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Abstract One of the most important stellar neutron sources
is the 22Ne(α, n)25Mg reaction, which gets activated both
during the helium intershell burning in asymptotic giant
branch stars and in core helium and shell carbon burning
in massive stars. The 22Ne(α, n)25Mg reaction serves as the
main neutron producer for the weak s-process and provides
a short but strong neutron exposure during the helium flash
phase of the main s-process, significantly affecting the abun-
dances at the s-process branch points. The cross section needs
to be known at very low energies, as close as possible to the
neutron threshold at Eα = 562 keV (Q = −478 keV), but
both direct and indirect measurements have turned out to be
very challenging, leading to significant uncertainties. Here
we discuss the current status of the reaction, including recent
and upcoming measurements, and provide a discussion on
the astrophysical implications as well as an outlook into the
near future.

1 Introduction

The reaction 22Ne(α, n)25Mg (Q = −478 keV [1]) is of great
importance in the nucleosynthesis of the heavy elements
beyond iron. Together with 13C(α, n)16O, it is a neutron
source of the main s-process, responsible for the production
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of elements with 90 < A < 204, taking place in the hydrogen-
helium intershell layer of thermally pulsing asymptotic giant
branch (AGB) stars. 22Ne(α, n)25Mg is activated during the
short period of the helium flash when the temperature has
risen high enough (� 0.25 GK) for generating sufficient
energy to overcome the negative Q value of the reaction.
This causes a short but intense neutron exposure that signifi-
cantly affects the nucleosynthesis of isotopes at the s-process
branch points: 95Zr, 135Ba, 141Ce, 152Gd, 170Tm, and 176Lu
[2].

In massive stars, 22Ne(α, n)25Mg is the main source of
neutrons for the weak s-process, which is responsible for
the production of elements with 60 < A < 90. It is acti-
vated via α capture on the 14N ashes of the CNO cycle
that fueled the preceding hydrogen burning phase. This
fuel material is rapidly converted by the reaction sequence
14N(α, γ )18F(β+ν)18O(α, γ )22Ne, during the end of core He
burning (in the contraction phase of the helium core) and also
during C burning, at temperatures of ca. 0.25 GK and 1 GK,
respectively [3–8].

The reaction 22Ne(α, γ )26Mg competes with the neutron
channel and can be activated before the stellar environment
has reached the necessary temperature to overcome the nega-
tive Q value of the neutron source. Some astrophysical simu-
lations have shown the importance of the 22Ne(α, γ )26Mg
reaction at low energies, as the reaction could consume
22Ne before the stellar temperature becomes high enough
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to activate the (α, n) reaction, which ultimately affects the
final s-process abundances [9–11]. The exact temperature
at which the neutron channel becomes dominant over the γ

one depends on the reaction rates of both reactions and hence
on their low-energy cross sections [12,13]. In addition, the
interplay between the two channels has a strong effect on
the production in Type II supernovae of 60Fe and 26Al, two
radioactive isotopes observed in the Universe [14]. Another
important astrophysical observable is the ratio of the magne-
sium isotopes, one of the few which can be observed directly
with telescopes [15–17] but are also found in presolar grains
[18]. To reliably describe the production of all these differ-
ent species, an improved knowledge of both reaction rates is
required down to temperatures of 0.2 GK.

The measurement of the very low reaction cross sections
at the corresponding energies < 1 MeV is very difficult and
so far it has only been possible to directly directly access the
22Ne(α, n)25Mg cross section down to a strong resonance
at Ec.m. = 706 keV (Eα = 834 keV). From there down to
the neutron threshold at Eα = 562 keV only upper limits are
known. This is mostly due to the high neutron background in
surface laboratories, not lower than 100 neutrons/hour even
with dedicated shielding, hampering the identification of a
clear neutron signal within the background [19,20]. The neu-
tron background is due to cosmogenic neutrons impinging on
the detector, but can also be caused by radiogenic high energy
α particles from the natural decay chains which cause (α, n)
reactions in the environment surrounding the detector set-
up, or from radioactive contaminants in the detector itself
[21,22]. The measurements are also handicapped by boron,
carbon and possibly beryllium impurities in the target mate-
rial, which may trigger the beam-induced background neu-
tron sources 9Be(α, n), 10B(α, n), 11B(α, n), and 13C(α, n)
[23–28],1 as observed in Refs. [29,30].

In addition to direct measurements, the states of inter-
est above the α separation energy Eα = 10614.74 ± 0.03
keV [1] in the compound nucleus 26Mg have been under
intense investigation in order to indirectly infer the resonance
strength and hence the cross section [10,31–37]. Recently,
the possible impact of known states near the α- and neutron
thresholds on the stellar reaction rate and its uncertainties
has been investigated by Adsley et al. and Wiescher et al.,
incorporating the new results obtained since a comprehensive
overview by Longland et al. in 2012 [11,13,38]. The possi-
ble contribution of α-cluster states below the lowest directly
measured Ec.m. = 706 keV resonance relies on the determi-
nation of spin-parities and partial widths and still comes with
large uncertainties. The 706 keV resonance itself is thought
to dominate at the 0.3 GK astrophysical scenarios but even

1 The reaction Q values are, in increasing order of target mass: 5701.0
± 0.1 keV, 1058.7 ± 0.3 keV, 157.88911 ± 0.00022 keV and 2215.6093
± 0.0003 keV [1].

for this relatively well-investigated resonance remain open
question regarding its spin-parity, exact strength and of its
identity with an observed resonance in the competing (α, γ )

channel.
This paper is the result of a series of discussions that culmi-

nated in a workshop at the University of Naples “Federico II”
in the spring of 2024 and a satellite meeting at the ChETEC
general assembly in Strasbourg shortly thereafter. We aim
to synthesize the main outcomes, incorporating the newest
results since the publication of the last review, and to give an
outlook into the near future, highlighting both planned direct
and indirect measurements.

2 State of the art

2.1 Recent direct results

The Ec.m. = 706 keV resonance, dominant at astrophys-
ical temperatures above 0.25 GK, was intensively stud-
ied throughout 1989–2001 through a series of direct mea-
surements (Fig. 1). Table 1 summarises the reported reso-
nance strengths. A first experiment [41] used an extended
windowless gas target system aimed at the study of the
22Ne(α, γ )26Mg reaction. The study also provided informa-
tion about the neutron channel based on the analysis of sec-
ondary γ -ray decays from neutron populated states and neu-
trons measured directly in 3He ionisation chambers. While
this method was successful at measuring the cross sections
of higher energy resonances, the efficiency of the detectors
was insufficient to observe the resonance at 706 keV. Four
subsequent studies [19,29,42,43] used the Stuttgart window-
less gas target RHINOCEROS with slightly differing detec-
tor configurations, always using 3He counters, to success-
fully measure the (α, n) strength of the 706 keV resonance
for the first time. However, the reported strengths spanned
a rather large range between 80 and 180 μeV, almost all of
them agreeing within their uncertainties with the exception
of Ref. [43]. Another direct study [44] was performed using
the 1 MV JN accelerator at the University of Toronto. There
solid implanted 22Ne targets were used instead of a gas tar-
get, with neutrons again measured using 3He counters. This
study reported a significantly larger resonance strength of
234 ± 77 μeV, a factor ≈ 2–3 times larger than the strengths
measured in Stuttgart. The authors reported a strong beam-
induced background from the 13C(α, n)16O reaction which
dominates their neutron yield above Eα

lab ∼ 650 keV. This
background resulted from carbon deposition on the target
and collimators, and was investigated and subtracted via
measurements with a 20Ne target. The non-trivial beam-
induced background may explain the discrepancy between
this Toronto measurement and the Stuttgart measurements.
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Fig. 1 Level diagram for the
22Ne(α, n)25Mg and
22Ne(α, γ )26Mg reactions.
Excitation energies (Ex) in
MeV, Jπ assignments from
NNDC [39], with exception of
Ex = 11.153 MeV state
assignment taken from [31,40]

Fig. 2 Comparison of ωγ(α,n)

for the Ec.m. = 706 keV
resonance. Adapted from Figure
7 of Shahina et al. [30]

For over 20 years, the Ec.m. = 706 keV resonance strength
remained untouched by direct measurements until the very
recent study reported in 2024 by Shahina et al. [30]. This
recent measurement was performed at the University of Notre
Dame Nuclear Science Laboratory using the St. ANA Pel-
letron accelerator. An α-particle beam of energy 910 keV
was used to bombard a solid target consisting of 22Ne ions
(6.21(37)×1017 atoms/cm2) implanted on 0.5 mm thick Ta
backings. A total charge of ≈ 3 C was deposited on the tar-
get, with the beam energy selected to reach the thick-target
yield plateau of the 706 keV resonance. Neutrons from beam-
target interactions were measured using a stilbene organic
scintillator mounted directly behind the target (θ = 0◦) in

close geometry, with an efficiency of 5.81(25)%2 for detec-
tion of the 285 keV reaction neutrons. The extracted strength
from this study, 100(22) μeV, is in good agreement with the
Stuttgart measurements [19,29,42,43].

A summary of the measured resonance strengths from
Ref. [30] is adapted here in Fig. 2. For this, a renormaliza-
tion of the 706 keV resonance strength reported in the 1993
work[43] by Drotleff et al. was performed through compar-
ison of the relative strength of the Er = 1337 keV reso-
nance with that reported by the Stuttgart group, reducing the
706 keV strength by a factor of two. Unlike for the 706 keV

2 Efficiency from [30] taken as weighted average of 5.88(34)% and
5.72(37)% from 7Li(p,n)7Be and 51V(p,n)51Cr, respectively.
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Fig. 3 State-of-art of
22Ne(α, n)25Mg reaction yield
measurements reported in the
literature. At the tails of
resonances, the yields can be
taken as cross section in μb. The
red bar designates the lowest
energy range of interest.
Adapted from Jaeger et al. [19]
Figure 1

Table 1 Nean reaction Ec.m. = 706 keV and 540 keV resonance
strengths from the literature

Reference ωγ(α,n) [μeV]

706 keV 540 keV

Wolke et al. [41] ≤ 340 –

Harms et al. [29] 83 ± 24 –

Drotleff et al. [42] 80 ± 30 –

Drotleff et al. [43] 180 ± 30 –
aDrotleff et al. [43] 81 ± 30 –

Giesen et al. [44] 234 ± 77 ≤ 5

Jaeger et al. [19] 118 ± 11 ≤ 0.06

Shahina et al. [30] 100 ± 22 –
bOta et al. [10] 42 ± 11 –

a Renormalised. b Indirect measurement

resonance, the 1337 keV resonance is comparable in width
to the energy loss in the employed gas target, making a direct
scaling difficult, and the use of other more narrow resonances
in the high energy region only would lead to a scaling of the
order of ∼ 15% [45], leading to a quite large uncertainty in
this scaled value [46].

Figure 3 shows the present state-of-art of the low-energy
resonances (Eα

lab < 1.5 MeV) as a function of incident α-
particle energy. The latest measurement of Jaeger et al. [19]
in 2001 remains the most sensitive as indicated in Fig. 3 and
Table 1. This measurement clearly covers the 706 keV reso-
nance that was discussed previously. The work of Jaeger et al.
alongside other historical measurements [19,29,44] extend
further down to Ec.m. ∼ 450 keV covering across the astro-
physical energy region for AGB stars (∼ 0.3 GK). However
these reported results represent upper limits to the yield, leav-
ing the (α, n) rate weakly constrained for these environments.

Besides the relatively strong Ec.m. = 706 keV resonance
discussed so far, a weak resonance at Ec.m. ≈ 540 keV is
posited to exist, with thus far only upper limits quoted on the
resonance strength, see Table 1. The first direct observation
of this resonance is tentatively reported by Fig. 7 of Harms
et al. [29], however resonance properties were unable to be
determined due to limited covered energies and statistics.
The low-energy region between Ec.m. = 450–700 keV was
covered by Drotleff et al. [43], however no discernible reso-
nance structure was observed despite a factor ≈ 10 improve-
ment in sensitivity over the Harms study. The situation was
improved by Giesen et al. [44] who, despite strong beam-
induced background from 11B(α, n)14N, extracted an upper
limit of ≤ 5 μeV for the Ec.m. ≈ 540 keV. The latest, and
most sensitive, direct measurement covering this low-energy
resonance remains Jaeger et al. [19], quoting an upper limit
of < 60 neV.

A direct measurement of the 22Ne(α, γ )26Mg channel has
been performed at the Laboratory for Experimental Nuclear
Astrophysics (LENA), at Chapel Hill, North Carolina [47].
A single charged He beam was delivered by the 1-MV JN
Van de Graaff accelerator on a blister-resistant target, fabri-
cated by implanting 22Ne ions into a porous titanium struc-
ture. To further improve the signal-to-background ratio, a
γ γ -coincidence spectrometer was employed. This setup con-
sists of a coaxial high-purity germanium with 135% relative
efficiency, located at 1.1 cm from the target at 0◦ relative
to the beam direction. In addition, a NaI(Tl) annulus and
a plastic (“veto”) scintillator shield surrounded the HPGe,
reducing the γ -ray background below 2.6 MeV by several
orders of magnitude. The data acquired on resonance and
off resonance resulted in a new estimation of the resonance
energy Ec.m. = 706.6 ± 2.5 keV and resonance strength
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ωγ = (46 ± 12) μeV. In addition, two transitions corre-
sponding to Ex → 1809 keV and Ex → 7062 keV
were observed and their branching were estimated to be
54 ± 12 % and 64 ± 12 %, respectively. A second measure-
ment of this resonance was done recently at the University
of Notre Dame by Shahina et al. [40], using implanted 22Ne
targets and a summing NaI detector. No determination of the
resonance energy was done, but the strength was determined
as ωγ(α,γ ) = (35 ± 4) μeV, in agreement with the Hunt et
al. result. This Notre Dame study also attempted to directly
measure the Ec.m. ≈ 540 keV resonance strength for the first
time. They report an upper limit of ωγ(α,γ ) < 0.15 μeV, with
a tentative spin-parity assignment 4+ of the corresponding
26Mg Ex = 11.153 keV state.

The higher energy region above the Ec.m. = 706 keV
resonance has been comprehensively measured only by the
Stuttgart group [19,41], see Fig. 3 for the neutron channel.
Directly above the low-energy resonance, there is a region of
upper limits, and it is possible that there are some unresolved
states further towards higher energies. While this energy
region is not considered crucial for astrophysics, to obtain
a reliable reaction rate, one requires an extrapolation of the
resonance flanks into the low-energy region, usually done by
an R-matrix formalism. For this and to cross-check the pre-
vious results, a re-measurement of the high-energy region
would also be beneficial.

2.2 Indirect results

Indirect measurements have played important roles in 22Ne
(α, n/γ ) reactions as they can constrain the strength of res-
onances (ωγ ) at low energy where the cross sections are
too small for accurately determining the resonance strengths
by direct measurements [11,13,38]. Unlike direct measure-
ments, in which the ωγ is directly obtained from the exci-
tation function of the cross sections, individual resonance
parameters such as Ex , Jπ , and 	n/γ /α need to be deduced
in the indirect measurements. For example, transfer, inelas-
tic scattering, neutron-capture and transmission, and pho-
ton scattering/photo-neutron reactions, including informa-
tion on decay pathways, have been successfully used to con-
strain these parameters of the low-energy resonances [38].
These techniques typically cannot determine all the reso-
nance parameters at once, and those deduced by different
techniques need to be put together to infer ωγ . Nevertheless,
indirect measurements are currently the only means for iden-
tifying some resonances that can contribute to the 22Ne+α

reaction, in particular at the lower energies so far inaccessi-
ble to direct measurements.

As such, establishing indirect techniques that allow extrac-
tion of reliable values of the resonance parameters is
extremely important for the study of 22Ne+α reaction rates.
As stated in the introduction, even the ωγ for the most impor-

tant resonance, namely ωγ(α,n) and ωγ(α,γ ) at Ec.m. = 706
keV, have not been constrained well enough yet, despite
being clearly observed in multiple direct measurements. Dis-
crepancies between different direct measurements have been
reported for the resonances at higher energy as well in Table
II in Ref. [19].

As another example for the utility of indirect measure-
ments, the Ec.m. = 334 keV (Ex = 10.95 MeV) resonance lies
below the neutron threshold (Sn) and therefore nearly exclu-
sively proceeds through the (α, γ ) reaction. While the cur-
rent upper limit of its ωγ achieved by a direct measurement is
< 10−10 eV [48], the different indirect measurements reach
higher sensitivities and consistently indicate ωγ � 10−13

eV [31,49,50]. Similarly, the (α, γ ) strength for the possible
Ec.m. = 557 keV resonance was recently constrained to be
< 150 neV [40], while � 1 neV is reported by a different
indirect measurement [33] (see their Table 1 and the possible
	n/	γ in Table 3 of Ref. [32]).

Among the different indirect techniques, one effective
approach is using α-transfer reactions due to their selec-
tivity for α-cluster states. Because the Jπ of both 22Ne
and α ground states is 0+, only natural parity states with
high α-spectroscopic factors are of primary interest for both
the (α, γ ) and (α, n) reaction channels. The selectivity for
α-induced resonances achieved by α transfer reactions is
paramount given the high level-density of 26Mg compound
nucleus. (6Li,d) and (7Li,t) reactions are almost exclusively
used for that purpose [31–33,44]. Other techniques using
neutron beams at n-TOF or elsewhere [36,51,52], (γ, γ /γ ′)
[49,53], (γ, n) [54,55], and (d, p) [37], (α, α′) [31,34]
and (p, p′) [35] measurements with magnetic spectrographs
allowing determination of the excitation energies of the pop-
ulated states with more than an order-of-magnitude enhanced
energy resolution. However, unlike the α-transfer reactions,
these reactions populate many irrelevant resonances for the
22Ne+α reactions and struggle to clearly identify the reso-
nances of importance. In the α-transfer reactions, the infor-
mation on the Jπ and 	α (or α-spectroscopic factors) can
be inferred by measuring the angular distribution of the light
ejecta (d or t) and comparing it with DWBA calculations
(see e.g., Refs. [31,32,44]). Since the reaction mechanism
and optical potentials needed for the DWBA calculations are
not as reliably known as single-particle transfer reactions
such as (d, p), care must be taken to unambiguously extract
Jπ and 	α e.g., by experimentally constraining the optical
potentials. Independent experiments to constrain the optical
potentials are thus also highly welcome.

As 	α is much smaller than 	n and 	γ for resonances
of our interest, ωγ � (2J+1)	α [11]. The (α, γ ) and (α, n)
strengths are then determined by multiplying the ωγ with
the branching ratio, 	γ /	 or 	n /	, where 	 is the total width
(= 	α + 	n + 	γ ; note 	n = 0 for resonances below Sn).
Neutron spectroscopic factors, which can be studied well by
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(d, p) reactions, also could play an important role in deducing
	n /	γ ratios that depend on the single-particle component in
the resonance state [11].

Recent α transfer studies performed at Texas A&M Uni-
versity (TAMU) directly measured the 	n/	γ ratio by com-
paring the 25Mg and 26Mg events from the Ec.m. = 706 keV
resonance populated by the (6Li,d) reaction in inverse kine-
matics [10,32]. This approach is effective in particular for the
706-keV resonance as the (α, γ ) and (α, n) strengths com-
pete in the same order of magnitude (	n/	γ = 1–7). The
approach is also independent of theoretical uncertainties such
as optical potentials. While a broad Ex range of 26Mg states
were observed in the experiment, no 	n/	γ was reported
for the possible Ec.m. = 557 keV resonance due to the lim-
ited energy resolution. Nevertheless, as no significant counts
were observed in the (α, n) channel (25Mg gated spectrum)
at Ec.m. � 557 keV, a rather weak ωγ(α,n) were inferred for
low energy resonances (Ec.m. = 557 keV and below). For
instance, 	α < 0.22 neV was deduced for the Ec.m. = 498
keV (Ex = 11.11 MeV) resonance, which is quite smaller
than 2.7 neV adopted as an upper limit in Ref. [36] (see also
discussion in Ref. [10]).

Another α-transfer experiment performed at TAMU mea-
sured the Asymptotic Normalization Coefficients (ANCs) for
four resonances (Ec.m. = 207, 334, 466, and 706 keV; cor-
responding to Ex = 10.83, 10.95, 11.08, and 11.32 MeV,
respectively) by (6Li,d) and (7Li,t) reactions at sub-Coulomb
energies [33]. Unlike the α-spectroscopic factors, the ANCs
more directly represent the amplitude of the 22Ne-α clus-
ter state wave function at the exterior of the nuclear poten-
tial. Thus, the magnitude of the ANCs is an effective way to
probe the 	α , and consequently 22Ne+α rate at stellar energy.
Due to the sub-Coulomb barrier energy, the α-transfer reac-
tions are peripheral and dominated by Coulomb interaction.
Since the nature of Coulomb potential is much better known
than nuclear potentials, the ANC and ωγ inferred from the
experiment is less model dependent. The α-particle partial
width inferred for the Ec.m. = 706 keV resonance (assuming
Jπ = 0+, 	α = 61±4(stat)±10(syst) μeV) is consistent with
the 	α = 79(13) μeV deduced by the other TAMU experi-
ment [32]. Note that, since the sub-Coulomb transfer reaction
only probes theα-particle partial width, the comparison made
should be between the inferred 	α in constrast to the ωγ for
each individual channel which requires some assumption to
be made for the relative γ -ray and neutron branching ratios.
The Ec.m. = 557 keV resonance was not observed (ωγ < 65
peV), indicating that the contribution of the resonance to the
stellar reaction rates is possibly negligible. The results from
the two TAMU experiments are summarized in Table 2.

Table 2 	α obtained from the two recent TAMU experiments (for
adopted Jπ ; 0+ (706 keV), 2+, 2+, 2+, 1−, and 2+ (207 keV)). Both
works adopted the same Jπ . For the results from Jayatissa et al., the first
uncertainties are statistical and the others are systematic

Ec.m. 	α [eV]
Jayatissa et al. [33] Ota et al. [32]

706 (6.1 ± 0.4±1.0)×10−5 (7.9±1.3)×10−5

557 <1.3×10−11 Adopted from [33]

498 – <2.2×10−10

466 (5.7 ± 0.7+1.4−1.2)×10−11 Adopted from [33]

334 (3.0 ± 0.3+0.8−0.6)×10−14 Adopted from [33]

207 (2.1 ± 0.3±0.4)×10−22 Adopted from [33]

3 Astrophysics impact

Both the 22Ne(α, n)25Mg and 22Ne(α, γ )26Mg reactions
significantly impact the neutron-capture nucleosynthesis of
elements heavier than iron via the s-process in both low- and
intermediate-mass (M < 8 M	) and high-mass stars (M > 8
M	) [7,8,56,57], hosting the main and weak components of
the s-process, respectively. The main s-process is responsible
for producing approximately half of the elements between
Zr and Pb observed in the Solar System, while the weak s-
process dominates between Fe and Zr.

In recent years, the reaction rates of both 22Ne(α, n)25Mg
and 22Ne(α, γ )26Mg have been re-evaluated by differ-
ent research groups, leading to contradictory results. For
example, Ref. [11] showed that their newly evaluated
22Ne(α, n)25Mg rate is a factor of three higher at typical
He-burning temperatures (0.2 GK < T < 0.3 GK) and a
factor of two lower at typical C-burning temperatures T ∼ 1
GK than the rates provided in Ref. [38] including the TAMU
results from Refs. [32,33].

A comparison of some of the most widely used reaction
rates for stellar nucleosynthesis simulations is presented in
Fig. 4. Angulo et al. [58] calculated the upper limit of the
rate (for T < 0.4 GK) by including all known states with
strengths according to the Wigner limit, hence using the max-
imum physically allowed values. In contrast, Ref. [19] and
later works added only one additional resonance at 635 keV
to the list of those used for their recommended rates, and then
used the upper limit of only the already included resonances
in order to calculate their “high” reaction rate. At He-burning
temperatures (T ∼ 0.3 GK), the reaction rate including the
TAMU results of Refs. [32,33] from Ref. [38] is approxi-
mately a factor of three lower than other rates due to their
inclusion of a substantially lower (α, n) resonance strength
for the Er = 706 keV resonance. Conversely, at C-burning
temperatures (T ∼ 1 GK),
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Fig. 4 The
22Ne(α, n)25Mg reaction rates
from Refs. [19,38,58], and [11],
relative to the median value of
Ref. [13], are shown. The
median value of each study is
indicated by the line style in the
legend, while the corresponding
uncertainty band is represented
by the shaded region of the same
color. The rate from Ref. [38]
includes the results from Refs.
[32,33]

Ref. [38] reports a reaction rate higher by a factor of two com-
pared to other studies, owing to the inclusion of a larger num-
ber of energy levels. The ambiguity in the choice of included
resonances lends strong support for more experimental stud-
ies of properties of excited states in the relevant energy region
in order to being able to decide on their possible contribution
to the reactions.

3.1 Massive stars

In massive stars, the main neutron source is the
22Ne(α, n)25Mg reaction. After the exhaustion of central H,
convective core He-burning is ignited via the triple-α reac-
tion at temperatures around 2 × 108 K. 22Ne is produced
from the initial CNO isotopes, which are first converted into
14N during the core H-burning phase and then into 22Ne via
14N(α, γ )18F(β+, ν)18O(α, γ )22Ne during core He-burning.
When the central temperature reaches ∼ 2.5 × 108 K, the
22Ne(α, n)25Mg reaction is activated, generating a peak neu-
tron density of ∼ 107 cm−3 [6,59,60].

At the end of core He-burning, 22Ne is not completely con-
sumed, and 22Ne(α, n)25Mg is re-ignited during C-burning,
first in the core and then in a shell. However, core C-burning
nucleosynthesis products are unlikely to be ejected and con-
tribute only marginally to the enrichment of the interstellar
medium. At the higher C-burning temperatures T ∼ 1 GK,
the neutron density increases beyond that reached during core
He-burning, typically reaching around 1012 cm−3. Given the
longer timescales over which the 22Ne(α, n)25Mg reaction
is active during core He-burning (∼ 105 years) compared
to shell C-burning (∼ 10 years), the bulk of the s-process
production takes place during core He-burning.

In Fig. 5, we show the results of our stellar nucleosynthesis
simulations at the end of the core He-burning and shell C-

burning phases, obtained by post-processing the stellar struc-
ture of the 15 M	, Z = 0.006 model by Ref. [8] (where Z
denotes the initial metallicity of the star, i.e., the total abun-
dance in mass fraction of all elements heavier than He). This
choice is motivated by the fact that the weak s-process effi-
ciency is maximized at Z = 0.006 (see Refs. [8,61]). Addi-
tionally, 15 M	 initial mass models are widely adopted by
different groups in the literature for s-process nucleosynthe-
sis simulations (see Refs. [7,8,56,60]).

In particular, we computed the full nucleosynthesis adopt-
ing the 22Ne+α reaction rates from different sources, specif-
ically Ref. [13], the rate from Ref. [38] including the TAMU
results from Refs. [32,33], and Ref. [11]. The impact on the
resulting s-process nucleosynthesis is clearly visible. In par-
ticular, the factor of 3 difference in the production factors
of the first peak elements is consistent with the differences
between the employed reaction rates at He-burning temper-
atures.

This uncertainty in the final isotopic abundances, stem-
ming from uncertainties in the 22Ne(α, n)25Mg and
22Ne(α, γ )26Mg reaction rates, also affects galactic chem-
ical evolution studies aimed at computing the contribu-
tion of specific stellar sources to the isotopic abundances
observed today in the Solar System, particularly those ele-
ments that receive a substantial contribution from the weak
s-process (26 < Z < 40). An example of this is given
in Table 3, which shows the Kr isotopic abundance ratios
obtained from our weak s-process calculations relative to
82Kr, the most abundant s-only Kr isotope, as it is shielded
from any r -process contribution by 82Se. This allows a
rough estimate of the s-process contribution to each sta-
ble Kr isotope by comparing its abundance ratio relative to
82Kr from a given nucleosynthesis simulation to the same
ratio in the Sun. Table 3 shows that the s-process contri-
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Fig. 5 Elemental abundance
distributions in mass fraction
(upper panel) and production
factors relative to solar
abundance (lower panel) at the
end of core He-burning and
shell C-burning in a M = 15
M	, Z = 0.006 massive star
model from [8]. Each
distribution corresponds to a
specific selection of 22Ne+α

reaction rates and to the end of a
specific burning phase

bution to 83Kr and 84Kr does not strongly depend on the
22Ne(α, n)25Mg and 22Ne(α, γ )26Mg reaction rates. How-
ever, the s-process contribution to 82Kr can vary by about a
factor of 2. Specifically, the largest contribution is obtained
when the 22Ne(α, n)25Mg and 22Ne(α, γ )26Mg reaction
rates from Ref. [13] and Ref. [11] are adopted. This is due
to the stronger activation of the branching 85Kr point (half-
life of 10.72 years) during core He-burning. This uncertainty,
originating from the selection of nuclear reaction rates, sig-
nificantly affects the determination of the relative contribu-
tion of the s- and r -processes to Kr isotopes, as well as other
elements influenced by neutron-capture branching points.

3.2 Low- and intermediate-mass stars

In low- and intermediate-mass stars, 22Ne(α, n)25Mg is acti-
vated during the thermally pulsing asymptotic giant branch
(TP-AGB) phase, i.e., the advanced evolutionary stage fol-

Table 3 Abundance ratios of Kr isotopes relative to 82Kr, normalized
to solar, at the end of shell C-burning. Theoretical abundances are from
a M = 15 M	, Z = 0.006 massive star model from [8] and have been
computed using different 22Ne(α, n)25Mg and 22Ne(α, γ )26Mg reac-
tion rates, as indicated in the column headers. The rate from Ref. [38]
is that including the TAMU results from Refs. [32,33]

Species (i/82Kr)/(i/82Kr)	
(i) (Adsley) (Longland) (Wiescher)

83Kr 0.49 0.50 0.50
84Kr 0.43 0.51 0.50
86Kr 0.11 0.21 0.20

lowing the red giant branch and preceding planetary nebula
formation [57,62–64]. In particular, AGB stars experience
recurrent He-flashes in the so-called He-intershell as a result
of unstable He-burning in a shell configuration and the par-
tial electron degeneracy of the plasma. During a He-flash, the
temperature increases to ∼ 2.5 × 108 K, and a pulse-driven
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Fig. 6 Comparison of M = 3
M	, Z = 0.03 and M = 2 M	, Z
= 0.02 stellar model results from
[70] with measured Zr and Ba
isotopic ratios from presolar SiC
grains. The theoretical tracks
show the surface abundances
obtained using the
22Ne(α, n)25Mg and
22Ne(α, γ )26Mg reaction rates
from different sources, as in
Fig. 5. All the theoretical tracks
start at the origin, i.e., from an
initial solar value of the isotopic
ratios considered. The ”carbon
star” phase is marked by the
large symbols at the end of the
tracks, each corresponding to a
single third dredge-up episode
during the carbon-rich phase.
See main text for details

convective region develops, mixing the 14N-rich ashes of the
H-burning layers above. This process produces 22Ne, which
is then consumed via the 22Ne(α, n)25Mg reaction. In this
way, a peak neutron density of ∼ 1011 cm−3 is produced,
impacting several s-process isotopic ratios [65,66].

The energy released by the He-flash expands and cools the
stellar envelope, increasing plasma opacity and the temper-
ature gradient. As a result, convective efficiency increases,
and material from the He-intershell is transported into the
envelope and eventually reaches the stellar surface before
being ejected and condensed into dust grains [67,68]. Some
of these grains can be recovered from ancient meteorites, and
their composition can be studied in the laboratory.

Since their discovery almost 40 years ago, these grains
have provided powerful constraints for modeling nucleosyn-
thesis in stars and related explosions. Moreover, the finger-
print of the nearly pure nucleosynthetic signatures carried by
these grains can be exploited to understand the history of the
early Solar System [68,69].

In Fig. 6, we compare the isotopic ratios reported in preso-
lar silicon carbide (SiC) grains in Refs. [71] and [72] with
those obtained from the surface composition of two AGB
star models with initial M = 2, 3 M	 and Z = 0.02, 0.03
in Ref. [70]. This choice is motivated by the results of Ref.
[73], who found that presolar SiC grains in the Solar System
predominantly originated from AGB stars with M ∼ 2 M	
and Z ∼ Z	 (consistent with Z = 0.02), while Refs. [67,68]
proposed AGB stars with higher masses (M > 3M	) and
higher metallicities (Z = 0.03) as the parent stars of large (>
1 μm in diameter) mainstream grains.

Plotted values are given in δ-value notation to represent
the isotopic ratios, i.e., the permil variation with respect to
the solar ratio (for which δ = 0), so that δ = ((model ratio/solar
ratio) − 1) × 1000.

All the theoretical tracks start at the origin, i.e., from an
initial solar value of the isotopic ratios considered. As the
star evolves, several mixing episodes enrich the surface with
freshly synthesized products from the deep interior. As a con-
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sequence, the surface composition starts to diverge from the
origin. When the star enters the AGB phase, third dredge-up
episodes bring both s-process elements and C to the surface.
Eventually, the surface C/O numerical ratio exceeds unity,
which is the critical condition for SiC grains to condense in
AGB stars’ atmospheres. This ”carbon star” phase is marked
by the large symbols at the end of the tracks, each correspond-
ing to a single third dredge-up episode during the carbon-rich
phase.

Also in this case, the different 22Ne(α, n)25Mg and
22Ne(α, γ )26Mg reaction rates considered lead to differ-
ent results and levels of agreement with laboratory measure-
ments. In particular, the models employing the reaction rates
in Ref. [38] including the experimental results from Refs.
[32,33] seems to agree better with laboratory data, as the
lower 22Ne(α, n)25Mg rate leads to reduced neutron cap-
tures on the unstable 95Zr (hence producing less 96Zr) and to
lower abundance accumulation on the neutron-magic isotope
138Ba.

However, these results also heavily depend on other highly
uncertain stellar physics inputs, particularly the convec-
tive boundary mixing at the bottom of the intershell dur-
ing the He-flash. A lower convective boundary mixing effi-
ciency would result in a lower He-flash temperature and
thus a lower 22Ne(α, n)25Mg activation (see Refs. [70,74]),
improving agreement with observations and reducing the
need to favor a particularly low reaction rate. This highlights
the urgency of reducing the large uncertainty affecting the
22Ne(α, n)25Mg reaction rate to better distinguish its effects
from those arising from stellar physics uncertainties.

4 Experimental outlook

Due to its still largely uncertain stellar reaction rate,
22Ne(α, n)25Mg (and the competing channel 22Ne(α, γ )26Mg )
is under intense investigation. Indirect studies at the EMMA
separator of TRIUMF, at TAMU and at INFN-LNS are in
various stages from planning to preparation to already hav-
ing data collected. By probing the compound nucleus near
the α and neutron thresholds the aim is to resolve the conflicts
between the above discussed experimental results. In addi-
tion, thanks to the expansion of deep underground laborato-
ries across three continents, multiple direct measurements at
low energies are upcoming or currently being conducted.3

Here we give an overview of the most recent developments
on the experimental approach to the reaction.

3 In addition to the campaigns discussed below there are also efforts
underway to directly measure the reactions at the deep underground
laboratories in China at the Jinping Underground laboratory (JUNA)
and by CASPAR at the Sanford Underground Research Facility in the
former Homestake mine in the USA.

Since the major nuclear-physics uncertainties are in
whether there are low-energy resonances in the 22Ne(α, γ )
26Mg reaction, and in the branching/relative strength between
the γ and neutron channels for the Ec.m. = 706 keV reso-
nance, these are the major focus of the planned direct and
indirect measurements.

4.1 EMMA-TIGRESS at TRIUMF

The EMMA experiment aims to use the 22Ne(7Li,t)26Mg
reaction in inverse kinematics to populate states in 22Ne(α, γ )
26Mg below the neutron threshold which may contribute to
that reaction, such as the hypothetical Ec.m. = 557 keV
resonance from the study of Talwar et al. Stronger low-
energy 22Ne(α, γ )26Mg resonances will destroy some 22Ne
which could be available for the s-process while also hav-
ing some impact on magnesium isotopic ratios (see Ref.
[48] and references therein). Past transfer reactions in nor-
mal kinematics [31,44,75] have been hindered by back-
ground resulting from the windows surrounding the gas cell
or the substrate into which the neon target material was
implanted. Measurements in inverse kinematics [10,33] have
typically suffered from worse energy resolution due to tar-
get energy loss and angular aberrations in the reconstruction
of the excitation energy. The EMMA-TIGRESS measure-
ments will use the rejection power of the ElectroMagnetic
Mass Analyser (EMMA) with the resolution of the high-
purity germanium detectors of the TRIUMF-ISAC Gamma-
Ray Escape-Suppressed Spectrometer (TIGRESS) to probe
the low-energy 22Ne(α, γ )26Mg resonances. In doing so,
the background from windows/substrates and the resolution
degradation from inverse kinematics can be overcome.

4.2 Texas A&M University Cyclotron Institute

Previous measurements at the Texas A&M University
Cyclotron Institute include both an ANC measurement [33]
and an transfer study which included a measurement of the
heavy residues from the reaction [32]. Confirmation of these
results, which resulted in a significant decrease in the neu-
trons from the 22Ne(α, n)25Mg reaction, is highly desirable.

The planned measurement will follow on from Ref. [10]
and use a very similar method to that experiment and also
the EMMA-TIGRESS measurement mentioned above. The
22Ne(7Li,t)26Mg reaction will be used to populate 26Mg
states and the resulting 26Mg recoils will be transported
through the MDM spectrometer and detected in the TexP-
PACs detector at the focal plane. This experiment is focused
on resolution and not yield. The silicon detectors have been
placed further away from the target to try to limit the impact
of angular aberration on the excitation-energy reconstruc-
tion, one of the limiting factors in the experiment reported in
Ref. [10]. The targets are also being made to limit the inter-
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Fig. 7 Sketch of the particles
involved in Magn-a, the first
experimental attempt to get the
low-energy
22Ne(α, n)25Mg cross section
with THM. The experiment was
performed at INFN-LNS [78]

action region of the beam to improve the excitaton-energy
resolution and reduce the uncertainty in the branching ratio
from the beam emittance.

4.3 Trojan Horse measurements at the INFN-LNS

The Trojan Horse Method [76,77] offers an alternative path-
way to measure the S(E) factor down to the relevant astro-
physical energies. To apply the method to 22Ne(α, n)25Mg ,
the AsFiN group at INFN-LNS plans to measure a two-
to three-body reaction in quasi free kinematics, involving
either 22Ne or α, and the Trojan Horse (TH) nucleus. The
TH nucleus exhibits a significant two-cluster configuration,
where one cluster is either α or 22Ne (x, the participant clus-
ter), while the other is spectator to the process, s.

A first attempt, the Magn-a experiment, was conducted
at the INFN-LNS in Catania, Italy. This experiment aimed
at measuring the 2H(25Mg,pα)22Ne reaction to extract the
25Mg(n,α)22Ne cross section, and to retrieve the inverse reac-
tion cross section via detailed balance. By using deuterons as
virtual neutron sources, this approach circumvents the chal-
lenges associated with low neutron detection efficiency and
degraded energy resolution typical of neutron beam exper-
iments. In Fig. 7, the investigated process is illustrated, and
experimental details of Magn-a can be found in [78].

Whilst data analysis is ongoing, other indirect measure-
ments are planned, this time using implanted solid targets.
Regarding the beam, the TH nuclei under investigation are
26Mg with the 22Ne+α (x+s) cluster configuration in l = 0
and 23Ne as 22Ne + p (x+s), provided that the experimen-
tal feasibility of p-wave intercluster motion is confirmed. It
is intended to measure the TH cross section over the entire
relevant astrophysical region (Ec.m. from 1 MeV down to

zero). Datasets from [19] will be used to normalize the data,
as well as the future input from SHADES and other direct
campaigns at low energies, which will strengthen the result
in the ultra-low energy region of the excitation function.

4.4 Direct cross section measurements at the INFN-LNGS
Bellotti Ion Beam Facility with the 3.5 MV Accelerator

A new campaign to directly measure the cross section of
the 706 keV resonance and explore the lower energy region
is currently underway at the Gran Sasso National labora-
tory of the INFN in the framework of the ERC starting grant
SHADES. By measuring in the 4300 m.w.e. (meters-water-
equivalent) underground location, the environmental neutron
background is greatly reduced with respect to the flux on the
Earth’s surface [21], and the background rate is lower than the
one of the most recent campaign by Jaeger et al. In addition,
the newly inaugurated MV accelerator at the INFN Bellotti
Ion Beam facility is able to provide high-intensity beams, in
principle up to 500 μA, to further boost the signal-to-noise
ratio [79]. A 3He-liquid scintillator4 array surrounds a cen-
tral extended, recirculating gas target containing > 99.995%
enriched 22Ne. Eighteen 3He counters capture the reaction
neutrons that were thermalised in twelve liquid scintillators,
which also provide energy information if the neutrons are
above the detection threshold. This is not expected to be the
case for neutrons emitted from 22Ne(α, n)25Mg due to the
negative Q value but provides a handle on detecting if beam
induced neutrons from above mentioned Be, C or B impuri-
ties are present.

4 Scionix EJ-309 organic scintillation detector.
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Fig. 8 First results of the
excitation function measurement
of the Er = 706 keV resonance
at the Bellotti Ion Beam Facility
at the LNGS. Note that the beam
energy is currently under
calibration and the displayed
alpha energy is a nominal value

The goal of the currently ongoing campaign is the re-
measurement of the 706 keV resonance (see Fig. 8) and the
high-sensitivity probing of the low energy region, for exam-
ple around the possible resonance at Er = 551 keV. This
campaign is running at the time of writing this manuscript,
and the 706 keV resonance has so far been remeasured
in detail, see Fig. 8. In particular, multiple resonance yield
curves were measured using various target pressures result-
ing in target thicknesses, in terms of energy loss, between 1
keV and 30 keV. This will allow a precise resonance energy
and strength determination as well as a new measurement
of its total width. The efficiency calibration of the array is
scheduled to take place at the ATOMKI laboratory in Debre-
cen, Hungary, using the activity method with the reaction
51V(p,n)51Cr, as done previously for other neutron detector
setups [30,80].

5 Conclusion

Despite the major effort devoted to investigating
22Ne(α, n)25Mg and 22Ne(α, γ )26Mg in the last decades
there still remain unanswered questions about their reaction
rates and astrophysical impact both for low-, intermediate
mass and massive stars. More knowledge on the resonance
parameters is required to reduce the uncertainty of the stellar
rates to an acceptable level, as is pointed out in Sect. 3.

As has been discussed in Sect. 4, the problem is currently
being approached from multiple angles, with a number of
indirect and direct experiments underway or in planning
stages. The hope is that through the concerted effort of mut-

liple groups around the world the question of the existence
of a resonance with significant strength at Er = 551 keV
can be answered and the strength and energy of the 706 keV
resonance will converge on a high precision value.
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