three points, consistent with the
total error given in the text by Baby et al. (2003a) [M. Hass, 2009 (private communication)].

224 Adelberger et al.: Solar fusion cross . . .. II. The pp chain . . .

Rev. Mod. Phys., Vol. 83, No. 1, January–March 2011
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Next Step: 7Be + p Elastic & Inelastic Scattering  

• P. Navrátil et al., Phys. Lett. B 704, 379 (2011)
• Colorado School of Mines scattering chamber 

“SPIKE” to be commissioned in 2015
16

P. Navrátil et al. / Physics Letters B 704 (2011) 379–383 381

Fig. 3. (Color online.) Selected S- (a) D- (a), and P -wave (b) diagonal phase shifts of
p-7Be elastic scattering, inelastic 7Be(p, p′)7Be(1/2−) cross section (c) and elastic
7Be(p, p)7Be differential cross section at Θc.m. = 148◦ (d). Calculations as described
in Fig. 2.

of relative motion and the channel spins s = 1 and s = 2 we ob-
tained C11 = 0.294 fm−1/2 and C12 = 0.650 fm−1/2, respectively.

Next, we solve the same NCSM/RGM equations (3) with scatter-
ing-state boundary conditions for a chosen range of energies and
obtain scattering wave functions and the scattering matrix. The re-
sulting phase shifts and cross sections are displayed in Fig. 3. All
energies are in the center of mass (c.m.). We find several P -wave
resonances in the considered energy range. The first 1+ reso-
nance, manifested in both the elastic and inelastic cross sections,
corresponds to the experimental 8B 1+ state at Ex = 0.77 MeV
(0.63 MeV above the p-7Be threshold) [33]. The 3+ resonance, re-
sponsible for the peak in the elastic cross section, corresponds to
the experimental 8B 3+ state at Ex = 2.32 MeV. However, we also
find a low-lying 0+ and additional 1+ and 2+ resonances that can
be distinguished in the inelastic cross section. In particular, the s =
1 P -wave 2+ resonance is clearly visible. There is also an s = 2 P -
wave 2+ resonance with some impact on the elastic cross section.
These resonances are not included in the current A = 8 evalua-
tion [33]. We note, however, that the authors of the recent Ref. [34]
do claim observation of low-lying 0+ and 2+ resonances based on
an R-matrix analysis of their p-7Be scattering experiment. Their

suggested 0+ resonance at 1.9 MeV is quite close to the calculated
0+ energy of the present work. While our calculated D-wave phase
shifts show a slow monotonic increase, the S-wave phase shifts
rise at low energies and then decrease, as seen in Fig. 3(a). This is
a similar behavior as that found in microscopic three-cluster model
calculations of Ref. [15], while in potential model calculations the
S-wave phase shift monotonically decreases with energy [15]. Our
extracted S-wave scattering lengths are −15.3 fm and −5.2 fm for
the s = 2 and s = 1 channels, respectively. The experimental value
for s = 2 scattering length is −7(3) fm [35]. The s = 1 scattering
length has a very large uncertainty. We also note that our calcu-
lated scattering lengths decrease in absolute value with increasing
values of the SRG parameter Λ: For Λ = 2.02 fm−1 we found an
s = 2 S-wave scattering length of −10.2 fm [21]. Negative scat-
tering lengths were also found in the cluster model of Ref. [15],
although there the s = 2 scattering length was fitted to the experi-
mental value mentioned above (−7 fm). The impact of the S-wave
scattering length on the S-factor was also discussed in Refs. [12]
and [36].

With the resulting bound- and scattering-state wave functions
that are properly orthonormalized and antisymmetrized (1), we
calculate the 7Be(p,γ )8B radiative capture using a one-body E1
transition operator. We use the one-body E1 operator defined in
Eq. (3) of Ref. [37] that includes the leading effects of the meson-
exchange currents through the Siegert’s theorem. Here we note
that any renormalization of the E1 operator brought about by the
SRG procedure should be negligible as the E1 is a long-range oper-
ator while the SRG transformation is short range, when performed
within the interval of Λ values used in the present calculations.
The resulting S17 factor is compared to several experimental data
sets in panel (a) of Fig. 4. In the data, one can see also the con-
tribution from the 1+ resonance due to the M1 capture that does
not contribute to a theoretical calculation outside of the resonance
and is negligible at astrophysical energies [2]. While the M1 opera-
tor poses more uncertainties than the Siegert’s E1 operator (owing
to the possible need of explicit two-body currents), its treatment
within the NCSM/RGM formalism requires the evaluation of contri-
butions from both the relative-motion part and the core (7Be) part
of the wave function and is only slightly more complicated com-
pared to the E1 case. We plan to calculate its contribution in the
future. Our calculated S-factor is somewhat lower than the recent
Junghans data [5] but the shape reproduces closely the trend of
the GSI data [8], which were extracted from Coulomb breakup. The
shape is also quite similar to that obtained within the microscopic
three-cluster model [15] (see the dashed line in Fig. 4(a)) used,
after scaling to the data, in the most recent S17 evaluation [2].
The contributions from the initial 1− , 2− and 3− partial waves are
shown in panel (b) of Fig. 4. Our calculated S17(0) ≈ 19.4 eV b
is on the lower side, but consistent with the latest evaluation
20.8 ± 0.7(expt) ± 1.4(theory) eV b [2].

We studied the convergence of the 7Be NCSM calculations in
Fig. 1. To verify the behavior of our S-factor with respect to HO ba-
sis size and number of included 7Be eigenstates, we performed ad-
ditional calculations as summarized in Fig. 5. To study the depen-
dence on the HO basis size, shown up to Nmax = 12 in panel (b),
we use the importance-truncation scheme and, due to computa-
tional limitations, we include only the three lowest eigenstates
of 7Be. The Nmax = 10 and 12 S-factors are very close. In panel (a),
we present results with up to eight 7Be eigenstates obtained in an
Nmax = 8 basis. Calculations with more than five eigenstates are
presently out of reach for larger Nmax values. We can see a signif-
icant impact of the 5/2− states (with only three 7Be states, 8B is
unbound in this case). Among the others only the 8th state, 7/2−

2 ,
contributes somewhat to the s.e. and flattens the S-factor at higher
energies. We note that we selected different SRG-N3LO NN poten-
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Figure 1. Electron-neutrino fluxes produced in the various nuclear reactions
of the PP chains and CNO cycle. The center of the different neutrino sources
Φj (r), ⟨r⟩j (with j = pep, pp,8 B,7Be,13N,15 O,17F) are the following (in
units of R⊙): 0.099 (pep), 0.117 (pp), 0.125 (Hep), 0.054 (8B), 0.070 (7Be),
0.074 (13N), 0.055 (15O), 0.053 (17F). These neutrino fluxes were calculated for
the standard solar model, using the most updated microscopic physics data. This
solar model is in agreement with the most current helioseismology diagnostic
and other solar standard models published in the literature (see the text). For
each neutrino type j, Φj (r) ≡ (1/Fj ) dfj (r)/dr is drawn as a function of the
fractional radius r for which fj is the flux in s−1 and Fj is the total flux for this
neutrino type.
(A color version of this figure is available in the online journal.)

reaction, although only up to 25% of the solar radius. These
two key nuclear reactions are strongly dependent on the total
luminosity of the star. This is the reason why different solar
models with the same total luminosity produced the same pp
and pep neutrino emission shells. The neutrino emission shells
of 8B-ν and 7Be-ν extend up to 15% and 22% of the solar
radius. Finally, it is worth noting that the maximum emission of
neutrinos for the PP chain nuclear reactions follows an ordered
sequence (see Figure 1): 8B-ν, 7Be-ν, pep-ν, and pp-ν with
the maximum emission located at 5%, 6%, 8%, and 10% of the
solar radius, respectively.

The CNO cycle nuclear reactions produce the following
electron-neutrinos sub-species: 15O-ν, 17F-ν, and 13N-ν released
in emission shells identical to the 8B-ν. The 13N-ν have a second
emission shell located between 12% and 25% of the Sun’s
radius. The emission of neutrinos for 15O-ν, 17F-ν, and 13N-ν
is maximal at 4%–5% of the solar radius. The 13N-ν neutrinos
have a second emission maximum which is located at 16% of
the solar radius.

4. NEUTRINO FLAVOR OSCILLATION IN THE SUN

The neutrino emission reactions of the PP chains and the CNO
cycle are produced at high temperatures in distinct layers in the
Sun’s core. Similarly, the neutrino flavor oscillations occur in
the same regions. The average survival probability of electron-
neutrinos in each nuclear reaction region is given by

⟨Pνe
(E)⟩j = A−1

j

∫
Pνe

(E, r)Φj (r)4πρ(r)r2dr, (4)

where Aj is a normalization constant given by Aj =∫
Φj (r)4πρ(r)r2 dr and Φj (r) is the electron-neutrino emis-

sion function for the j nuclear reaction. j corresponds to the
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Figure 2. Solar neutrino energy spectrum predicted by the standard solar model.
The solid curves correspond to the total neutrino fluxes produced in the various
nuclear reactions of the PP chain and CNO cycle. The dashed curves correspond
to electron-neutrino fluxes of the various nuclear reactions after neutrino flavor
conversion. The neutrino fluxes from continuum nuclear sources are given in
units of cm−2 s−1 Mev−1. The line fluxes (indicated in the legend with (∗)) are
given in cm−2 s−1.
(A color version of this figure is available in the online journal.)

following electron-neutrino reaction subspecies: pp, pep, 8B,
7Be, 13N, 15O, and 17F.

Figure 2 shows the energetic neutrino spectra (Bahcall 1989)
for an updated version of our standard solar model before
and after the flavor conversion. Figure 3(a) shows the survival
probability of electron-neutrinos produced in the regions where
the different nuclear reactions occur. This survival probability
of electron-neutrinos ⟨Pνe

(E)⟩j is very similar for low- and
high-energy neutrinos but has some differences between them.
Unfortunately, as is well known, the emitted neutrino energy
spectrum is limited to a specific energy range for each nuclear
reaction. Nevertheless, to highlight the sensitivity of neutrino to
MSW flavor oscillations, we choose to represent the survival
probability of electron-neutrinos in all the available energy
range, so that the regions of interest are indicated in color or
by a single color square in the case of line fluxes (cf. Figure 2).

The neutrino flavor change for low-energy neutrinos is due to
vacuum oscillations, and for high-energy neutrinos it is caused
by a cumulative effect of oscillations in vacuum and matter
(MSW effect). The experimental neutrino flux measurements for
low-energy neutrinos have been used to determine the value of
θ12 (Bellini et al. 2010). The survival probability of the electron-
neutrinos ⟨Pνe

(E)⟩j with intermediate values of energy, between
1 MeV and 10 MeV, has a strong dependence on the electron
density of the plasma. Since the production of electron-neutrinos
occurs in various nuclear reactions at different layers in the Sun’s
interior, a sharp differentiation is observed between the different
⟨Pνe

(E)⟩j curves for the neutrinos with intermediate values of
energy. Figure 3(b) shows a well-ordered sequence of curves that
corresponds to the difference between the survival probability
of electron-neutrinos produced by each nuclear reaction j and
the survival probability of electron-neutrinos in the center of the
Sun. This sequence of curves occurs as a result of the regular
decrease of matter density from the center of the Sun. As a
consequence, the difference between the survival probability
of electron-neutrinos produced by each nuclear reaction j and
the survival probability of electron-neutrinos produced in the

3

I. Lopes and S. Turck-Chièze, Ap. J 765, 14 (2013)
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as a function of temperature, density, and composition
allows one to implement this condition in the SSM.

! Energy is transported by radiation and convection.
The solar envelope, about 2.6% of the Sun by mass, is
convective. Radiative transport dominates in the inte-
rior, r & 0:72R", and thus in the core region where
thermonuclear reactions take place. The opacity is sen-
sitive to composition.

! The Sun generates energy through hydrogen burning,
Eq. (2). Figure 1 shows the competition between the pp
chain and CNO cycles as a function of temperature:
The relatively cool temperatures of the solar core favor
the pp chain, which in the SSM produces #99% of the
Sun’s energy. The reactions contributing to the pp chain

and CNO bicycle are shown in Fig. 2. The SSM requires
input rates for each of the contributing reactions, which
are customarily provided as S factors, defined below.
Typically cross sections are measured at somewhat
higher energies, where rates are larger, then extrapolated
to the solar energies of interest. Corrections also must be
made for the differences in the screening environments
of terrestrial targets and the solar plasma.

! The model is constrained to produce today’s solar
radius, mass, and luminosity. The primordial Sun’s
metal abundances are generally determined from a
combination of photospheric and meteoritic abundan-
ces, while the initial 4He=H ratio is adjusted to repro-
duce, after 4.6 Gyr of evolution, the modern Sun’s
luminosity.

The SSM predicts that as the Sun evolves, the core
He abundance increases, the opacity and core temperature
rise, and the luminosity increases (by a total of #44% over
4.6 Gyr). The details of this evolution depend on a variety of
model input parameters and their uncertainties: the photon
luminosity L", the mean radiative opacity, the solar age, the
diffusion coefficients describing the gravitational settling of
He and metals, the abundances of the key metals, and the
rates of the nuclear reactions.

If the various nuclear rates are precisely known, the com-
petition between burning paths can be used as a sensitive
diagnostic of the central temperature of the Sun. Neutrinos
probe this competition, as the relative rates of the ppI, ppII,
and ppIII cycles comprising the pp chain can be determined
from the fluxes of the pp=pep, 7Be, and 8B neutrinos. This
is one of the reasons that laboratory astrophysics efforts to
provide precise nuclear cross section data have been so
closely connected with solar neutrino detection.

Helioseismology provides a second way to probe the solar
interior, and thus the physics of the radiative zone that the
SSM was designed to describe. The sound speed profile cðrÞ
has been determined rather precisely over the outer 90% of

FIG. 1. The stellar energy production as a function of temperature
for the pp chain and CN cycle, showing the dominance of the
former at solar temperatures. Solar metallicity has been assumed.
The dot denotes conditions in the solar core: The Sun is powered
dominantly by the pp chain.

FIG. 2 (color online). The left frame shows the three principal cycles comprising the pp chain (ppI, ppII, and ppIII), with branching
percentages indicated, each of which is ‘‘tagged’’ by a distinctive neutrino. Also shown is the minor branch 3Heþ p ! 4Heþ eþ þ !e,
which burns only#10'7 of 3He, but produces the most energetic neutrinos. The right frame shows the CNO bicycle. The CN cycle, marked I,
produces about 1% of solar energy and significant fluxes of solar neutrinos.
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• Require 14N(p,γ)15O cross section at 30 keV  

• LUNA experiments only go down to Ecm = 70 keV 

• Energy below low-energy limit of direct γ ray measurements 

• Extrapolate to low energies using R-matrix analysis of S-factor
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S factor of 14N(p,γ)15O
• Considerable uncertainty in reaction rate is 

due to width, Γ, of 6.79 MeV state
• Knowledge of Γ would strongly constrain the 

R-matrix fit

20

used previously by Mukhamedzhanov et al. (2003), Imbriani
et al. (2005), Runkle et al. (2005), and Marta et al. (2008).
The reduced width for the subthreshold state was fixed
through C6:79 (see above) to !2 ¼ 0:37 MeV. The narrow
resonances at 0.987 MeV (!p ¼ 3:6 keV, see Fig. 13) and

2.191 MeV (J" ¼ 5=2", !p ¼ 10 keV) are not relevant for

Sgs114ð0Þ and thus were excluded from the fit. In order to
optimize the fit off resonance, contributions to #2 from points
near the 2.191 and 0.259 MeV (!p % 1 keV) resonances were
omitted. As slopes are steep and counting rates peak near the
resonances, the inclusion of near-resonance data forces the fit
in arbitrary ways. The region excluded depends on resonance
width and on target thickness, which can spread the effects of
a resonance over a larger energy interval. We omitted data in
the interval between ER " 20! and ER þ 1:5", where " is
the target thickness. Target thickness effects are especially
prominent in the data of Schröder et al. (1987), representing
the integral over the target thickness of %30 keV.

In the fit the #2 decreases with increasing ANC, reaching a
minimum at Cgs3=2 % 11 fm"1=2, a value outside the ranges

determined by Bertone et al. (2002) and Mukhamedzhanov
et al. (2003). At the 9 fm"1=2 upper bound for Cgs3=2 , we

obtain Sgs114ð0Þ ¼ 0:29 keV, while at the 6 fm"1=2 lower
bound, Sgs114ð0Þ ¼ 0:24 keV b. These fits do not include the
possibility of a small contribution from Cgs3=2 , interfering with

the 259 keV resonance. We expand the uncertainty to account
for such a possibility, recommending Sgs114ð0Þ ¼ 0:27'
0:05 keV b with !!ðintÞ ¼ 1:1 eV. The latter value is the

internal part of the "0:504 MeV subthreshold-state radiative
width (at E ¼ 0), a fit parameter in the R-matrix calculation.
The total radiative width, which can be compared to experi-
mental values obtained from, e.g., lifetime measurements, is
derived following the approach of Holt et al. (1978) and
Barker and Kajino (1991), giving !!ð6:79Þ ¼ j!!ðintÞ1=2 '
!!ðchÞ1=2j2, where the relative sign of the two amplitudes

is unknown. The channel (external) radiative width !!ðchÞ ¼
0:57 eV can be directly calculated from the adopted value
of Cgs3=2 . If the minus sign is chosen in the relationship

for !!ð6:79Þ, one obtains a lifetime in excess of 4 fs, in

disagreement with Bertone et al. (2001) and Schürmann
et al. (2008). If the plus sign is chosen, a lifetime shorter
than 0.2 fs is obtained. Such a lifetime is presently beyond the
reach of Doppler shift lifetime measurements, but still in
agreement with Schürmann et al. (2008). However, the
Coulomb excitation work of Yamada et al. (2004) gives a
lower limit of 0.4 fs, apparently ruling out such a short
lifetime. We conclude that the current experimental situation
is unsatisfactory and calls for further work. Lifetimes larger
than 0.4 fs require Cgs3=2 < 6 fm"1=2, again in disagreement

with Bertone et al. (2002) and Mukhamedzhanov et al.
(2003). The somewhat larger range in Cgs3=2 used in the

present analysis, compared to the uncertainty recommended
in Table X, takes account of this dilemma. Most recent
treatments of 14Nðp;!Þ15O direct measurements have failed
to address issues connected with the total radiative width.

4. Transition to the 6.17 MeV state

This transition was analyzed with the poles given by
Angulo and Descouvemont (2001) except that we also al-
lowed for an external-capture contribution (channel spin
I ¼ 3=2), improving the fit substantially. The primary uncer-
tainty in predicting S6:17114 ð0Þ arises from the choice of the
poles, i.e., more poles at higher energies and their interfer-
ence pattern, respectively, could be included in the fit.
However, a full study of all possible minor contributions is
far beyond the scope of the present work and would be
hampered by the lack of precise data. The best fit yields
S6:17114 ð0Þ ¼ 0:13 keV b with C6:171=2 ¼ 0:43' 0:02 fm"1=2

and C6:173=2 ¼ 0:49' 0:02 fm"1=2. These ANCs are in good
agreement with those deduced by Bertone et al., 2002 and
Mukhamedzhanov et al., 2003 (see Table X). Previous results
without the contribution from channel spin 3=2 external
capture led to S6:17114 ð0Þ ¼ 0:08 keV b (Imbriani et al., 2005)
and 0.04 keV b (Runkle et al., 2005). Thus, we have adopted
S6:17114 ð0Þ ¼ 0:13' 0:06 keV b, where the error reflects the
uncertainty in the R-matrix input as well as the spread of
this value in the literature (Angulo and Descouvemont, 2001;
Nelson et al., 2003; Imbriani et al., 2005; Runkle et al.,
2005). Nelson et al. (2003) inferred a M1 contribution
from an analyzing power experiment. The fit only extends
to E% 327 keV and trends above the data for higher energies.
Runkle et al. (2005) showed that there is no significant
difference in S6:17114 ð0Þ results from including the M1 contri-
bution specified by Nelson et al. (2003).

5. Total S114ð0Þ and conclusions

We have obtained Stot114ð0Þ from the data sets of Schröder
et al. (1987), Imbriani et al. (2005), and Marta et al. (2008),
normalized to the 259 keV resonance, and supported by an
R-matrix analysis that defines the extrapolation to astrophys-
ical energies. The R-matrix analysis focused on the system-
atic uncertainties associated with fitting and extrapolating the
data and made use of indirect measurements (Bertone et al.,
2001, 2002; Mukhamedzhanov et al., 2003; Yamada et al.,
2004; Schürmann et al., 2008) to constrain parameters in the
fitting. Systematic uncertainties in this analysis dominate
the errors: Statistical uncertainties have minor consequences
for the resulting Stot114ð0Þ. The R-matrix radius a is a key

FIG. 13. R-matrix fit to the 14Nðp;!Þ15O ground-state transition.
The filled circles are from Marta et al. (2008). All other data are
labeled as in Fig. 12.
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Doppler Shift Lifetime Measurements
• Obtain width from lifetime: τ = ℏ / Γ 

• Lifetimes measured via Doppler shift of emitted γ rays

• Short lifetime ⇒ large Doppler shift, long lifetime ⇒ small Doppler shift

• Shapes of detected γ ray lines yield lifetimes, sensitive to < 1 fs

21
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Doppler Shift Lifetimes Facility
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γ Ray Spectra
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6.18 MeV State
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6.86 MeV State
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6.79 MeV State
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15O Lifetimes
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Excitation 
Energy 
(MeV)

Galinski et al.
2014 (fs) 

Bertone et al.
 2001 (fs) 

Yamada 
et al.

2004 (fs) 

Schürmann 
et al.

2008 (fs) 
ENSDF (fs)

6.1763(17) < 2.5 2.10 +1.33 -1.32 < 0.77 ≤ 2.5

6.7931(17) < 1.8 1.60 +0.75 -0.72 > 0.42 < 0.77 ≤ 28

6.8594(9) 13.3 +0.9 -1.2 16.01±2.45
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Another  Attempt
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Paris, 2014 January 8th                                                                             Caterina Michelagnoli                                                                                      

The experiment for the measurement of  
the lifetime of the 6.79 MeV level in 15O 

Experimental method and setup 

July 2010, exp. spokespersons:  
R. Menegazzo, C.A. Ur 

14N (32 MeV) + 2H Æ mainly: 15O (Qgs=5.1 MeV) 

 (Tandem XTU, LNL)                           15N (Qgs=8.6 MeV) 

𝐸γ = 𝐸γ(6792 𝑘𝑒𝑉) 1 − β2

1 − β 𝑐𝑜𝑠θ 

β = 𝑣
𝑐  =0.06 → 𝐸γ~6400 keV 

AdvancedGAmmaTrackingArray  
Demonstrator 

digital electronics →  decomposition of  
signal shapes →  pulse Shape Analysis →   
gamma-ray tracking 

4        asymmetric triple-clusters 
12      36-fold segmented  HPGe 
 
Efficiency and Energy resolution:  
@ 1.3MeV : ≈2% (≈2.7%), 2.5 keV  
@ 7 MeV  : ≈0.5% (≈0.7%), 4.8 keV 

first interaction point and γ energy 
event-by-event 

ϑ ≈ 160 deg →  cos ϑ ≈ -0.94 

6 
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Reaction Mechanism
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Kinematics of the emitting nuclei 

both 15O and 15N excited levels are mainly populated via  nucleon  
(proton and neutron, respectively) transfer reactions 

CDCC** calculations of the 
nucleon transfer process by N. 

Keeley 
**Continuum-Discretized Coupled Channels 

transfer to 
8.3MeV 
state in 15N 

center of mass angular distribution: 

2H 
14N 15N 

p 

2H 
14N 16O 15N p 

but also the fusion-evaporation 
channel is open 

fusion-evap. 
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Line Shapes

30

Kinematics of the emitting nuclei 
effect on the γ lineshape 
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Novae

• Accretion of H- & He-rich matter from low-mass main 
sequence star onto surface of white dwarf via disk

• When accreted layer is thick enough, temperature and 
pressure at base sufficient to initiate thermonuclear 
runaway

• H in accreted layer is “burnt” via nuclear reactions
• Layer ejected, enriching ISM with nucleosynthetic products
• Repeats nearly ad infinitum w/ recurrence time ~ 104-5 yr
• γ rays from 7Be, 18F, 22Na, and 26Al sought by satellites

31
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p(18F,γ)19Ne Measurement
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• Measured 665 keV resonance with DRAGON
• Previously only upper limit from Rehm et al. at ANL’s FMA
• Resonance strength 19 (+45,-16) meV @95%CL, hence not an 

important contributor



Mar 2015 INT Workshop

p(38K,γ)39Ca Measurement
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p(38K,γ)39Ca Measurement
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Implications
• Greg Christian heading to University of 

Victoria this week to study implications in 
slowly accreting ONe novae with Falk Herwig 
and Pavel Denissenkov using MESA and 
NuGRID
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Going Heavier
• Generally speaking heavy beams only react 

appreciable at high energies characteristic of 
supernovae

• Need recoil separator with larger electric and 
magnetic rigidity limits

• New recoil spectrometer EMMA under 
construction at TRIUMF

• 83Rb(p,γ)84Sr letter of intent accepted (G. 
Lotay)

36
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EMMA in ISAC-II
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EMMA: The ISAC-II Recoil Spectrometer

•Solid angle = ± 4° by ± 4° = 20 msr
•Energy acceptance = +25%, -17%
•Mass/charge acceptance = ± 4%
•1st order m/q resolving power = 500 for 1 mm beamspot
•3rd order m/q resolving power for uniform spreads of   ± 
3° by ± 3° (11 msr), ± 10% ΔE/E is 366 (FWHM)
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Focal Plane Detectors
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Position Spectrum
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Damaged EMMA Shipment
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Electrode Supports
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Broken Ceramic Insulators
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EMMA: Current State
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Conclusions
• Radiative capture reactions on exotic nuclei have 

small cross sections which can nevertheless 
sometimes be measured directly (e.g., 18F)

• For heavy exotic nuclei, this becomes more 
challenging due both to decreasing cross sections 
and difficulty of acceleration (e.g., 38K)

• In cases where direct measurements remain 
impossible, reaction theory needed to interpret 
experimental results, (e.g., compound nuclear and 
direct reaction mechanisms for the lifetime of 6.79 
MeV state in 15O)
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