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Abstract. The abundances of the isotopes of the ele-
ments from C to Al produced by the non-explosive CNO,
NeNa and MgAl modes of hydrogen burning, as well as
by helium burning, are calculated with the thermonuclear
rates recommended by the European compilation of reac-
tion rates for astrophysics (NACRE). The impact of nu-
clear physics uncertainties on the derived abundances is
discussed in the framework of a simple parametric astro-
physical model. These calculations have the virtue of being
a guide in the selection of the nuclear uncertainties that
have to be duly analyzed in detailed model stars, partic-
ularly in order to perform meaningful confrontations be-
tween abundance observations and predictions. They are
also hoped to help nuclear astrophysicists pinpointing the
rate uncertainties that have to be reduced most urgently.
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1. Introduction

The evolution of a star is made of a succession of “con-
trolled” thermonuclear burning stages interspersed with
phases of gravitational contraction. The latter stages are
responsible for a temperature increase. the former ones
producing nuclear energy and composition changes.

As 1s well known, hydrogen and helium burning in the
central regions or in peripheral layers of a star are key
nuclear episodes, and leave clear observables, especially
in the Hertzsprung-Russell diagram, or in the stellar sur-
face composition. These photospheric abundance signa-
tures may result from so-called “dredge-up” phases, which
are expected to transport the H- or He-burning ashes from

Send offprint requests to: S. Goriely

* An electronic version of this paper, with colour figures, is
available at http://astro.ulb.ac.be

** Research Associate, F.N.R.S. (Belgium)

Correspondence to: sgoriely@astro.ulb.ac.be

the deep production zones to the more external layers.
This type of surface contamination is encountered espe-
cially in low- and intermediate-mass stars on their first
or asymptotic branches, where two to three dredge-up
episodes have been identified by stellar evolution calcu-
lations. Nuclear burning ashes may also find their way to
the surface of non-exploding stars by rotationally-induced
mixing, which has been started to be investigated in some
detail (Heger 1998), or by steady stellar winds, which have
their most spectacular effects in massive stars of the Wolf-
Rayet type.

The confrontation between the wealth of observed el-
emental or isotopic compositions and calculated abun-
dances can provide essential clues on the stellar structure
from the main sequence to the red giant phase, and much
has indeed been written on this subject. Of course, the
information one can extract from such a confrontation is
most astrophysically useful if the discussion is freed from
nuclear physics uncertainties to the largest possible extent.

Thanks to the impressive skill and dedication of some
nuclear physicists, remarkable progress has been made
over the years in our knowledge of reaction rates at en-
ergies which are as close as possible to those of astrophys-
ical relevance (e.g. Rolfs & Rodney 1988). Despite these
efforts, important uncertainties remain. This relates di-
rectly to the enormous problems the experiments have to
face in this field, especially because the energies of astro-
physical interest for charged-particle-induced reactions are
much lower than the Coulomb barrier energies. As a conse-
quence, the corresponding cross sections can dive into the
nanobarn to picobarn abyss. In general, it has not been
possible yet to measure directly such small cross sections.
Theoreticians are thus requested to supply reliable extrap-
olations from the lowest energies attained experimentally
to those of most direct astrophysical relevance.

Recently, a new major challenge has been taken up by a
consortium of European laboratories with the build-up of
well documented and evaluated sets of experimental data
or theoretical predictions for a large number of astrophys-
ically interesting nuclear reactions (Angulo et al. 1999).
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This compilation of reaction rates, referred to as NACRE
(Nuclear Astrophysics Compilation of REaction rates; see
Sect. 2 for some details), comprises in particular the rates
for all the charged-particle-induced nuclear reactions in-
volved in the “cold” pp-, CNO, NeNa and MgAl chains,
the first two burning modes being essential energy pro-
ducers, all four being important nucleosynthesis agents. It
also includes the main reactions involved in non-explosive
helium burning.

The aim of this paper is to calculate with the help of
the NACRE data the abundances of the different isotopes
of the elements from C to Al involved in the non-explosive
H (Sects. 3 - 5) and He (Sect. 6) burnings, special empha-
sis being put on the impact of the reported remaining rate
uncertainties on the derived abundances. The yields from
the considered burning modes are calculated by combin-
ing in all possible ways the lower and upper limits of all
the relevant reaction rates. One “reference” abundance
calculation is also performed with all the recommended
NACRE rates. Note that the pp-chains are not consid-
ered here. A solar neutrino analysis based on preliminary
NACRE data for the pp reactions can be found in Castel-
lani et al. (1997).

Our extensive abundance uncertainty analysis is per-
formed in the framework of a parametric model assum-
ing that H burning takes place at a constant density p =
100 g em ™3 and at constant temperatures between T = 10
and 80 (7, is the temperature in units of 10" K). The
corresponding typical values adopted for He burning are
p=10* g em~3 and Ty = 1.5 and 3.5. These ranges en-
compass typical burning conditions in a large variety of
realistic stellar models. For the study of H-burning, initial
abundances are assumed to be solar (Anders & Grevesse
1989). For He-burning, we adopt the abundances resulting
from H burning at T = 60 and p = 100 g em™3 calcu-
lated with the use of the NACRE recommended rates. The
H- and He-burning nucleosynthesis is followed until the H
and He mass fractions drop to 107°.

In spite of its highly simplistic aspect, this analysis
provides results that are of reasonable qualitative value,
as testified by their confrontation with detailed stellar
model predictions. Most significant, these parametric cal-
culations have the virtue of identifying the rate uncertain-
ties whose 1impact may be of significance on abundance
predictions at temperatures of stellar relevance. They thus
serve as a guide in the selection of the nuclear uncertain-
ties that have to be duly analyzed in detailed model stars,
particularly in order to perform meaningful confrontations
between abundance observations and predictions. They
are also hoped to help nuclear astrophysicists pinpoint-
ing the rate uncertainties that have to be reduced most
urgently.

2. The NACRE compilation in a nutshell

A detailed information about the procedure adopted to
evaluate each of the NACRE reaction rates and about the
derived values can be found in Angulo et al. (1999), or in
electronic form at http://astro.ulb.ac.be, which also offers
the possibility of generating interactively tables of reaction
rates for networks and temperature grids selected by the
user!. It is clearly impossible to go here into the details of
the NACRE procedure. Let us just emphasize some of its
specificities:

(1) For each reaction, the non-resonant and broad-reso-
nance contributions to its rate are evaluated numerically
in order to avoid the approximations which are classically
made (see Fowler et al. 1975 for details) in order to allow
analytical rate evaluations;

(2) Narrow or subthreshold resonances are in general ap-
proximated by Breit-Wigner shapes, and their contribu-
tions to the reaction rates are approximated in the usual
analytical way (e.g. Fowler et al. 1975). However, in some
cases, the resonance data are abundant enough to allow a
numerical calculation avoiding these approximations;

(3) For each reaction, NACRE provides a recommended
“adopted” rate, along with realistic lower and upper lim-
its. The adopted values of, and the limits on the reso-
nance contributions are derived from weighted averages
duly taking into account the uncertainties on individual
measurements, as well as the different measurements that
are sometimes available for a given resonance [see Eq. (15)
of Angulo et al. 1999]. For non-resonant contributions,
x2-fits to available data provide the recommended values
along with the lower and upper limits, as the experimen-
tal uncertainties on one set of data and the differences
between various sets, if available, are taken into account
in the y2-procedure. It is worth stressing at this point that
enough information is provided by NACRE for helping the
user to tailor his own preferred rates if he wants.

The procedure just sketched in (1) - (3) is the se-
lected standard methodology, and has the advantage of
being easily reproducible and of avoiding any subjective
renormalization of different experimental data sets.Quite
clearly, however, the large variety of different situations
makes unavoidable some slight modifications of the stan-
dard procedure in some cases. These specific adjustments
are clearly identified and discussed in Angulo et al. (1999);
(4) A theoretical (Hauser-Feshbach) evaluation of the con-
tribution to each rate of the thermally populated excited
states of the target is also provided. It has to be noted that
the widely used compilation of Caughlan & Fowler (1988,
hereafter referred to as CF88) provides uncertainties for
some rates only, while the contribution of excited target
states is derived in most cases from a rough (referred to
as “equal strength”) approximation;

! This electronic address also provides many other nuclear
data of nuclear astrophysics interest
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Fig. 2. Left and right panels: Time variations of the mass fractions of the stable C and N isotopes versus the amount of hydrogen
burned at constant density p = 100 g/cm® and constant temperatures T¢ = 25 and 55. The H mass fraction is noted X (H), the
subscript 0 corresponding to its initial value; Middle panel: Mass fractions of the same nuclides at H exhaustion [X(H):10_5]
as a function of T¢. The shaded areas delineate the uncertainties resulting from the reaction rates
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Fig. 1. Reactions of the CNO cycles. The dashed line repre-
sents the possible leakage out of the cycles

(5) Tt has to be emphasized that the major goal of the
NACRE compilation is to provide numerical reaction rates
in tabular form (see http://astro.ulb.ac.be). This philoso-
phy differs markedly from the one promoted by the previ-
ous widely used compilations (CF88, and references there-
in), and is expected to lead to more accurate rate data.
However, for completeness, NACRE also provides analyti-
cal approximations (Angulo et al. 1999) that differ in sev-
eral respects from the classically used expressions (CF88,
and references therein).

3. The CNO Cycles

The reactions of the CNO cycles are displayed in Fig. 1.
As is well known, their net result is the production of *He

from H, and the transformation of the C, N and O iso-
topes mostly into 1N as a result of the relative slowness
of 1N (p,5) 150 with respect to the other involved reac-
tions. This "N build-up is clearly seen in Fig. 2.

As shown in Fig. 1, three nuclides are important branch-
ing points for the CNO cycles. The first one is '5N. At Ty =
25, 15N (p, a) 12C is 1000 times faster than N (p,~) 10,
and the CN cycle reaches equilibrium already before 103
of the initial protons have been burned. The second branch-
ing is at 170. The competing reactions 7O (p,a) N and
70 (p,4) '®F determine the relative importance of cycle
IT over cycle 1T (Fig. 1). The uncertainties on these rates
have been strongly reduced in the last years. The rate of
70 (p,a) N recommended by NACRE is larger than
the CF88 one by factors of 13 and 90 at 75 = 20 and 80,
respectively. Smaller deviations, though reaching a factor
of 9 at T = 50, are found for the 7O (p,7) ®F rate.

The oxygen isotopic composition is shown in Fig. 3. As
it is well known, it depends drastically on the burning tem-
perature. In particular, 7O is produced at T; < 25, but
is destroyed at higher temperatures. This has the impor-
tant consequence that the amount of 17O emerging from
the CNO cycles and eventually transported to the stellar
surface 1s a steep function of the stellar mass. This con-
clusion could get some support from the observation of a
large spread in the oxygen isotopic ratios at the surface
of red giant stars of somewhat different masses (Dearborn
1992, and references therein). Fig. 3 also demonstrates
that the oxygen isotopic composition cannot be fully re-
liably predicted yet at a given temperature as a result of
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Fig. 3. Same as Fig. 2, but for the O and F nuclides

the cumulative uncertainties associated with the different
production and destruction rates.

Finally, the leakage from cycle III is determined by
the ratio of the 30 (p,)®F and 'O (p,a) !N rates
(Fig. 1). At the temperatures of relevance, %0 (p,~) '°F
is roughly 1000 times slower than 30 (p,a)!°N, in rel-
atively good agreement with CF88 (Fig. 4), undermin-
ing the path leading to the production of '°F. However,
at low temperatures, large uncertainties still affect the
180 (p,v) '°F rate. In fact, its upper bound could be com-
parable to the 180 (p,a) 5N rate, and at the same time
larger than the '°F (p,a) 160 rate at T < 20. As a re-
sult, some '°F might be produced, in contradiction with
the conclusion drawn from the adoption of the CF88 rates.
Fig. 3 indeed confirms that fluorine could be overproduced
(with respect to solar) by up to a factor of 100 at H ex-
haustion when Ty &~ 15. However, Fig. 3 also reveals that
the maximum '°F yields that can be attained remain very
poorly predictable as a result of the rate uncertainties. In
fact, some hint of a non-negligible production of fluorine
by the CNO cycles might come from the observation of
fluorine abundances slightly larger than solar at the sur-

=—— PR
6 log| X,(H)—=X(H)]

face of red giant stars considered to be in their post-first
dredge-up phase (Jorissen et al. 1992; Mowlavi et al. 1996).
As far as 0 (p, ) !N is concerned, let us also men-
tion that Huss et al. (1997) have speculated that its rate
could be about 1000 times larger than the one adopted by
CF88 and NACRE at temperatures of about 15 x 10° K.
This proposal has been made in order to explain the N
isotopic composition measured in some presolar grains. It
is clearly fully incompatible with the NACRE analysis.
Finally, let us note that '°F (p,a) %0 is always much
faster than 1°F (p,v) 2°Ne. Any important leakage out of
the CNO cycles to 2°Ne is thus prevented, this conclusion
being independent of the remaining rate uncertainties.

4. The NeNa Chain

The NeNa chain is illustrated in Fig. 5, while Fig. 6 dis-
plays some relevant NACRE reaction rates, and their,
sometimes quite large, uncertainties. These affect in par-
ticular the proton captures by 2'Ne, ?2Ne and ?3Na. In
contrast, the ?°Ne (p,+)?!Na rate may be considered as
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Fig.5. Same as Fig. 1, but for the NeNa and MgAl chains

relatively well determined. Some of these rates may also
deviate strongly from the CF88 proposed values.

The NACRE rates are used to compute the abun-
dances shown in Fig. 7. A slight alteration of the initial
2ONe abundance is visible only for T > 50. However, an

unnoticeable 2°Ne destruction is sufficient to lead to a sig-
nificant increase of the abundance of the rare ?!Ne iso-
tope through ?°Ne(p,v)?!Na(37)%!Ne at Ts < 40. At
higher temperatures, 2!Ne (p,v)??Na (3%) ??Ne destroys
2INe. As a result, the ?'Ne abundance at H exhaustion is
maximum when H burns in the approximate 30 < 75 < 35
range. This conclusion may, however, be altered if the up-
per limit of the ?!Ne (p,+) ??Na rate is adopted instead.

The 23Na yield has raised much interest recently, fol-
lowing the discovery at the surface of globular cluster red
giant stars of moderate sodium overabundances which cor-
relate or anti-correlate with the amount of other elements
(like C, N, O, Mg and Al) also involved in cold H burn-
ing (Denissenkov et al. 1998; Kraft et al. 1998, and refer-
ences therein). This situation may be the signature of the
dredge-up to the stellar surface of the ashes of the NeNa
chain. The ?3Na production results from ??Ne (p, ) **Na,
while 23Na (p, ) ?*Mg and ?*Na (p,a)?°Ne are responsi-
ble for its destruction, which can be substantial at Tz 2 60.
Unfortunately, our knowledge of these three reaction rates
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**Na(p,a)’°Ne (right panel)

remains very poor, with uncertainties that can amount to
factors of about 100 to 10* in certain temperature ranges
(see Fig. 6). As indicated in Fig. 7, this situation prevents
an accurate prediction of the **Na yields when 75 2 50.
More precisely, the spread in the ?3Na abundance at H
exhaustion reaches a factor of 100 at these temperatures.

The possible cycling character of the NeNa chain is de-
termined by the ratio of the rates of **Na (p,a)?’Ne and
of Na (p,7)?*Mg. Fig. 6 indicates that the former reac-
tion is predicted to be faster than the latter one at T5 < 50
only. In this case, the NeNa chain is indeed a cycle. How-
ever, at higher temperatures, an important leakage to the
MgAl chain can be expected, unless future experiments
confirm the lower bound of the uncertain **Na (p,v) **Mg
rate.

5. The MgAl Chain

The MgAl chain is depicted in Fig. 5. It involves in partic-
ular 2°Al. Tts long-lived (t1,5 = 7.05x 10° y) ?°Al® ground

0 50 60 70 80

20
6

Same as Fig. 4, but for *°Ne(p,v)?'Na, 2!'Ne(p,v)?*Na, **Ne(p,v)**Na (left panel) and ?*Na(p,v)?*Mg,

state and its short-lived (¢1,5 = 6.35 ) 26A1™ isomeric
state are out of thermal equilibrium at the temperatures of
relevance for the non-explosive burning of hydrogen (Coc
& Porquet 1998). They have thus to be considered as sep-
arate species in abundance calculations.

The status of our present knowledge of some impor-
tant reactions of the MgAl chain is depicted in Fig. 8,
while the yield predictions for the species involved in this
chain are presented in Fig. 9. Let us first discuss the situ-
ation resulting from the use of the NACRE adopted rates.
The most abundant nuclide is 2*Mg, the concentration of
which remains unaffected, at least for 75 < 60. In con-
trast, 25Mg is significantly transformed by proton cap-
tures into 26A18 at Ty 2 30. At Ty 2 50, the leakage from
the NeNa cycle starts affecting the MgAl nucleosynthe-
sis through a slight increase of the ?*Mg abundance, fol-
lowed by a modest enhancement of the *Mg, 6Al& and
27A1 concentrations (Fig. 9). At temperatures T 2 70,
the ?*Mg accumulation starts turning into a depletion by

proton captures. which contributes to a further increase
in the 2Mg, 26A18 and 27Al abundances. This build-up
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Fig. 7. Same as Fig. 2, but for the nuclides involved in the NeNa chain

cannot be significantly hampered by the destruction of
these species by proton captures, as a result of their rel-
ative slowness. Among these reactions, 27Al(p,a)**Mg
and 27Al(p,v) 28Si are of special interest, as the ratio of
their rates determines in particular the leakage out of the
MgAl chain. The adopted NACRE rate of the former re-
action is 20 to 100 times slower than the CF88 one in the
considered temperature range, and turns out to be slower
than the (p,y) channel for 75 2 60 (Fig. 8), so that no
cycling back is possible in these conditions.

It is noticeable that the Mg abundance at H exhaus-
tion is almost temperature independent. This trend dif-
fers from the behaviour of the concentrations of the other
Mg and Al isotopes, and results from two factors. First,
the adopted Mg proton capture is slow enough (about
ten times slower than prescribed by CF88) for preventing
26Mg to be destroyed at the considered temperatures. Sec-
ond, 2°Mg is bypassed by the nuclear flow associated with
the leakage from the NeNa chain at T 2 50. The reaction
26A18 (p.4) 27Al is indeed predicted to be faster than the
26A18 fB-decay in this temperature domain.

Various aspects of the above analysis may be affected
by remaining rate uncertainties. In fact, the only proton
captures whose rates are now put on safe grounds are
Mg (p,v) 2°Al (for which NACRE and CF88 are in good
agreement) and 2°Mg (p,7) 2°Al (for which the NACRE
adopted rate is about 5 times slower than the CF88 one at
Ts < 80). In spite of much recent effort, the other proton
capture rates of the MgAl chain still show more or less
large uncertainties in the considered temperature range.
as illustrated in Fig. 8.

Due consideration of these uncertainties indicates in
particular (see Fig. 9) that, for T 2 50, ?*Mg could be
more strongly destroyed than stated above, while Mg
could be substantially transformed into 27Al if the NACRE
upper limits on the 2*Mg (p,7) 2°Al and Mg (p.7) 27Al
rates were selected. It is also important to note that the
abundances at H exhaustion of ?6A18 and 27Al are not
drastically affected by the uncertainties left in their pro-
ton capture rates, even if these uncertainties can be quite
large (for example, the 26A18 (p.~)27Si rate is uncertain
by more than a factor of 103 at Tg = 50). This situation
results from the fact that even the highest NACRE pro-
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ton capture rates are not fast enough for leading to a sub-
stantial destruction of the two Al isotopes by the time
H is consumed?. In contrast, the exact conditions under
which the MgAl chain is cycling cannot be reliably speci-
fied yet in view of the large uncertainties still affecting the
2TAl (p,a) #*Mg and 27Al(p,v) 28Si rates.

The possibility for the MgAl chain to produce sub-
stantial amounts of 26A18 is of high interest in view of
the prime importance of this radionuclide in cosmochem-
istry and ~-ray line astronomy. There is now ample ob-
servational evidence that 26Al has been injected live in
the forming solar system before its in situ decay in var-
ious meteoritic inclusions (MacPherson et al. 1995). Its
presence in extinct form is also demonstrated in various
types of presolar grains of supposedly circumstellar origin
identified in primitive meteorites (e.g. Zinner 1995). The
present-day galactic plane also contains 26A18, as shown by

> Arnould et al. (1995) have reached a different conclusion
due to a trivial mistake in the 26AI8 (p.7) 27Si rate used in
their calculations

80 2

L
0 30 40 50 60 70 80

v)2TAl (left panel) and *"Al(p,~)?%Si, ?"Al(p,a)?*Mg (right

the observation of a 1.8 MeV 4-ray line associated with
its B-decay (e.g. Prantzos & Diehl 1996).

The MgAl chain has also a direct bearing on the puz-
zling Mg-Al anticorrelation observed in globular cluster
red giants. Denissenkov et al. (1998) have speculated that
a strong low-energy resonance could dominate the rate of
Mg (p,v) ?°Al at typical cold H-burning temperatures,
and could help explaining these observations. There is at
present no support of any sort to such a resonant enhance-
ment of this rate.

6. Helium burning

The NACRE compilation also provides recommended rates
and their lower and upper limits for most of the a-captures
involved in the non-explosive burning of helium. The im-
pact of the remaining rate uncertainties on the abundances
of the elements up to Al affected by He burning is eval-
uated in our parametric model for two sets of conditions:
(i) p=10* g em~? and Ty = 1.5, adopted to characterize
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Fig. 9. Same as Fig. 2, but for the nuclides involved in the MgAl chain

the central or shell He-burning phases of intermediate-
mass stars (M ~ 6 Mg), and (iz) p = 10* g ecm™3 and
Ts = 3.5. which can be encountered at the end of the
He burning phase in the core of massive stars or in AGB
thermal pulses. The initial abundances used in these cal-
culations are adopted as described in Sect. 1.

In contrast to the H-burning case, the abundances dur-
ing He burning exhibit some sensitivity to density, as it
enters differently the 3a reaction rate and the other a-
capture rates. Consequently, the results presented here
should not be used to infer abundances resulting from He
burning in specific stellar models, where the time evolution
of the temperature and the density may play an important
role on the final He-burning composition. It has also to be
noted that the neutrons produced by 3C (a,n)!%0 or
22Ne (a,n) 2®Mg during He burning lead us to extend the
nuclear network to all (about 500) the s-process nuclides
up to Bi.

Figs. 10 and 11 illustrate the evolution during He burn-
ing in the two situations mentioned above of the abun-
dances of all the stable nuclides between '?C and 27Al

(plus 26Al). At low temperature (Tg ~ 1.5; Figs. 10a and
11a), the main reaction flows are

a) 2a(a,v)12C, followed by 2C (a,4)1°0 at the very end
of He burning. The factor of 2 uncertainty in the rate of
12C (a,4)1%0 (Fig. 12) is responsible for the error bars
on the '*0 abundance;

b) MN(a,)18F(8+)!80, followed by 180(a,v)??Ne at the
end of He burning. The resulting 2?Ne does not burn at
the considered low temperature?. The uncertainties of a
factor of 1.5 and 5 at T3 = 1.5 in the NACRE rates of
MN(a,v)!8F and '30(a,v)?*?Ne, respectively (Fig. 12),
are responsible for the wide range of predicted '®0 and
22Ne abundances. A much larger ¥0 abundance at the
end of He burning would result if use were made of the
CF88 rate, which is about 220 times smaller than the
NACRE one (Fig. 12).

% In detailed stellar models, the temperature increases to val-
ues in excess of Ty = 3 towards the end of core (or shell) He-
burning. This may lead to the destruction of **Ne by (a,n)
(with a concomitant production of neutrons) or (a,7) reac-
tions, as illustrated on Fig. 11b
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subscript 0 corresponding to its initial value

The neutron density resulting from 13C (a,n) %0 is
shown in Fig. 13, along with its associated uncertainty. Al-
beit small. this neutron irradiation is responsible for the
15N and '°F abundance peaks seen in Fig. 10a. They result
from "N(a,v)'™®F(8%)'®0(p, a)'®N(a,v)'°F, the protons
originating from *N(n, p)!*C. Towards the end of He burn-
ing, 1°F is destroyed by °F(a,p)?*Ne. Shell He burning
in AGB stars or central He burning in Wolf-Rayet stars
have been proposed as a major site for the galactic pro-
duction of F (Goriely et al. 1989; Meynet & Arnould
1996, 1999; Mowlavi et al. 1998). For AGB stars, these
predictions have been confirmed by the observation of 1°F
overabundances in some of these objects (Jorissen et al.
1992). Incomplete He-burning (e.g. in Wolf-Rayet stars)
may also contribute to the galactic enrichment in primary
15N, as required by the observations of this nuclide in the
interstellar medium (Giisten & Ungerechts 1985).

The large 2Al abundance seen on Fig. 11a results from
the particular choice of initial conditions (see Sect. 1),
since 26Al is not produced in the conditions prevailing

the amount of *He burned at constant density p = 10* g/cm®
(b: right panel). The *He mass fraction is denoted X (He), the

during He-burning. Its rapid drop close to the end of He
burning results from the combined effect of §-decay and
26A1(n, p)?°Mg making use of the few neutrons liberated
by 2?Ne(a,n)**Mg.

At higher temperatures (Figs. 10b and 11b), the He-
burning nucleosynthesis of the elements up to about Al is
essentially the same as in the low temperature case. The
major differences are observed for '80, '°F, ?'Ne, 22Ne,
25Mg, 2Mg and 26Al, and are mainly due to a larger neu-
tron production by '3C (a,n)!%0, 80 (a,n)?Ne and
22Ne (o ,n) ?®Mg . Note that 180 (a,n)?!Ne is about 150
times slower than 80(a,v)??Ne in these conditions, but
is fast enough to keep the neutron density above N, =
10° em=3 (Fig. 13). These neutrons allow protons to be
produced by the reactions MN(n, p)MC and 8F(n, p)!30.
Additional protons come from 3F(a,p)?'Ne. As a result,
15N is produced via 8F(n, a)'*N, 180(p, a)!°N,
HN(p,v)150(87)1°N and 8F(p, a)*O(B+)!5N. The pro-
duction of °F follows from *N(a, 4)'°F. Since most of the
involved reactions have better known rates at Tg = 3.5
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Fig. 11. Same as Fig. 10 for the nuclides from Ne to Al

than at Ty = 1.5, the corresponding error bars on the
abundances are smaller at higher temperature. Neutrons
are also responsible for the destruction of any 26Al that
may survive the former H-burning episode.

The operation of ??Ne(a,n)?*Mg at the end of He
burning leads to a non-negligible neutron irradiation which
triggers a weak s-process leading to the overproduction
of the 70 £ A £ 90 s-nuclei. Unfortunately, the rate of
2ZNe(a, n)?®Mg remains quite uncertain (Fig. 12), even
at temperatures as high as 7g = 3.5 (in this case by a
factor of 25). The resulting uncertainty on the neutron
density amounts to a factor of 10 (Fig. 13), while the to-
tal neutron exposure spans the range 0.1 — 0.3 mbarn—".
Finally, the a-captures by the Ne isotopes are fast enough
at temperatures Tg > 3 to alter the Mg isotopic compo-
sition. This may provide a direct observational signature
of the operation of the 2?Ne(a, n)?*Mg neutron source in
stars (e.g. Malaney & Lambert 1988). Large uncertainties
remain, however, in these reaction rates at He-burning
temperatures, except for the relatively well-determined
2Ne (a, ) **Mg rate.

7. Conclusions

As an aid to the confrontation between spectroscopic ob-
servations and theoretical expectations, the nucleosynthe-
sis associated with the cold CNO, NeNa and MgAl modes
of H burning, as well as with He burning, is studied with
the help of the recent NACRE compilation of nuclear re-
action rates. Special attention is paid to the impact on the
derived abundances of the carefully evaluated uncertain-
ties that still affect the rates of many reactions. In order
to isolate this nuclear effect in an unambiguous way, a
very simple constant temperature and density model is
adopted.

It 1s shown that large spreads in the abundance pre-
dictions for several nuclides may result not only from a
change in temperature, but also from nuclear physics un-
certainties. This additional intricacy has to be kept in
mind when trying to interpret the observations and when
attempting to derive constraints on stellar models from
these data.
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