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Abstract This paper is in memory of Roberto Gallino,
a long-time collaborator on questions of neutron sources
and neutron-induced reactions in stellar nucleosynthesis. We
therefore discuss a topic that was of great interest to him, the
correlation between neutron sources that provide the neutron
flux for the production of heavy elements in the s-process and
neutron poison reactions that reduce the number of neutrons
in the stellar environment. Neutron poisons play aroleinall s-
process environments, such as the final phase of core helium
burning of massive stars or the carbon pocket in hydrogen-
helium intershell environment of low-mass AGB stars, orig-
inally proposed by Gallino and his co-workers more than 40
years ago. This paper will argue that neutron poison reac-
tions serve as a neutron storage mechanism through which
neutron sources can be fueled to provide a delayed neutron
release.

1 Introduction

Neutron capture reactions on highly abundant light nuclei
such as carbon, nitrogen, oxygen, and neon are considered
to be neutron poisons that reduce the overall neutron flux
in stellar environments. It was Roberto Gallino who pointed
out many times that the neutrons absorbed in these reactions
will eventually be released, contributing as neutron sources
to the neutron-induced nucleosynthesis pattern in a delayed
manner [1]. Yet, no detailed analysis exists of the associ-
ated reaction flow that determines the correlation between the
neutron poison and the eventual neutron release processes. A
reaction network, triggered by neutron capture reactions on
light nuclei, depends on the possible subsequent reactions,
the overall abundances of neutrons and «-particles and the

 e-mail: mwiesche @nd.edu (corresponding author)
b e-mail: Richard.J.deBoer.12@nd.edu

Published online: 17 November 2025

strength of the associated reaction processes in helium burn-
ing environments. This paper is primarily focused on inves-
tigating the strength of the associated neutron absorption and
neutron production processes.

It should be pointed out that the expression “neutron poi-
son” is somewhat misleading; while the abundance of car-
bon, nitrogen, oxygen, and other light nuclei are frequently
orders of magnitude higher than the abundances of those
above the iron peak, the radiative neutron capture cross sec-
tions on light nuclei are typically in the micro-barn range at
helium burning energies, low compared to cross sections in
the milli-barn to barn range for more massive nuclei. The
low-energy cross sections of neutron capture reactions are
typically — with a few exceptions — described by the 1/v-law
for s-wave neutron capture (¢ = 0) in which the amplitude
of the cross sections is determined primarily by the contribu-
tions from direct capture and subthreshold resonances. The
1/v law for s-waves translates into a dependence on 1/ VE
(since v = (2E//L)1/2) and the reaction rate (ov)x(s,y) for
neutron capture on an isotope X can be expressed in terms
of the Maxwellian averaged cross section (MACS) [2]. The
MACS show variations from a constant value at low temper-
atures and towards higher values at higher temperature due to
non-resonant contributions with higher orbital momenta and
potentially resonant contributions [3]. In some cases, such
as in the 14C(n, y)lSC reaction, the low-energy cross section
for neutron capture is determined by p-wave capture (¢ = 1)
and the low-energy cross section declines with energy o o v
[4,5].

The level density in light compound nuclei is naturally
much lower than in the case of heavy nuclei, which explains
the small cross sections for light nuclei by the largely reduced
resonance contributions. Since the effective depletion of neu-
trons in a stellar burning environment depends on the abun-
dances of the capturing isotopes as well as the neutron cap-
ture rates, the depletion of neutrons can be summarized by
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the following equation:

dy,
dt

==Yy Ap— ZYX Yn-p- <OU>X(n,y)
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+ <GU>P(n,p) + <GU>P(n,a))

with Y, representing the average neutron abundance and p
the density of stellar matter; X, is the natural decay constant
for the f~ decay of the neutron and (o v) are the temperature
dependent reaction rates for the different reactions absorbing
neutrons. Yy represent the abundances of the nuclei at higher
masses — typically with Z > 26 and Yp stands for highly
abundant light nuclei that can act as neutron poisons, decay-
ing through the y-, p-, and «-channel. Taking into account
typical abundances and reaction cross sections, roughly 50%
of the neutrons are absorbed by neutron poison nuclei P while
the rest may be available for the build-up of heavier elements
in an s-process, i -process, Or even an n-process environment,
as recently discussed and summarized [6].

In addition to neutron poisons, neutron sources will influ-
ence the neutron budget in a stellar burning environment.
Neutron sources are, in most cases, helium-induced exother-
mic (o, n) reactions with positive Q-values and reaction
rates that increase exponentially with temperature due to the
tunneling probability through the Coulomb barrier. In addi-
tion, there may be endothermic («, n) reactions with nega-
tive Q-values, which only activate above a certain tempera-
ture threshold. Proton-induced (p, n) reactions are endother-
mic, requiring temperatures well above those expected for
stellar core burning. Deuteron- and triton-induced reactions
may contribute to neutron production in the case of suffi-
cient abundance for these isotopes. For conditions such as
those anticipated for Big Bang nucleosynthesis [7], neu-
tron production reactions might be *H(d, n)*He, as well
as ©7Li(d, n)-*Be, which would help to maintain the neu-
tron flux. These could also be complemented by triton-
induced reactions such as 3He(t, n)5Li, 6’7Li(t, n)8’9Be, as
well as "Be(z, n)°B possibly followed by the “Be(r, n)!'B
and 9B(t, n)!C reactions [8-10].

For this paper, we limit ourselves to the o-particle-induced
neutron sources because of the typically low abundances of
the heavy hydrogen isotopes in quiescent [11] and explosive
stellar environments [ 12]. The neutron production at any such
site can then be expressed in terms of the very temperature-
sensitive correlated reaction rates (o v) (q,n):

dy,
dt

=+Y Yo Yo p (00)s@n)
X

with Y the abundance of the respective source isotopes and
S(a, n) the specific neutron sources that could be triggered.
For additional neutron sources, the corresponding reaction

@ Springer

terms would need to be added. The efficiency of these «-
induced neutron sources in releasing neutrons depends on
the associated reaction rates, which, unlike most of the neu-
tron capture processes, are very dependent on the temperature
of the helium-burning environment. Because of the rapidly
declining cross section with energy, the reaction probabil-
ity for charged particle reactions is traditionally presented
in terms of the S-factor S(E), which corresponds to the
cross section o (E) with the £ = 0 penetrability of tunneling
through the Coulomb barrier approximately removed, where
its dependence on the de Broglie wavelength is reflected by
the energy term in the equation:

S(E) = Ec(E) &, 1)

The reaction rate is expressed as

8 \'* 1 o0
Ny{ov =N S(E
A( )S(O(,ﬂ) A <anA> (kT)3/2v/(\) ( )

E
exp|—-— —2mn|dE.
kT

The parameter n approximates the impact of the Coulomb
barrier and is defined as n = (u;4/2E)"/?2e*Z,Z 4 /1 with
U4 as the reduced mass of the reaction system in atomic
mass units and N4 being Avogadro’s number.

2 s-process sites

The s-process takes place during a number of helium burn-
ing conditions in stars and relies on the «-particle induced
production of neutrons. Therefore, the efficiency for neu-
tron production depends sensitively on the temperature and
density conditions at the s-process site as well as on the abun-
dance of the seed isotopes for neutron production. The two
sites we discuss here are the one responsible for the weak s-
process associated with core helium burning in massive stars
[13] and the site of the main s-process linked to the carbon
pocket in the hydrogen-helium inter-shell region of low mass
asymptotic giant branch (AGB) stars [14,15].

Several of the evaluated neutron- and «-capture data pre-
sented in this work are based on calculations using the multi-
channel, multi-level R-matrix code AZURE?2 [16], which pro-
vides a method to uniquely highlight the close correspon-
dence between the two reaction channels through a com-
prehensive analysis of the respective compound systems. In
depth details of the calculations are not given as they are
meant to illustrate the general characteristics of the cross
sections and the links between different reaction types. Com-
prehensive evaluations of each reaction are beyond the scope
of the current work.
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2.1 Neutron poisons and sources in core helium burning of
massive stars

Core helium burning in massive stars has been identified
as the most likely site for the weak s-process. The neutron
production is based on the preexisting abundance of '*N as
the most abundant CNO isotope generated during the pre-
ceding hydrogen burning phase. With the onset of helium
burning after the core contraction phase of a red giant star,
the existing '*N is rapidly converted through a sequence
of a-capture reactions, starting with the "*N(a, y)!'®F reac-
tion [17] followed by the B-decay of !8F and the sub-
sequent ISO(a, y)22Ne reaction [18-20], which feeds the
22Ne(ar, n)>Mg neutron source. Although the first two a-
capture reactions are fast, the actual 22Ne(oz, n)25Mg neutron
source [21-27] is delayed due to its negative Q-value. It is
only gradually activated during the contraction phase of the
helium core toward the very end of helium burning as higher
temperatures are reached [28,29].

At this point, the mass fraction of the contracting helium
burning core of the star is increasingly converted to '>C and
160 via the 3a-process [30] and the subsequent '2C(a, )00
reaction [31], respectively. Despite the low cross section, a
fair fraction of the neutrons released will be captured via the
12C(n, y)3C(n, y) reactions feeding the long-lived 14C iso-
tope. A similar neutron poison sequence is initiated by neu-
tron capture via the '°0(n, y)!7O reaction with the reaction
product converted primarily by a subsequent neutron cap-
ture, the 17O(n, o) reaction, to again produce 14C. The effi-
ciency of these two processes for neutron absorption needs
to be investigated. The long-lived '*C (T2 = 5730y) is
depleted by p-wave neutron capture [5,32] to °C or, at
sufficiently high temperatures, may undergo «-capture via
the *C(a, 1)'80 [33] and '80(a, y)**Ne reactions, feeding
back into the 22Ne(oz, n)25Mg neutron source. In this case,
neutron capture on 12 [34] and 190 [35], as well as on 22Ne
[36] may impact the neutron budget.

While during the release period neutrons are primarily
captured on 12C [34] and 190 [35], additional neutron cap-
ture can occur on the neutron seed nucleus ?Ne via the
22Ne(n, y)*Ne reaction [36]. This occurs primarily at lower
temperatures, prior to the onset of the >Ne(«, n)>>Mg reac-
tion. Once temperatures have increased sufficiently to acti-
vate the 22Ne(oz, n)25 Mg reaction, additional neutron capture
can occur via the 2Mg(n, y)*®Mg reaction [37-39], demon-
strating a close correlation between the neutron source and
neutron poisons. Experiments have shown that in addition to
the latter neutron capture reaction, another «-induced neu-
tron source, the 2Mg(a, n)?8Si reaction, may emerge [40].
However, while the source will be largely reduced as a result
of the increasing Coulomb barrier, it may play a stronger role
under the higher temperature conditions achieved during the
carbon-burning phase in massive stars.

2.2 Neutron poisons and sources in the carbon pocket of
low mass AGB stars

A case of special interest is the model of the carbon pocket in
the hydrogen-helium inter-shell region, which has been iden-
tified as the neutron source for the main s-process [14,41—
43]. In its present interpretation, hydrogen is mixed with a
mass fraction of up to Xz < 5x 10~% in the inter-shell range
and is subsequently and completely captured by '2C via the
2C(p, y)"3N reaction with the latter decaying to '3C. It is
argued that the limit on the hydrogen mass fraction ensures
that all mixed hydrogen is captured by existing '>C to even-
tually form '*C without triggering subsequent proton capture
reactions forming a complete CNO cycle, because this would
lead to the production of neutron poison reactions such as
13C(n, y)!*C and "“N(n, p)'*C. This s-process model and
its parameters are typically tested against the observed s-
process abundance distribution within the framework of dif-
ferent parameter assumptions for the carbon pocket [44].

The typical temperature in the carbon pocket during the
long-term quiescent period is around 0.1 GK, but it grad-
ually increases through a bottom heating process that trig-
gers a short convective phase during which temperatures
can increase to a level at which the 2*Ne(e, n)25Mg neu-
tron source can be initiated. This would require '#N as seed
material; it has been suggested that this will be mixed from
the helium burning shell into the inter-shell range. Within the
chosen parameter space [6,42,45-49], the model appears to
be able to provide a neutron flux sufficient to reproduce the
observed s-process abundance distribution, which is inter-
preted as a basis for the success of the model.

However, all of these studies are based on the assumption
of limited hydrogen inflow, so that all of the protons can be
successfully absorbed to form '3C without any subsequent
proton capture such as the '3C(p, y)'*N reaction feeding
the strong '"*N(n, p)'*C neutron poison reaction [50]. This
assumption fails to take into account that nuclear reaction
processes are parallel and not sequential processes. This is
well-known for the CNO cycle, in which, depending on the
temperature, an equilibrium between the different participat-
ing isotopes is quickly established. This equilibrium does not
depend on the abundance of hydrogen as shown in Wiescher
et al. [51]. This suggests that the production of neutron poi-
sons can be expected to be a coherent part of the neutron
source and needs to be considered in the framework of a full
reaction network for the conditions and through the evolution
of the carbon pocket in thermally pulsing AGB stars.

3 The reaction patterns of neutron sources and poisons

In both of the scenarios discussed above, the main neu-
tron poisons are the neutron capture reactions on the more
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abundant CNO nuclei. The '2C(n, y)13C and the subsequent
13C(n, y)'*C reactions are considered to be strong neutron
absorbers as recently evaluated [52], while the neutron cap-
ture on '“C decreases towards lower energies because it is
dominated by a p-wave capture component [4,5].

In addition to neutron capture on carbon, the 16O(n, y )170
reaction, with multiple direct capture and resonant transi-
tions, has been identified as a strong neutron absorber [35]
that could influence the time scale and efficiency of the s-
process [53]. This reaction is followed by the 70, a)1*C
reaction, converting the 70O towards lower masses as dis-
cussed earlier [54]. The combination of these reactions rep-
resents the most dominant neutron absorption process in the
carbon-oxygen enriched environment during the final phase
of core helium burning. These reactions may also play an
important role in the carbon pocket if the CNO equilibrium is
established. In that case, an additional neutron poison reac-
tion would be 14N(n, p)”C, which again would cause the
production of long-lived '#C in the carbon pocket. Figure 1
shows a comparison of the neutron capture cross section of
the three carbon isotopes 12C, 13C and C, based on an R-
matrix analysis of the available experimental data.

For the 12C(n, y)13C reaction, the s-wave capture is a
result of direct radiative capture, resonant capture into the
E, =3.09 MeV subthreshold state and direct capture into
the third excited state (E, = 3.68 MeV). The R-matrix
fit presented here uses external (or channel) capture to
model the radiative capture process, which is the standard
method implemented in the AZURE2 code [16] and has
been used previously by Mughabghab et al. [61] to model
both the '2C(n, )!3C and 3C(n, y)'*C reactions. A signif-
icant contribution to the ground state transition cross sections
comes from the subthreshold resonance at E, = 3.09 MeV
(T'), = 0.464(42) eV [62], ANC, = 1.84(16) fm~!/2 [63]).
The radiative capture data were fit simultaneously with the
12C(n, total) data of Auchampaugh et al. [64] (similar to Hale
and Paris [65]), which also independently constrained the
neutron ANCs of the bound states. For the 13C(n, ¥) 14C and
14C(n, y)'3C reactions, the low energy behavior results pri-
marily from direct radiative capture to the ground state via
s and p-wave, respectively. While only the total radiative
capture cross sections are shown in Fig. 1, the R-matrix fits
were performed using the cross sections for the partial y-ray
transitions.

At helium burning temperatures, the reaction rates are
largely determined by the cross section at higher energies,
above ~10 keV. For the 12C(n, y)13C reaction, the cross
section becomes dominated by p-wave direct radiative cap-
ture through the first excited state, as shown by the partial
cross section measurements of Nagai et al. [55] and Ohsaki
et al. [56]. The situation is similar for the '3C(n, y)'*C reac-
tion, as observed by Shima et al. [58] and Wallner et al.
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[59]. In addition to the capture via p-wave to the first excited
state, a resonance contributes strongly to the cross section at
E, =152(1) keV. The neutron partial widthis I, =3.7(7) keV,
but measurements of the y width vary substantially [66,67],
with the most recent being 215‘_"535‘5l meV [67]. Finally, the
cross section predictions for the '*C(n, y)!>C reaction rely
largely on the data of Reifarth et al. [60], although a res-
onance enhancement has been suggested at higher energy
(E, = 1.885 MeV) by Wiescher et al. [4]. More detailed
experimental studies are necessary to confirm these data [68]
since enrichment in '*C as well as enrichment in '4C will
open reaction branches for a-induced break-out from the
nCNO cycle as discussed later in this section.

The 14N(n, p)14C reaction, which, as a charge exchange
process has the highest neutron capture reaction rate in this
mass range, is shown in Fig. 8, is expected to be a strong
neutron poison associated with neutron production in the
carbon pocket. The experimental study of this reaction has
been a challenge since the early experimental efforts [69].
Recent accelerator mass spectrometry (AMS) experiments
have suggested a decrease in the reaction cross section owing
to a deeper interference minimum between the s-wave sub-
threshold state contribution to the cross section and the low
energy tails of higher energy resonances [59]. The corre-
sponding energy range of the '“N(n, p)!*C reaction was
recently mapped again by direct reaction studies at the n_ToF
facility at CERN [50]. The results suffer from limited time-
of-flight resolution at higher energies as a result of path
length and scattering effects, but report good agreement with
the AMS measurements when their resolution effects are
accounted for. However, these recent studies do not con-
sider previously measured time reverse '*C(p, n)'*N mea-
surements [70-72], which show different energy dependence
over this low energy range. This motivates a more compre-
hensive comparison of past experimental data and new mea-
surements to resolve these inconsistencies. Figure 2 shows
an R-matrix analysis of the 4N(n, p)!*C reaction that also
simultaneously includes all other reaction channels popu-
lated through the compound nucleus 'N. While a reason-
ably good description of a subset of data was obtained, the
uncertainty remains significant due to inconsistencies in the
cross section found between different data sets.

It should be noted that all of these neutron poison reaction
sequences end in the long-lived isotope '4C (T 2 =75730y).
At low temperatures, the p wave-dominated cross section of
14C(n, y)!1C reaction is small compared to the neutron cap-
ture processes that feed '“C. This causes an enhancement
in this isotope, similar to the '*N enhancement in the regu-
lar CNO cycle in massive hydrogen-burning stars. At higher
temperatures, as expected for helium burning conditions, the
neutron capture cross sections on all carbon isotopes are com-
parable. '*C will be slowly converted to 'C followed by
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Fig. 1 Reaction cross sections for radiative neutron capture on '2C
[55-57], 13C [57-59] and '*C [60]. While the cross sections on 12C
and 13C follow the 1/v law at low energies, towards higher energies

resonance contributions can cause significant enhancement. For the
14C(n, y) reaction, the cross section is proportional to the velocity but
resonance contributions cause further enhancement at higher energies
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B~ decay, feeding >N(n, y)!N [78] with '®N being con-
verted by asecond 8~ decay back to '°0. Besides the feeding
through neutron capture on '>C and 4N, this process resem-
bles a cycle in which four neutrons are converted to “He by
a sequence of four neutron capture reactions interspersed by
two B~ decays. In this spirit, the neutron absorption process
by CNO nuclei has been labeled as a neutron-driven CNO or
nCNO cycle [79] in which the slowest reaction determines
the cycle period. The reaction sequence cycle is shown in
Fig. 3. It is within such a process that neutrons can be stored

until released by sufficiently high cross section «-capture
reactions, such as 13C(a, n)160, facilitate a break-out from
the cycle feeding neutron source reactions.

4 Neutron induced break-out reactions and a light
s-process

The closure of the nCNO cycle is facilitated through neutron-

induced a-emission via the 7O(n, «)!*C reaction. Figure 4
shows the R-matrix fit of the cross section based on a recent

@ Springer
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Fig. 3 The left hand side of the figure shows the neutron induced CNO
cycle (nCNO) marked in red, which is closed by the 70(n, a)'*C reac-
tion. The cycle is fed by neutron capture reactions on '2C, 13C, and
14N marked in yellow. Possible break-out by neutron induced reactions
on 170, 180, and !F are marked in blue. For a modest neutron flux,
with neutron capture probabilities smaller than the lifetime of the short-
lived radioactive isotopes and depending on the strength of the various
neutron- or a-induced break-out reactions, the cycle is expected to be

analysis [80,81] that also includes the inverse 14C(a, 70
[82,83], 4C(a, o) '*C [84,85] and B-delayed a-decay of 13N
data [86]. The thermal O, )!*C cross section is up to
three orders of magnitude larger [80,87—-89] than that of the
competing radiative capture process '’O(1z, ¥)'80 [90]. This
ratio is also maintained towards higher energies as suggested
by theoretical simulations [91].

As suggested in Fig. 5, at low temperatures, about
1% of the material leaks with each cycle period from
the nCNO cycle towards higher masses; even a weaker
(n, y) branch towards higher temperatures establishes a
small leak of about 0.3% from the cycle feeding higher
Z nuclei via a light s-process like the reaction sequence
801, )'°0(B~)'F(n, ¥)*°F(B~v)*'Ne [92,93] into the
Ne-Na mass range as indicated in Fig. 3. Neutron capture
reactions by neon isotopes 20Ne, 2!Ne and 22Ne [94], with
subsequent B-decay to 2>Na, link the light s-process pattern
via the reaction sequence BNa(n, y)24Na(,8_v)24Mg that
decays into the magnesium-aluminum range. The >*Na(n, )
24Na reaction has been experimentally studied and found
to be weaker than previously anticipated [95]. This could
cause an increase in >Na and influence the feeding of the
magnesium chain. In this case, the two magnesium isotopes

@ Springer

closed. The right hand side shows the flow pattern expected for higher
temperature conditions. A number of break-out reactions may occur
depending on the strength of the radiative neutron capture reactions
and exponentially increasing a-capture reactions. The nCNO cycle is
marked by dashed red lines, the neutron driven break-out initiating a
light s-process by solid red arrows and the « capture driven reaction
path by yellow marked arrows

25.26Mg become the most important neutron poisons due to
their strong neutron capture cross sections, in the milli-barn
range [37,38]. This is comparable to the strength of the neu-
tron capture on °Fe, which is typically considered to be
the starting point of s-process nucleosynthesis, feeding the
heavier elements. The efficiency of neutron capture reactions
within the light s-process chain therefore determines the effi-
ciency of neutron poisons through neutron absorption and the
reduction of neutron flux for the s-process, feeding the higher
mass abundance distribution.

5 a-induced breakout reactions and neutron sources

Parallel to the light s-process, other break-out reactions are
triggered by «-capture reactions. This mirrors the break-
out from the hot CNO cycle at high temperatures as
discussed in Wiescher et al. [79], which occurs via the
140, p)"E(p, y)'8Ne(a, p)*'Na or alternatively via the
50(a, y)'"Ne(p, y)**Ne chain and depends on the reac-
tion rates for the o capture. The break-out from the nCNO
cycle is facilitated by the two «-capture reactions releas-
ing neutrons with 13C(a, n)160 and 17O(a, n)ZONe being
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Fig. 4 The level scheme of 180
and the associated cross sections
of the 170(n, a)1*C reaction

. 8.2
based on a recent analysis of the 8.2
existing reaction data Guardo et 17 8.044

al. [80,81], cross section data of 8.038
the inverse *C(a, n)!70
reaction [82,83] and the

14 17 :
C(a, ) 'O reaction [33], 7616

14C(a, )1*C scattering [84,85],
as well as the analysis of the
B-delayed a-decay of 18N
through the 1™ states in 180
7.114

[86]. The gray dashed lines in
the '8N(Ba)1*C plot indicate the
bare R-matrix calculation, while
the red solid line is with the
experimental resolution applied
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Reaction rate ratio
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Fig. 5 The ratio of the reaction rates for the 170(n, a)14C over the
170(n, y)'80 radiative capture reactions based on the rates given by
Oliva et al. [81] and Zhang et al. [91], respectively. Typically the strong
interaction based (n, ) reaction process is up to three orders of magni-
tude stronger than the electromagnetic interaction based radiative cap-
ture. The ratio declines towards lower temperature suggesting a roughly
1% loss of material from the cycle per period towards higher masses.
The period or cycle time is determined by the slowest neutron capture
or decay rates within the cycle

the most dominant. In addition, there are chains of radia-
tive «-capture reactions leading to neutron source reac-
tions at higher masses. The first one is direct via the
14C(a, y)lSO(oz, y)zzNe(a, n)stg(a, n)XSi chain, while

1010°10*10710™10™10
Yield

1010%0° X
S-factor c
(MeVb) (b)

12

the second chain is impeded by the BT decay of '®F,
UN(a, )8 (B~ 1)180(a, y)**Ne, again followed by neu-
tron release via 22Ne(«, n)stg(a, 17)28Si. This means that
the a-capture reactions eventually lead to release of neutrons,
causing the reaction path to move toward the N = Z line.
The efficiency of these neutron production reactions depends
on the aforementioned reaction rates for the respective « cap-
ture processes. While the branchings between neutron and «
capture processes depend on the respective rates, they depend
more so on the abundance of “He fuel and neutron flux in the
burning environment. In the following, we will summarize
the conditions for the most important sites for ¢-induced neu-
tron production processes in quiescent stellar helium burning
environments.

The 3C(e, n)'90 reaction has been studied over a wide
energy range, most notably in deep underground experiments
at the LUNA [96] and JUNA [97] facilities, even mapping
into the high energy portion of the Gamow range of the
reaction. Detailed R-matrix analysis of the available reac-
tion data associated with the compound nucleus 7O indi-
cate a more reliable determination of the cross section over
a wide energy range due largely to the improved consistency
between the different measurements and reduced uncertain-
ties. In the low-energy range, the cross section is charac-
terized by the impact of a pronounced near-threshold state,
which causes an enhancement in the corresponding S-factor
[98].

@ Springer
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Fig. 6 Level diagram of the 7O system near neutron and a-particle
separation energies compared with an R-matrix fit to the '°O+n total
neutron cross section data of Fowler et al. [103] and Cierjacks et al.

Figure 6 shows the level scheme of the compound nucleus
170, and the associated R-matrix fit of the data, demonstrat-
ing how the different levels near and above the «-threshold
determine the S-factor over an energy range of ~2.5 MeV,
which corresponds to the typical temperature range of stellar
helium burning. The 3C(x, n)!90 reaction is followed by
the '°0(n, y)”O neutron absorber reaction [35]. The cross
section data [99-101] of this reaction and the time-inverse
170(y, n)1°0 [102] are well reproduced in the R-matrix fit
and correspond closely to the known level structure in the 170
compound nucleus above the neutron threshold. The subse-
quent '7O(n, a)'*C reaction leads to the production of 14C as
outlined earlier. With increasing temperature, the o-capture
reaction '*C(a, y)'80 leads to the production of 80, open-
ing new reaction channels such as BO(n, y)190(,3_)19F and
B0(a, y)**Ne.

@ Springer
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[104], the 3C(e, n)'°0 data of Bair and Haas [105] and Gao et al. [97]
and the '°0O(x, y0)'7O data of Holt et al. [102]

There is limited information on the reaction cross section
for 14C(a, y)180; at low energies, several resonances near
the threshold have been predicted to contribute to the reaction
rate [106]. Direct measurements have been carried out in the
a-particle energy range of E, = 1.14—2.33 MeV [33]. Two
resonances at 1.14 (47) and at 1.79 MeV (17) were identi-
fied. The observed interference pattern points to non-resonant
reaction contributions as well. These measurements were
complemented by indirect transfer studies that aimed to inde-
pendently confirm the strength of the resonance contributions
at lower energies. Transfer measurements also confirmed
the results of the resonance states studied directly [106].
Figure 4 shows the R-matrix analysis of the 70, a)t*C
reaction that includes an extrapolation toward lower ener-
gies. The level parameters for the low-energy resonances in
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Fig. 7 Level diagram of the
2INe system near the neutron
and «-particle separation
energies. The levels shown are
those reported in the direct
measurement by Best et al.
[109] over the range of their
70(a, n)ZONe data, the
a-transfer study of Hammache
et al. [113] between the lowest
energy data of Best et al. [109]
and the «-separation energy and
two levels from the compilation
between the a-particle and
neutron separation energies. The
level parameters are used to
make R-matrix calculations of
the cross sections for both the
170(«r, n)*°Ne and 2°Ne+n total
cross sections and are compared
to the 7O(a, n)2°Ne data of
Best et al. [109] and the " Ne+n
total cross section data of
Junghans et al. [115]

Fig. 8 Reaction rates for the
123,140y, ) 131415

YN, p)!*C and %0, )70
reactions calculated from the
R-matrix cross sections shown
in Figs. 1, 2 and 6, respectively.
While the rates for the

70(n, 0)'*C and "O(n, y)
180 reactions were taken from
Oliva et al. [81] and Zhang et al.
[91], respectively. p-wave direct
radiative capture and resonance
contributions dominate the cross
sections over the helium burning
temperature range
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Fig. 9 The reaction rates of the
B3C(a, n)!190 [97],

14 (o, mV70 [81],

HC(a, y) S0 [117],

70(a, n)*Ne [113],

70(a, y)*'Ne [116],

180 (e, n)2'Ne [118] and
180(a, y)zzNe [119] reactions
as a function of temperature
over the typical range of helium
burning environments
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the 14C(oz, Y1) 180 transition were taken from Meltzow et al.
[107], Johnson et al. [106] and the compilation [108].

Earlier studies of the 7 O(«, n)2°Ne reaction demonstrate
that the reaction cross section is characterized by a mul-
titude of narrow resonances, which dominate the reaction
rate [109]. This is supported by a recent analysis of exist-
ing *°Ne(d, p)*'Ne nuclear structure data, which rely on
new measurements of the neutron spectroscopic factor of low
energy resonance states in the 2! Ne compound nucleus [110].
This study suggests strong contributions from a number of
low-energy resonances. This conclusion rests on statistical
assumptions sampling the reduced a-particle width from a
Porter-Thomas distribution [24] normalized to more recent
direct measurements of the resonance strengths [111]. This
approach does not include the possibility of threshold effects,
which could cause a considerable modification in the reaction
rate [112]. In particular, there a 1/2% state at E, =7.215MeV
that could produce a pronounced subthreshold d-wave state
for a-capture on '70. Alpha transfer studies indeed suggest
considerably stronger a-cluster strength for levels near the
threshold leading to an enhancement in the 170(ar, n)*°Ne
and '7O(«, y)*' Ne reaction rates [113].

Indeed, the consistency in the a-widths between direct and
transfer measurements is questionable. In Hammache et al.
[113], there is only a single level that was populated by the
a-transfer reaction of that work and the direct measurements
of Best et al. [109] at E, = 8069 keV. In Hammache et al.
[113] the a-width was found to be 1.54(54) meV, while in
Bestetal. [109] it was found to be 46.2(46) meV. In addition,
Mohr [114] has highlighted inconsistencies with the higher

@ Springer

| |
0.5 0.6 0.7 0.8 0.9 1
Temperature (GK)

energy measurements of Best et al. [109] that influence the
rate above 1 GK. Because of this large discrepancy, further
experimental measurements are urgently needed. Figure 7
shows the present R-matrix analysis of the data based on
Best et al. [109], Williams et al. [111] and Hammache et al.
[113].

Figure 9 shows a comparison of the «- and neutron-
induced capture processes on !’O. The overall reaction rates
for 70(a, n)*°Ne and '7O(a, y)>'Ne, which both decline
with decreasing temperature due to the Coulomb barrier are
shown in Fig. 9. The rates are taken from the recent works
of Hammache et al. [113] and Best et al. [116], respectively.
The "7O(n, )'*C and '7O(n, y)'30 neutron capture rates,
shown in Fig. 8 and taken from Oliva et al. [81] (using time-
reversal symmetry) and Zhang et al. [91], respectively, are
not subject to the Coulomb barrier and are larger by several
orders of magnitude than the rates for the o induced reac-
tions. However, the mass fraction of « particles in a “*He
burning environment is considerably larger than the relative
weak neutron flux.

Neutrons are produced by the '3C(«, n)'°0 reaction at
typical temperatures of ~ 0.3 GK in helium burning envi-
ronments. The next strongest neutron production process is
170(0(, n)ZONe, with a rate that is about two orders of mag-
nitude smaller (see Fig. 9). Depending on the mass fraction
of CNO isotopes, a balance between neutron production and
neutron absorption processes will be established in this tem-
perature range, presumably leaving a net flux of neutrons for
the s-process. The additional neutron flux depends not only
on the CNO abundances but also on the storage time in the
nCNO cycle as will be simulated in a forthcoming paper.
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6 Summary and conclusion

Light CNOisotopes are expected to be present in temperature-
dependent equilibrium abundances in typical s-process envi-
ronments, such as the end of the helium burning phase of
massive stars for the weak s-process as well as in the car-
bon pocket projected for the hydrogen-helium inter-shell
region feeding the main s-process. Neutron capture reac-
tions on such light isotopes have been identified as neu-
tron absorbers, typically labeled neutron poisons, but this
paper seeks to argue that these neutron absorption pro-
cesses are closely correlated with (¢, n) reactions, often feed-
ing the same compound nuclei. Neutron absorption there-
fore only causes temporary neutron storage in the respec-
tive compound systems of the here proposed nCNO cycle.
The equilibrium is facilitated through the level structure
of the associated oxygen compound nuclei, such as 70
for 3C(a, n)!°0 and '°0(n, )70, 180 for “C(a, y)'80
and 70, o)!*C and 0(n, y)180, as well as 2!Ne for
170(«, n)?°Ne and 2°Ne(n, y)lee reactions, respectively.
From the emerging abundance distribution in the cycles,
neutrons are released through BC(a, n)160, 70(at, n)*"Ne,
14C(oz, y)lSO(a, n)21Ne, and 180(0{, y)zzNe(a, n)25Mgreac-
tions at temperature conditions that are determined by the
associated reaction rates. While the 3C(e, n)'°0 reaction
initiates the neutron production process, the 170(01, n)zONe
rate is significantly enhanced due to recently investigated
threshold resonances and contributes at lower than expected
temperatures. The '*C(a, y)'80 reaction shifts the abun-
dance distribution into the oxygen range from which the
higher Z neutron source sequence BO(a, y)22Ne(oc, n)25 Mg
can be fueled depending on the temperature and density
development in the local environment. Detailed network sim-
ulations of these intertwined cyclic processes are in prepara-
tion and will be subject to a forthcoming paper.
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