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The	full	MHD	equa'ons*	
	
	
	
	
	
	
	
	
can	be	solved	analy'cally	in	an	exact	way	
when:	
the	plasma	density	distribu'on	has	the	
form				ρ∝rk,	where		k	<-1;		
	
Magne'c	Prandtl	number	Pm	>	1;	
	
The	magne'c	diffusivity	νm	is	small.		
	

The	solu'on	implies	a	natural	expansion	of	magne'zed	
zones,	carrying	maYer	from	near	the	H-burning	shell	to	
the	envelope	and	then	pushing	down	envelope	maYer	to	
the	radia've	zone	for	mass	conserva'on.	In	other	words	
the	solu'on	proves	that	stellar	MHD	might	promote	deep	
mixing	mechanisms,	or	CBP,	in	evolved	low	mass	stars.	
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FIG. 8. Total S factor for 16O(p, γ )17F at a center-of-mass
bombarding energy of E = 0.090 MeV, shown here to illustrate the
estimation of the recommended S factor. For an explanation of the
x-axis labels and other details, see text.

5.3%. Similar results are obtained in the R-matrix analysis.
It is obvious that such small variations are negligible for the
adopted S factor (“AD”).

The thermonuclear rate per particle pair for a reaction
involving two nuclei is given by [3]

NA⟨σv⟩ = NA

√
8/(πm)

(kT )3/2

∫ ∞

0
S(E) e−E/kT −2πη dE, (11)

where S(E) is the S factor at energy E and the factor
e−E/kT derives from the Maxwell-Boltzmann distribution. The
quantities T , k,NA, and m are the plasma temperature, the
Boltzmann constant, Avogadro’s constant, and the reduced
mass of the interacting nuclei, respectively. The thermonuclear
rates for the 16O(p, γ )17F reaction, calculated by integrating

FIG. 9. Reaction rates of 16O(p, γ )17F. For better comparison,
we show the lower bound, recommended rate and upper bound on the
rate normalized to the present recommended rate. Solid and dashed
lines indicate the rate ratios for the present and the NACRE [9] results,
respectively.

TABLE II. Total thermonuclear reaction rates for 16O(p, γ )17F
in units of (cm3 mol−1 s−1).

T (GK) Low Recommended High

0.01 6.674 × 10−25 7.200 × 10−25 7.733 × 10−25

0.011 7.026 × 10−24 7.578 × 10−24 8.138 × 10−24

0.012 5.638 × 10−23 6.080 × 10−23 6.528 × 10−23

0.013 3.626 × 10−22 3.910 × 10−22 4.197 × 10−22

0.014 1.941 × 10−21 2.093 × 10−21 2.246 × 10−21

0.015 8.910 × 10−21 9.604 × 10−21 1.031 × 10−20

0.016 3.587 × 10−20 3.866 × 10−20 4.148 × 10−20

0.018 4.211 × 10−19 4.536 × 10−19 4.866 × 10−19

0.02 3.505 × 10−18 3.775 × 10−18 4.048 × 10−18

0.025 2.431 × 10−16 2.616 × 10−16 2.803 × 10−16

0.03 6.124 × 10−15 6.586 × 10−15 7.053 × 10−15

0.04 6.659 × 10−13 7.155 × 10−13 7.657 × 10−13

0.05 1.847 × 10−11 1.984 × 10−11 2.123 × 10−11

0.06 2.309 × 10−10 2.481 × 10−10 2.655 × 10−10

0.07 1.726 × 10−09 1.855 × 10−09 1.985 × 10−09

0.08 9.029 × 10−09 9.706 × 10−09 1.039 × 10−08

0.09 3.644 × 10−08 3.917 × 10−08 4.193 × 10−08

0.1 1.208 × 10−07 1.299 × 10−07 1.391 × 10−07

0.11 3.439 × 10−07 3.697 × 10−07 3.957 × 10−07

0.12 8.662 × 10−07 9.312 × 10−07 9.966 × 10−07

0.13 1.975 × 10−06 2.124 × 10−06 2.273 × 10−06

0.14 4.149 × 10−06 4.460 × 10−06 4.773 × 10−06

0.15 8.133 × 10−06 8.742 × 10−06 9.355 × 10−06

0.16 1.504 × 10−05 1.616 × 10−05 1.729 × 10−05

0.18 4.449 × 10−05 4.781 × 10−05 5.114 × 10−05

0.2 1.129 × 10−04 1.213 × 10−04 1.298 × 10−04

0.25 7.231 × 10−04 7.766 × 10−04 8.305 × 10−04

0.3 2.954 × 10−03 3.172 × 10−03 3.391 × 10−03

0.35 9.035 × 10−03 9.696 × 10−03 1.036 × 10−02

0.4 2.262 × 10−02 2.426 × 10−02 2.592 × 10−02

0.45 4.896 × 10−02 5.250 × 10−02 5.605 × 10−02

0.5 9.495 × 10−02 1.018 × 10−01 1.086 × 10−01

0.6 2.813 × 10−01 3.012 × 10−01 3.212 × 10−01

0.7 6.659 × 10−01 7.122 × 10−01 7.587 × 10−01

0.8 1.350 × 10+00 1.442 × 10+00 1.535 × 10+00

0.9 2.447 × 10+00 2.610 × 10+00 2.775 × 10+00

1.0 4.074 × 10+00 4.340 × 10+00 4.607 × 10+00

1.25 1.123 × 10+01 1.192 × 10+01 1.261 × 10+01

1.5 2.418 × 10+01 2.557 × 10+01 2.696 × 10+01

1.75 4.437 × 10+01 4.677 × 10+01 4.918 × 10+01

2.0 7.295 × 10+01 7.667 × 10+01 8.041 × 10+01

2.5 1.586 × 10+02 1.659 × 10+02 1.731 × 10+02

Eq. (11) numerically using the S factor recommended in this
work, are listed in Table II for temperatures in the range of
T = 0.01–2.5 GK. For higher temperatures, the reaction rates
are influenced by energies not covered in the present work
(E > 2.4 MeV).

Results for the reaction rates of 16O(p, γ )17F are shown
in Fig. 9. The curves display the ratios of lower bound,
recommended rate, and upper bound on the rate over the
present recommended rate. Solid and dashed lines indicate
the rate ratios resulting from our work and from NACRE [9],
respectively. It can be seen that the ratio of the NACRE and the
present recommended rates is close to unity. However, below
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AGB	star	structure	

Wasserburg	et	al.	(1995)	suggested	the	presence	
of	a	deep	maYer	circula'on	to	account	for	oxygen	
isotopic	ra'os	and	several	large	excesses	of	26Mg	
found	in	Al2O3.	These	authors	developed	the	

model	of	a	“Cool Bottom Process”	model	in	
which	currents	transport	maYer	downward,	from	
the	boYom	of	the	envelopes	to	the	regions	where	
H-burning	occurs,	and	upward,	in	the	opposite	
direc'on,	enriching	the	stellar	surface	with	fresh	

products	of	the	CNO	cycle.		
NolleY	et	al.	(2004)	examined	the	effects	of	CBP	by	
using	a	parametric	model	in	which	deep	mixing	is	
charcterized	by	the	mass	circula'on	rate	and	the	
maximum	temperature/depth	experienced	by	the	

circula'ng	material.		
Despite	the	results	achieved	applying	CBP	model	
to	low	mass	AGB	stars,	some	grains	belong	to	a	

“forbbiden”	area	not	accessible	by	nucleosybthesis	
models	were	found	and	the	contrinu'on	of	
intermediate	mass	stars	nucleosynthesiswas	

needed	to	account	for	forma'on	of	group	1	grains	
showing	the	larger	value	of	17O/16O.	
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Fig. 15. The reaction rate from the present work is compared
with that of the NACRE compilation [26]. The dashed curves
represent the uncertainty of the present reaction rate.

where:

a1 = 3.12 a5 = −1.50 a9 = −2.998
a2 = −15.193 a6 = 17.97 a10 = 8.42
a3 = 0.486 a7 = −3.32 a11 = 0.0682
a4 = 0.782 a8 = 2.11 a12 = −4.891

alow
1 = 2.76 alow

5 = −1.40 alow
9 = −2.998

alow
2 = −15.193 alow

6 = 15.82 alow
10 = 8.44

alow
3 = 0.503 alow

7 = −3.32 alow
11 = 0.0682

alow
4 = 0.804 alow

8 = 2.03 alow
12 = −4.987

ahigh
1 = 3.44 ahigh

5 = −1.59 ahigh
9 = −2.997

ahigh
2 = −15.193 ahigh

6 = 19.83 ahigh
10 = 8.42

ahigh
3 = 0.475 ahigh

7 = −3.30 ahigh
11 = 0.0681

ahigh
4 = 0.771 ahigh

8 = 2.18 ahigh
12 = −4.807

The parameters labeled “low” and “high” correspond
to the two σ limits of present Stot(0) extrapolation and
include the error in the strength determination ωγ of the
259 keV resonance. The results are compared in fig. 15
with the rates given in the NACRE compilation [26]. They
confirm the conclusion of [6] that the rate has to be re-
duced by nearly a factor of two at low temperatures, but
it is in good agreement with NACRE [26] above T6 = 150.

It can be also concluded from the present analysis that
the data above the 259 keV resonance are of crucial im-
portance for a reliable extrapolation. This finding empha-
sizes that one experiment alone cannot solve the problem
at low temperatures and detailed analysis of the nuclear
structure of 15O is required.

A recent experimental determination of the total
S-factor at very low energies down to E = 70 keV [27] is
in good agreement with the present R-matrix calculations.
While the extrapolation of these data to lower energies
requires a detailed knowledge of the energy dependence of

the various contributions to the total S-factor, this experi-
ment [27] gives experimental certainty of the reaction rate
better than 15% for T6 > 90 without any extrapolation
procedure. This clearly represents a major improvement
in the evaluation of the reaction rate for this tempera-
ture regime.

In conclusion, with the present determination of the
reaction rates we confirm the astrophysical consequences
in the determination of the age of the Globular Clusters
quoted in [2], and in the CNO solar-neutrino fluxes [3,4].
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CBP	during	the	RGB	phase	of	stars	with	mass		
<		2M8accounts	for	by	smaller	values	of	18O/17O	
recorded	in	group	1	grains	(Palmerini	et	al.	2011).	
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Figure 2. THM angular distributions for the 18O(p,α)15N subreaction in the
PWIA approach (full dots), compared with the experimental distributions (full
lines). These have been obtained by fitting the experimental data from Lorentz-
Wirzba et al. (1979) with cosine polynomials. Good agreement is found in
the whole angular range for the three energies shown, corresponding to the
experimental THM resonance energies.
(A color version of this figure is available in the online journal.)

(about 6%, on average) and for the uncertainties coming from
the procedure adopted to disentangle the contribution of each
resonance to the reaction yield. The 4π integrated cross section
in Figure 3 is given in arbitrary units, thus no normalization
error is included. Besides the resonances below ∼200 keV, the
two resonances corresponding to the 8.65 MeV and 8.793 MeV
states in 19F are clearly seen. On the other hand, the narrow 3/2−

8.592 MeV (Γtot = 2 keV; Tilley et al. 1995), which is clearly
observed in direct measurements (compare Angulo et al. 1999;
Tilley et al. 1995; Lorentz-Wirzba et al. 1979; Mak et al. 1978
and Figure 1) does not show up. This is understood if the effect
of energy resolution is taken into account, namely if direct data
are smeared out to match the measured experimental resolution
of 17 keV (La Cognata et al. 2008a, 2009b, 2010). Moreover, a
bump appears in the d2σ/dEcmdΩn spectrum at about 340 keV,
which is not connected to resonances in the 18O(p,α)15N cross
section. The origin of this contribution can be traced back to
sequential decay mechanisms, namely to the decay of unbound
states of 16N, as can be deduced from Figure 7 (upper panel) of
La Cognata et al. (2010). This enhancement is well separated
from the levels of interest, being above Ecm > 500 keV. In
the following, we will focus on this higher energy region to
extract the resonance parameters of the 660 keV resonance,
thus the effect of such a background state does not affect our
conclusions.

The same approach as in La Cognata et al. (2008a, 2010)
cannot be used here as broad resonances show up in the cross
section, i.e., levels whose ER is comparable with the total
width Γtot. In such cases, the modified R-matrix method is

Figure 3. Cross section of the 2H(18O, α15N)n THM reaction, integrated over
the whole solid angle using the measured angular distributions inside the range
covered by the THM experiment and the trend deduced from Lorentz-Wirzba
et al. (1979) outside. Below 200 keV, the same cross section as in La Cognata
et al. (2008b, 2009a, 2010) is recovered. Labels 1 and 2 mark the positions of
the 660 and 799 keV resonances.
(A color version of this figure is available in the online journal.)

suitable. The PWIA is then used to convert the d2σ/dEcmdΩn

differential cross section into the astrophysical S(E) factor for
the 18O(p,α)15N reaction. Indeed, the PWIA provides a very
reasonable description of the angular distributions as well as
the neutron momentum distribution inside deuteron. It is well
known that the PWIA overestimates the absolute value of the
differential cross section, but normalization will be performed
by scaling the THM S(E) factor to the direct one, which makes
the PWIA a good approximation.

5. R-MATRIX SIMULTANEOUS FIT

Direct data in the literature (Lorentz-Wirzba et al. 1979; Mak
et al. 1978; Yagi 1962; Christensen et al. 1990) cannot clearly
provide a set of coherent resonance parameters to be used in
the reaction rate calculations (compare Table 1 and Figure 1).
Current compilations (Angulo et al. 1999; Iliadis et al. 2010)
have recommended an average of the existing results, which
is affected by large errors to account for the discrepancies.
Determination of isolated broad resonance parameters is a well-
known unsolved problem in physics. The resonance energy
and width for a broad resonance are not uniquely defined
and many prescriptions have been used in the literature (see
Mukhamedzhanov et al. 2010 and references therein). In the
case presently under consideration, we have two interfering
broad resonances which complicate the problem even more.
One of the reasons for simultaneously analyzing the direct data
and the TH data is to check which of the existing direct data
agree with the TH data. The second reason for the analysis
presented in this paper is that we provide the first simultaneous
two-channel, two-level R-matrix fit of direct and indirect data.

As discussed in La Cognata et al. (2010), the THM is not
sensitive to the entrance channel partial widths but, in this case,
the larger uncertainty of the reaction rate is related to the α
width of the 660 keV resonance, which has an error of about a

Cross	sec'on	measured	via	the	Trojan	Horse	Method	
17O(p,α)14N	

	
Sergi	et.	(2010)	

18O(p,α)15N	
	

La	Cognata	et	al.	(2010)	
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Figure 5. 17O(p, γ )18F reaction rate calculated using the THM-scaled strength
of the 65 keV resonance. In panel (a) the reaction rate is shown, in panel (b), for
ease of comparison, the ratio of results by the THM to that of Chafa et al. (2007)
is shown. In particular, the red band marks the reaction-rate interval allowed
by experimental uncertainties on the THM strength. The blue band is used to
display the range of uncertainty characterizing the direct data.
(A color version of this figure is available in the online journal.)

in the place of the corresponding one given by Chafa et al.
(2007), into their recommended reaction rate. The THM-
modified reaction rate is displayed in Figure 5(a) as a red
line. For comparison, its ratio to the Chafa et al. (2007) rate
is displayed as a red band in Figure 5(b), the recommended,
upper and lower limits marked by red lines. The upper and
lower limits account for the uncertainty on the THM-scaled
resonance strength. In the same way, a blue band is used to
show the Chafa et al. (2007) reaction rate. Figure 5(b) clearly
demonstrates that a 20% reduction of the reaction rate between
T9 ∼ 0.03 and ∼0.09 is present due to the reduction of the proton
partial width Γp as a consequence of the THM measurement of
the 65 keV resonance strength. As discussed in Sergi et al.
(2010b, 2010a), it can be attributed to the enhancement of the
Coulomb barrier penetration due to the electron screening of
nuclear charges, though further studies are necessary to achieve
sounder conclusions.

8. EFFECT OF THE NEW REACTION RATES ON RGB
AND AGB NUCLEOSYNTHESIS

In this section, the astrophysical consequences of the revised
rates are reviewed. To this purpose, repercussions on models not
including extra-mixing are first analyzed, regarding both abun-
dances and stellar evolution. In the canonical models (not includ-
ing extra-mixing phenomena), the chemical compositions of

low-mass-giant (M ! 2.5–3 M⊙) envelopes are determined by
convective mixing episodes, namely, the first dredge-up (FDU)
at the beginning of the RGB phase and the third dredge-up
(TDU), which follow each He-burning thermal instability dur-
ing the AGB phase. Two facts have to be preliminarily under-
scored to understand the calculation outcome. The 14N(p, γ )15O
reaction, which is the slowest step of the CNO cycle, sets the
timescale of shell H-burning that is the main stellar energy
source during the RGB and AGB phase. Moreover, since 14N
and 16O are the most abundant isotopes of their elements (by a
factor of 200) in this region, the rates by which they undergo
proton captures also fix the oxygen and nitrogen isotopic mix
resulting from the FDU. Consequently, negligible effects arise
if the THM reaction rates for 17O(p,α)14N, 18O(p,α)15O, and
17O(p, γ )18F are introduced in the calculations. In the same way,
the choice of these reaction rates does not affect the evolution
of giant stars nor the evolution of the O/H ratio in the stellar
surface.

Following our earlier work (Palmerini et al. 2011b), here
we use the revised solar abundances by Asplund et al. (2009),
and the 14N(p, γ )15O and 16O(p, γ )17F reaction rates from
Adelberger et al. (2011). We run our calculations as a post-
process of the last version of the FRANEC evolutionary model
in which the new low-temperature opacities are used (Cristallo
et al. 2009). Moreover, the new estimate of the nitrogen isotopic
ratio in the Jovian atmosphere (Fouchet et al. 2000; Owen
et al. 2001) is assumed as the initial one for our models. Such
upgrades slightly affect the stellar structure, increasing of about
10% the temperature of the H-burning shell and deepening the
penetration of the envelope during the FDU (Palmerini et al.
2011b). By contrast, the 14N/15N isotopic ratio in the stellar
envelopes after the FDU is reduced and the 17O/16O is increased
because of the these changes. In particular, the nitrogen isotopic
ratio is mainly affected by the assumption of a somewhat lower
initial value, while the oxygen isotopic composition is affected
by both the new abundances and the new rate for proton captures
on 14N; for a 2 M⊙ and solar-metallicity star, the 17O/16O
is larger by a factor of two than in the previous works by
Wasserburg et al. (1995), Boothroyd & Sackmann (1999), and
Nollett et al. (2003). It is worth noting that the CNO isotopic
composition after the FDU of 1.5 and 2 M⊙ RGB stars reported
by these authors are not far from the ones obtained in more
recent studies where the effects of the stellar rotation on surface
abundances are considered (e.g., Charbonne & Lagarde 2010)

The modifications in the reaction rates presented here using
the THM are found to be important in calculating the O isotopic
compositions in AGB and RGB stars. From consideration of the
results on oxide grains in stellar ejecta, it remains necessary
to have extra-mixing processes to reproduce the 18O/16O,
26Al/27Al, and 12C/13C isotopic ratios observed in grains and
stellar spectra. Since extra-mixing takes place at relatively low
temperatures (T ! 2–3 × 107 K), the new 17O(p,α)14N,
18O(p,α)15O, and 17O(p, γ )18F reaction rates can affect the
star surface composition while the (p, γ ) reaction on 14N and
16O are not active, their cross sections being much smaller than
those of (p,α) reactions.

From the considerations above, we conclude that no major
change is caused by the new reaction rates in normal stellar
evolution models without extra-mixing, throughout the AGB
stage (when the H-burning temperatures are higher than during
the previous RGB phase). We now consider the effect of these
revised rates when they are used in the extra-mixing calculations
to analyze their impact on p-capture nucleosynthesis coupled
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Figure 3. 18O(p,α)15N reaction rate calculated using the THM nuclear physics
input. In panel (a) the reaction rate is shown, in panel (b), for ease of comparison,
its ratio to the NACRE one (Angulo et al. 1999) is shown. In particular, the red
band marks the reaction-rate interval allowed by experimental uncertainties
on the THM data. The blue band is used to display the range on uncertainty
characterizing the direct data in the NACRE compilation.
(A color version of this figure is available in the online journal.)

in astrophysical calculation, the ratio of the THM rate to the
one in NACRE (Angulo et al. 1999) is shown in Figure 3(b) as
a red band, the width of the band underscoring the uncertainty
affecting the calculated reaction rate. The blue band shows the
range on uncertainty characterizing the Angulo et al. (1999)
rate. Clearly, the THM reaction rate shows a much narrower
band than the NACRE one over the whole temperature range,
especially at small values of T9, thanks to the enhanced precision
of the strength of the 20 keV resonance as measured be means
of the THM.

6. THE 17O(p,α)14N REACTION RATE

The relevant stellar temperatures for the 17O nucleosynthesis
are in the ranges T9 = 0.01–0.1 for RGB and AGB stars,
and T9 ∼ 0.4 for classical nova explosions (José & Hernanz
2007). Thus, the 17O(p,α)14N reaction cross section has to be
precisely known in the center-of-mass energy range Ec.m. =
0.017–0.370 MeV. In this range the 17O(p,α)14N reaction
cross section is dominated by two resonances: one at about
65 keV above the 18F proton threshold, corresponding to the
Ex = 5.673 MeV 18F level, and the other at 183 keV (Ex =
5.786 MeV).

During the last decades the 17O(p,α)14N reaction cross sec-
tion has been the subject of several experimental investigations
(Brown 1962; Rolfs & Rodney 1975; Kieser et al. 1979; Landre
et al. 1989; Blackmon et al. 1995; Fox et al. 2004, 2005; Chafa

et al. 2007; Moazen et al. 2007; Newton et al. 2007). In partic-
ular, in the last years, several measurements (Chafa et al. 2007;
Fox et al. 2004; Moazen et al. 2007) of the Ec.m.

R = 183 keV
resonance have drastically reduced the uncertainties on both
17O(p,α)14N and 17O(p, γ )18F reaction rates at temperatures
relevant for explosive H-burning. By contrast, only the direct
measurement of the 65 keV resonance performed by Blackmon
et al. (1995) is available for the (p,α) channel. In this work, a
proton width Γp = 22 ± 3stat ± 2target

+2
−1 beam neV was inferred,

which is the smallest measured proton-capture width. How-
ever, the electron screening effect was not taken into account
by Blackmon et al. (1995). Indeed, at these energies, atomic
electron clouds can shield the nuclear charges of the interacting
nuclei and might determine an enhancement of the cross section
larger than 15% (Assenbaum et al. 1987) for the 17O + p system
that cannot be neglected for astrophysical purposes.

In Sergi et al. (2010b), the strength of the 65 keV reso-
nance (ωγ )1 was obtained by applying the THM to the QF
2H(17O,14Nα)n reaction. By normalizing to the weighted aver-
age of the three values for the 183 keV resonance strength in
the literature (Chafa et al. 2007; Moazen et al. 2007; Newton
et al. 2007), (ωγ )2 = (1.66 ± 0.10) × 10−3 eV, the following
result was obtained for the 65 keV resonance strength (Sergi
et al. 2010b):

(ωγ )1 =
(
3.66+0.76

−0.64

)
× 10−9 eV . (1)

This result was used to calculate its contribution to the total reac-
tion rate adopting the narrow resonance approximation, whose
conditions are satisfied for the resonance under investigation
(Rolfs & Rodney 1988; Iliadis 2007). According to this approx-
imation, the contribution of the 65 keV resonance to the rate R
is given by

NA ⟨σv⟩65 = NA

(
2π

µkB

)3/2

h̄2(ωγ )1T
−3/2 exp

(
− ER1

kBT

)
,

(2)

where µ is the reduced mass for the projectile–target system,
kB is the Boltzmann constant, and T is the temperature of the
astrophysical site.

To perform the calculation of the 17O(p,α)14N reaction
rate including the obtained strengths of the 65 keV resonance
(ωγ )1, first the 65 keV resonant reaction rate NA ⟨σv⟩CH

65
obtained by Chafa et al. (2007) was reproduced by using the
parameters reported in Table 1, and then the individual reaction
rate NA ⟨σv⟩THM

65 for the 65 keV resonance was calculated
introducing the (ωγ )1 value from Sergi et al. (2010b) into
Equation (2). Thus, the total reaction rate NA ⟨σv⟩THM

tot can be
calculated using the following relation:

NA ⟨σv⟩THM
tot = NA ⟨σv⟩CH

tot − NA ⟨σv⟩CH
65 + NA ⟨σv⟩THM

65 ,

(3)

where NA ⟨σv⟩CH
tot is the total reaction rate established in Chafa

et al. (2007). The reaction-rate calculation performed by Chafa
et al. (2007) includes the 5.6034, 5.6716, and 5.7898 MeV levels
of 18F and 15 additional levels at higher energies as in Angulo
et al. (1999). In particular, in the Chafa et al. (2007) work the
interference effect between the two resonances at ER = 183 keV
and at ER = 1202.5 keV was investigated and the proton width of
the sub-threshold level at 5.6034 MeV revaluated by calculating
its single-particle reduced width using a Woods–Saxon potential
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Table 1
Summary of the Parameters of the Six Most Important States in 18F for the 17O(p,α)14N Reaction-rate

Calculation at Temperatures T9 < 0.3 Adopted in Chafa et al. (2007)

ER EX J π Γp Γα Γγ

(keV) (keV) (eV) (eV) (eV)

−3.12 ± 0.57 5603.38 ± 0.27 1+ · · · 42.8 ± 1.6 0.485 ± 0.046
65 ± 0.5 5671.6 ± 0.2 1− (19 ± 3)×10−9 130 ± 5 0.45 ± 0.02
183.3 ± 0.6 5789.8 ± 0.3 2− (3.8 ± 0.5)×10−3 6.8 ± 3.0 (9.4 ± 3.6)×10−3

556.7 ± 1.0 6163.2 ± 0.9 3+ (14.0 ± 0.5)×103 3.86 ± 0.72 (37.7 ± 8.6)×10−2

676.7 ± 1.0 6283.2 ± 0.9 2+ (10.0 ± 0.5)×103 13.9 ± 0.55 0.64 ± 0.14
1202.5 ± 5.0 6809 ± 5 2− 14.5×103 64.5×103 · · ·

with the same parameters adopted in Landre et al. (1989) to
extract the spectroscopic factor (A. M. Mukhamedzhanov 2011,
private communication). Regarding the other levels that are not
present in Table 1, the adopted parameters are the same as in
NACRE (Angulo et al. 1999).

Figure 4(a) shows the reaction rate evaluated by means of
the THM data, as a function of temperature T9. For better
comparison, Figure 4(b) shows the ratio (red middle line)
between the reaction rate R extracted here, including the 65 keV
resonance strength measured by means of the THM, and the
reaction rate RChafa of Chafa et al. (2007). The other red lines
mark the position of the upper and lower limits as deduced
in Sergi et al. (2010b). The blue band represents the Chafa
et al. (2007) reaction-rate range allowed for by the experimental
uncertainties. A small difference (∼20%) can be seen in the
range T9 = 0.02–0.1, while no significant differences are
present for T9 > 0.2 where the contribution of the 65 keV
resonance to the reaction rate is negligible.

7. THE 17O(p, γ )18F REACTION RATE

The definition of the resonance strength (Rolfs & Rodney
1988; Iliadis 2007) entails that the ωγ parameter of the ER =
65 keV resonance in the 17O(p,α)14N reaction is proportional
to the proton partial width Γp, the exit channel partial width
essentially coinciding with the total width, through the statistical
factor. Therefore, the 65 keV resonance strength measured
by means of the THM (Sergi et al. 2010b, 2010a) requires a
rescaling of the partial width Γp and, as a consequence, of the
strength of the 65 keV resonance in the 17O(p, γ )18F channel,
being proportional to Γp as well:

(ωγ )pγ = 2JR + 1
(2Jp + 1)(2J17O + 1)

ΓpΓγ

Γtot
. (4)

The THM-scaled resonance strength of the lowest energy
resonance is then (ωγ )THM

pγ = (1.27+0.26
−0.22) × 10−11 eV, to be

compared with (1.64 ± 0.28) × 10−11 eV as given in the
literature and in the most recent reviews (Chafa et al. 2007;
Adelberger et al. 2011; Iliadis et al. 2010). This ∼30% difference
between the THM-scaled resonance strength and the value
in the literature might determine significant consequences on
astrophysics motivating an evaluation of its reaction rate.

Chafa et al. (2007) have reported that the direct capture
process strongly affects the total reaction rates for T9 < 0.8.
Therefore, thanks to the THM measurement of the (ωγ )pα

resonance strength, only the contribution to the reaction rate
due to resonance radiative capture can be presently updated.
Moreover, the contributions to the reaction rate of resonance tails
were found to be small for T9 > 0.03. But at lower temperatures,
and in particular inside the 0.006 < T9 < 0.06 range of interest
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Figure 4. 17O(p,α)14N reaction rate calculated using the 65 keV resonance
strength obtained through the THM. In panel (a) the reaction rate is shown, in
panel (b) its ratio to the Chafa et al. (2007) rate is shown. In particular, the red
band marks the reaction-rate interval allowed by experimental uncertainties on
the 65 keV resonance strength only. The blue band, instead, is used to display
the range on uncertainty characterizing direct data (Chafa et al. 2007).
(A color version of this figure is available in the online journal.)

for AGB nucleosynthesis, the tail contribution from the 18F level
at Ex = 5.6716 MeV is dominant. Again, the resonance THM
approach is sensitive to the area subtended by the resonance
peak and not to its shape, allowing for the extraction of the
strength parameter but not of the S-factor at the Gamow energy,
needed to evaluate the tail contribution (Rolfs & Rodney 1988;
Iliadis 2007).

For these reasons, the modified 17O(p, γ )18F reaction rate
including the THM-scaled strength of the 65 keV resonance has
been obtained by inserting its contribution:

NA ⟨σv⟩THM
R = 1.5394 × 1011

× (AT9)−3/2(ωγ )THM
pγ exp

(
−11.605

ER

T9

)
, (5)
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1	M8 

Oxygen isotopic mix of group 2 
oxide grains suggests that they 

formed in low mass AGB (1-1.5M8) 
experienced CBP !

(Palmerini et al 2011, 2013)!
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CBP on 
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In summary, LD graphite grains seems to have an SN origin
and most HD graphite an origin in low-metallicity AGB stars.
However, the apparent isotopic equilibration of elements, such
as nitrogen and oxygen, and the generally low abundance of
trace elements in many cases make it difficult to obtain enough
diagnostic isotopic signatures to unambiguously identify the
parent stars of presolar graphite grains.

1.4.9 Oxygen-Rich Grains

1.4.9.1 Oxide Grains

In contrast to the carbonaceous presolar phases, presolar oxide
grains apparently do not carry any ‘exotic’ noble gas compo-
nent. They have been identified by ion microprobe oxygen
isotopic measurements of single grains from acid residues
free of silicates. In contrast to SiC, essentially all of which is
of presolar origin, most oxide grains found in meteorites
formed in the solar system and only a small fraction is presolar.
The oxygen isotopic compositions of the most abundant pre-
solar oxide minerals are plotted in Figure 14(a). Most of them
are corundum, followed by spinel and hibonite (see presolar
database, Hynes and Gyngard, 2009). In addition, five presolar
chromite grains (Nittler et al., 2005b), five titanium oxide
grains (Bose et al., 2010a; Nittler and Alexander, 1999; Nittler
et al., 2008), and four iron oxide grains (Bose et al., 2010b;
Floss et al., 2008) have been identified. The chromite grains
listed here do not include the small (<150 nm) grains found in
the search for 54Cr carriers (Dauphas et al., 2010; Nittler et al.,
2012; Qin et al., 2011).

These numbers, however, cannot be used to infer relative
abundances of these mineral phases. Analyses were made on
grains of different size with instruments having different spa-
tial resolution and sensitivity. Furthermore, searches for pre-
solar oxide grains have been made in different types of
residues, some containing spinel, others not. Another compli-
cation is that more than half of all presolar corundum grains
have been found by automatic direct 18O/16O imaging
searches in the ion microprobe (Nittler et al., 1997), a method
that does not detect grains with anomalies in the 17O/16O ratio
but with close-to-normal 18O/16O. The oxygen isotopic distri-
bution of corundum in Figure 14(a) therefore does not reflect
the true distribution. Figure 14(a) does not include sub-
micrometer oxide grains that were found by NanoSIMS oxygen
isotopic raster imaging of tightly packed grain separates or
polished sections (Nguyen and Zinner, 2004; Nguyen et al.,
2003; Mostefaoui and Hoppe, 2004; and many subsequent
efforts; see section on silicates). Because of beam overlap
onto adjacent, isotopically normal grains, the oxygen isotopic
ratios of small grains analyzed in this way are diluted. Abun-
dances for oxide grains obtained by raster imaging should be
considered lower limits. Raster imaging of small grains from
the Murray CM2 chondrite led to the identification of 252
presolar spinel and 32 presolar corundum grains (Nguyen
et al., 2003). Additional small oxide grains have been detected
during imaging searches for presolar silicates (Bose et al.,
2010a,b, 2012; Floss and Stadermann, 2009a, 2012; Leitner
et al., 2012b; Mostefaoui and Hoppe, 2004; Nagashima et al.,
2004; Nguyen and Zinner, 2004; Nguyen et al., 2007, 2010c;
Nittler et al., 2011; Stadermann et al., 2006; Vollmer et al.,

2008, 2009b; Yada et al., 2008). The abundance of presolar
oxide grains varies greatly from meteorite to meteorite. The
highest abundances have been found in the most primitive
meteorites, in the ungrouped carbonaceous chondrite Acfer
094 (!55 ppm; Nguyen et al., 2007), in the CR3 chondrite
NWA852 (!39 ppm; Leitner et al., 2010), and in the CO3
chondrite ALH 77037 (!20 ppm; Bose et al., 2012; Nguyen
et al., 2010c). This contrasts with an abundance of only
1.2 ppm for spinel and !0.15 ppm for corundum in the CM2
meteorite Murray (Zinner et al., 2003b) and upper limits of a
few ppm in ordinary chondrites (Mostefaoui et al., 2003, 2004;
Tonotani et al., 2006).

Nittler et al. (1997) have classified presolar oxide grains
into four different groups according to their oxygen isotopic
ratios. Grains with 17O/16O> solar (3.82"10–4) and
0.001<18O/16O< solar (2.01"10–3), comprising group 1,
have oxygen isotopic ratios similar to those observed in RG
and AGB stars (Harris and Lambert, 1984; Harris et al., 1987;
Smith and Lambert, 1990), indicating such an origin also for
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Figure 14 Oxygen isotopic ratios in individual presolar oxide grains
(top) and in individual presolar silicate grains (bottom). Also indicated in
the top figure are the four groups defined by Nittler et al. (1997). Source:
Presolar database (Hynes and Gyngard, 2009).
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In summary, LD graphite grains seems to have an SN origin
and most HD graphite an origin in low-metallicity AGB stars.
However, the apparent isotopic equilibration of elements, such
as nitrogen and oxygen, and the generally low abundance of
trace elements in many cases make it difficult to obtain enough
diagnostic isotopic signatures to unambiguously identify the
parent stars of presolar graphite grains.

1.4.9 Oxygen-Rich Grains

1.4.9.1 Oxide Grains

In contrast to the carbonaceous presolar phases, presolar oxide
grains apparently do not carry any ‘exotic’ noble gas compo-
nent. They have been identified by ion microprobe oxygen
isotopic measurements of single grains from acid residues
free of silicates. In contrast to SiC, essentially all of which is
of presolar origin, most oxide grains found in meteorites
formed in the solar system and only a small fraction is presolar.
The oxygen isotopic compositions of the most abundant pre-
solar oxide minerals are plotted in Figure 14(a). Most of them
are corundum, followed by spinel and hibonite (see presolar
database, Hynes and Gyngard, 2009). In addition, five presolar
chromite grains (Nittler et al., 2005b), five titanium oxide
grains (Bose et al., 2010a; Nittler and Alexander, 1999; Nittler
et al., 2008), and four iron oxide grains (Bose et al., 2010b;
Floss et al., 2008) have been identified. The chromite grains
listed here do not include the small (<150 nm) grains found in
the search for 54Cr carriers (Dauphas et al., 2010; Nittler et al.,
2012; Qin et al., 2011).

These numbers, however, cannot be used to infer relative
abundances of these mineral phases. Analyses were made on
grains of different size with instruments having different spa-
tial resolution and sensitivity. Furthermore, searches for pre-
solar oxide grains have been made in different types of
residues, some containing spinel, others not. Another compli-
cation is that more than half of all presolar corundum grains
have been found by automatic direct 18O/16O imaging
searches in the ion microprobe (Nittler et al., 1997), a method
that does not detect grains with anomalies in the 17O/16O ratio
but with close-to-normal 18O/16O. The oxygen isotopic distri-
bution of corundum in Figure 14(a) therefore does not reflect
the true distribution. Figure 14(a) does not include sub-
micrometer oxide grains that were found by NanoSIMS oxygen
isotopic raster imaging of tightly packed grain separates or
polished sections (Nguyen and Zinner, 2004; Nguyen et al.,
2003; Mostefaoui and Hoppe, 2004; and many subsequent
efforts; see section on silicates). Because of beam overlap
onto adjacent, isotopically normal grains, the oxygen isotopic
ratios of small grains analyzed in this way are diluted. Abun-
dances for oxide grains obtained by raster imaging should be
considered lower limits. Raster imaging of small grains from
the Murray CM2 chondrite led to the identification of 252
presolar spinel and 32 presolar corundum grains (Nguyen
et al., 2003). Additional small oxide grains have been detected
during imaging searches for presolar silicates (Bose et al.,
2010a,b, 2012; Floss and Stadermann, 2009a, 2012; Leitner
et al., 2012b; Mostefaoui and Hoppe, 2004; Nagashima et al.,
2004; Nguyen and Zinner, 2004; Nguyen et al., 2007, 2010c;
Nittler et al., 2011; Stadermann et al., 2006; Vollmer et al.,

2008, 2009b; Yada et al., 2008). The abundance of presolar
oxide grains varies greatly from meteorite to meteorite. The
highest abundances have been found in the most primitive
meteorites, in the ungrouped carbonaceous chondrite Acfer
094 (!55 ppm; Nguyen et al., 2007), in the CR3 chondrite
NWA852 (!39 ppm; Leitner et al., 2010), and in the CO3
chondrite ALH 77037 (!20 ppm; Bose et al., 2012; Nguyen
et al., 2010c). This contrasts with an abundance of only
1.2 ppm for spinel and !0.15 ppm for corundum in the CM2
meteorite Murray (Zinner et al., 2003b) and upper limits of a
few ppm in ordinary chondrites (Mostefaoui et al., 2003, 2004;
Tonotani et al., 2006).

Nittler et al. (1997) have classified presolar oxide grains
into four different groups according to their oxygen isotopic
ratios. Grains with 17O/16O> solar (3.82"10–4) and
0.001<18O/16O< solar (2.01"10–3), comprising group 1,
have oxygen isotopic ratios similar to those observed in RG
and AGB stars (Harris and Lambert, 1984; Harris et al., 1987;
Smith and Lambert, 1990), indicating such an origin also for
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Figure 14 Oxygen isotopic ratios in individual presolar oxide grains
(top) and in individual presolar silicate grains (bottom). Also indicated in
the top figure are the four groups defined by Nittler et al. (1997). Source:
Presolar database (Hynes and Gyngard, 2009).
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dysprosium, europium, tungsten, and lead. Refractory elements,
such as aluminum, titanium, vanadium, and zirconium, are
believed to have condensed into SiC (Lodders and Fegley,
1995, 1997, 1999). However, Verchovsky and coworkers
(Verchovsky et al., 2004; Verchovsky and Wright, 2004) argued
on the basis of the grain-size dependence of elemental concen-
trations that implantation played amajor role not only for noble
gases but also for relatively refractory elements, such as strontium
and barium. These authors identified two components with
different implantation energies: the low-energy component is
implanted from the stellar wind and has the composition of
the AGB envelope; the high-energy component is implanted

during the planetary nebula phase from the hot remaining
white dwarf star and has the composition of helium-shell mate-
rial. The 134Xe/130Xe ratio found in the grains confirms their
conclusion that most s-process xenon in SiC originated in the
envelope (Pignatari et al., 2004a).

Carbon, nitrogen, and silicon isotopic, as well as inferred
26Al/27Al ratios in a large number of individual grains
(Figures 3–5), have led to the classification into different popu-
lations (Hoppe and Ott, 1997): mainstream grains (!93% of
the total), minor subtypes AB, C, X, Y, Z, and nova grains. Most
of presolar SiC is believed to have originated from carbon stars,
late-type stars of low mass (1–3 M") in the thermally pulsing
(TP) asymptotic giant branch (AGB) phase of evolution (Iben
and Renzini, 1983). Dust from such stars has been proposed
already one decade prior to identification of SiC to be a minor
constituent of primitive meteorites (Clayton, 1983a; Clayton
and Ward, 1978; Srinivasan and Anders, 1978). Several pieces
of evidence point to such an origin. Mainstream grains have
12C/13C ratios similar to those found in carbon stars (Figure 6),
which are considered to be the most prolific injectors of carbo-
naceous dust grains into the ISM (Ferrarotti and Gail, 2006; Gail
et al., 2009; Tielens, 1990).Many carbon stars show the 11.3 mm
emission feature typical of SiC (Speck et al., 1997; Treffers and
Cohen, 1974). Finally, AGB stars are believed to be the main
source of the s-process (slow neutron-capture nucleosynthesis)
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Figure 3 Nitrogen and carbon isotopic ratios of individual presolar SiC
grains. Because rare grain types were located by automatic ion imaging,
the numbers of grains of different types in the plot do not correspond to
their abundances in the meteorites; these abundances are given in the
legend. The grain plotted as a question mark in this figure and in
Figures 4 and 5 has both nova and SN signatures (Nittler and Hoppe,
2005). The analysis of solar wind implanted into Genesis samples
showed that the Sun’s nitrogen isotopic ratio is different from the
terrestrial ratio (Marty et al., 2011). Both are indicated in the figure.
Source: Presolar database (Hynes and Gyngard, 2009).
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Figure 2 Secondary electron micrographs of (a) presolar SiC, (b)
presolar graphite (cauliflower type), and (c) presolar graphite (onion
type). Photographs courtesy of Sachiko Amari and Scott Messenger.
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the boundary 
conditions*!
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k = −3.5, −3.4, −3.3, −3.2 and −3.1!
Mixing depth!

H-shell																						Envelope	

1.2	M8 

The puzzle !
of O and Al 
isotopic mix 
in  group 1 and 
2 oxide grains 

is solved: 
they formed 
in low mass 
RGB and AGB 
stars where 
MHD mixing 
was at play.!
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