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Abstract: Nuclear reaction cross sections are essential ingredients to predict the evolution of AGB
stars and understand their impact on the chemical evolution of our Galaxy. Unfortunately, the cross
sections of the reactions involved are often very small and challenging to measure in laboratories
on Earth. In this context, major steps forward were made with the advent of underground nuclear
astrophysics, pioneered by the Laboratory for Underground Nuclear Astrophysics (LUNA). The
present paper reviews the contribution of LUNA to our understanding of the evolution of AGB stars
and related nucleosynthesis.

Keywords: Underground Nuclear Astrophysics; stellar evolution; stellar nucleosynthesis

1. Introduction

The study of Asymptotic Giant Branch stars (AGB) and related nucleosynthesis is
crucial to understand the chemical evolution of our Galaxy [1]. Measuring nuclear cross
sections directly at the energies of interest for AGB stars, and for stars in general, is a chal-
lenge that sparked big experimental progresses. At typical stellar temperatures, the kinetic
energy of interacting nuclei is much lower than the Coulomb repulsion energy. Therefore
nuclear reactions among charged particles can only occur via quantum-mechanical tunnel-
ing, which has a very small probability. As a result, the nuclear cross sections involved are
usually small and difficult to measure. Direct cross section measurements typically require
accelerators providing high-intensity beams, ultra-pure stable targets, and the highest pos-
sible detection efficiency. Moreover, when approaching the astrophysically relevant energy
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range, the counting rate from a nuclear fusion reaction signal may become much smaller
than the environmental background produced by cosmic radiation and naturally-occurring
radioactive elements.

A breakthrough in experimental nuclear astrophysics was introduced by the construc-
tion of the Laboratory for Underground Nuclear Astrophysics (LUNA) in Gran Sasso, Italy.
Over the last 30 years, the LUNA collaboration has provided cross section data directly at
the relevant energies for AGB nucleosynthesis for a number of reactions.

The next sections provide a description of the experimental equipment available at
LUNA, as well as a summary of the latest results. We will focus in particular on the impli-
cations of the new results on AGB stellar evolution and nucleosynthesis, although some of
the nuclear reactions may impact also other astrophysical scenario (such as core hydrogen
burning or classical novae explosions).

2. The Laboratory for Underground Nuclear Astrophysics

LUNA is located at the INFN Gran Sasso National Laboratory (LNGS), Italy, where the
1400 m of rocks covering the laboratory guarantee a reduction of six (three) orders of mag-
nitude in cosmic muon (neutron) flux. The first accelerator installed underground at LNGS
was a compact 50 kV machine [2], now decomissioned, used to perform the first measure-
ments in 1994. In the year 2000, a commercial high-current 400 kV accelerator from High
Voltage Engineering Europe, was installed and is actively used for nuclear astrophysics
experiments up to this day. Figure 1 shows the tank of the LUNA 400 kV accelerator.

Figure 1. Open tank of the LUNA 400 kV accelerator. Inside the tank: the metallic rings keeping the
ion source area free from electric fields, are visible.

The electrostatic accelerator is embedded in a steel tank (1 m diameter and 2.8 m long),
which is filled with a mixture of N2 and CO2 gas at a total pressure of 20 bar. The high
voltage (HV) is generated by an inline-Cockcroft–Walton power supply (located inside
the tank); it is stabilized by a RC-filter at the HV power supply output and by an active
feedback loop based on a chain of resistors. The accelerator provides very stable beams of
protons and alpha-particles in the range 50–400 keV with a maximum current on-target up
to 500 µA, an energy spread of 0.1 keV and a long term stability of 5 eV per hour. The beam
is provided by a radio frequency ion source from the excitation of a gas that forms an ion
plasma with charge e+ confined by an axial magnetic field. The source is mounted directly
on the accelerator tube and the ions are extracted by a voltage applied to an electrode
inside the tube itself [3]. The ions can be directed into one of two beam lines, thereby



Universe 2022, 8, 4 3 of 22

allowing the installation of two different target setups, used to install a solid target on one,
and a gas target on the other beam line. In the first case, the proton beam is guided and
focused to the target station using an highly stable analysing magnet, steering magnets and
quadrupoles. Before reaching the target, the beam passes through a copper pipe cooled
to liquid nitrogen temperature and typically biased to −300 V. The pipe serves both as a
cold trap to prevent carbon buildup on the target, and as a secondary electron suppressor
for accurate beam current reading. The beam is stopped in the target backing, which is
directly cooled. Instead, in case of the windowless gas target, an analysing magnet and a
steering magnet guide the beam through three pumping stages connected by collimators
of increasingly small diameter. Vacuum pumps gradually decrease the pressure from a
few mbar inside the target chamber to the level of 10−8 mbar inside the accelerating tube.
When the ion beam passes through the gas target chamber many secondary electrons are
released, making the electrical current reading unreliable. For this reason, the beam is
stopped on a beam power calorimeter that provides a precise determination of the beam
current [4–6]. For cross section measurements of radiative capture reactions at LUNA,
three high-energy resolution High Purity Germanium detectors (HPGe) and a high gamma
detection efficiency BGO (Bi4Ge3O12) crystal are currently used. The latter is made of an
array of six prismatic crystals, each 28 cm long and with a trapezoidal base area of 52 cm2.
The segments are arranged around a cylindric borehole, so that the target can be placed at
the centre of the detector with a radial thickness of at least 7 cm of BGO around. To further
reduce environmental background, different lead shieldings have been designed for use
with either the BGO or the HPGe detector [4,7].

In addition, the collaboration has developed an array of silicon detectors for charged
particles [8] and a neutron counter based on 3He tubes [9,10].

The LUNA Collaboration is now entering a new phase, which will offer the possibility
to study also nuclear reactions occurring in more advanced phases of stellar evolution, such
as helium burning and carbon burning. For this purpose, a new 3.5 MV accelerator called
LUNA MV is presently being installed at the north side of Hall B at LNGS. The accelerator
room, with a surface of about 300 m2, will have 80 cm thick concrete walls and ceiling
working as neutron shielding towards the outside of the experimental area. The maximum
additional neutron flux due to activities at the accelerator is guaranteed to be below the
environmental one [11–13]. The machine is an Inline Cockcroft Walton accelerator from
High Voltage Engineering Europe, that allows to cover a Terminal Voltage range from
0.2 to 3.5 MV and to deliver ion beams of H+, 4He+, 12C+ in the energy range from 0.35
to 3.5 MeV. In the case of the carbon beam, using 12C++ a maximum beam energy of
7 MeV can be reached [14]. A key feature to perform experiments on reactions important in
astrophysics scenarios is the intensity of the beam delivered to the target. The LUNA MV
accelerator will deliver beam currents as high as 1 emA forH+, 500 eµA for 4He+, 150 eµA
for 12C+ and 100 eµA for 12C++.

The scientific program of LUNA MV will start with a high-energy study of the 14N(p, γ)15O
reaction, and will then proceed with key reactions of helium and carbon burning that de-
termine and shape the evolution of massive stars toward their final state, as well as the
synthesis of heavy elements through the slow neutron capture process (s-process, see,
e.g., [15]).

3. Hydrogen Burning
3.1. CNO Cycle

Shell hydrogen burning in AGB stars mainly happens through the CNO cycle. Over
the years, the LUNA Collaboration has measured the cross section of most of the CNO cycle
reactions directly at the energies of interest for AGB nucleosynthesis [11,12] (see Figure 2).
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Figure 2. Sketch of the CNO, NeNa and MgAl cycles of hydrogen burning. The reactions highlighted in
green have all been studied at LUNA, while the reactions in yellow are presently under investigation.

In the forthcoming paragraphs we will highlight the most recent results and the
experiments in progress.

3.1.1. 17O(p, α)14N

Pre-solar grains retrieved from meteorites fallen on Earth offer an outstanding probe of
the isotopic composition of the stellar sites they condensed in. High-precision measurement
of their isotopic ratios is possible in Earth-based laboratories, however matching an isotopic
fingerprint to the correct stellar site is often a challenge. The opposite is also true. For example,
intermediate-mass (4–8 MSun) AGB stars are expected to contribute significantly to the dust
inventory of our Solar System—yet for a long time no grains were identified that could be
firmly matched with the predicted isotopic ratios from these stars. In particular, the expected
17O/16O content did not match any candidate grains. This ratio is strongly affected by the
17O(p, α)14N reaction, at the branching point between CNO-II and CNO-III. At temperatures
of interest for CNO cycle operation (30 MK–100 MK), this reaction is completely dominated
by an Ecm = 65 keV resonance, for which direct measurements [16–19] were not in good
agreement with each other. Indirect measurements using the Trojan Horse Method were also
performed by Sergi et al. [20].

The measurement performed underground at LUNA was the first to exploit the
background reduction for charged particles at low energy (≤1 MeV) with an in-beam
experiment. Background reduction depends on the energy of the detected charged particles
and is typically at least a factor 10 [8]. Note this background reduction is due to the reduced
flux of gamma rays interacting with the charged-particle detectors via Compton scattering.
A proton beam of 150 µA was accelerated on a solid Ta2O5 target, enriched in 17O [21], and
alpha particles were detected by an array of eight silicon detectors at backward angles
(Figure 3). Thin aluminised Mylar foils were mounted to shield the detectors from the
intense flux of elastically scattered protons. After a lengthy campaign, the strength of the
Ecm = 65 keV resonance was found to be ωγ = (10.0± 1.4stat ± 0.7syst)neV, almost a
factor of two higher than previously estimated. Further details on the analysis are reported
in Bruno et al. [22]. The updated reaction rate was found to be a factor two higher than
previously accepted, leading to important consequences in the production of 17O in low-
mass RGB and AGB stars [23]. In particular, using this rate it was possible to come to a very
good agreement between predictions from intermediate-mass AGB stars and observations
in Group-II silicate grains [24] under the assumption of 18O dilution. It is worth noting that
more recently an alternative stellar model [25] proposed these grains come from low-mass
AGB stars, assuming deep extra-mixing processes [26] but without the need of dilution
with solar matter.
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Figure 3. The reaction chamber used in this study (adapted from [22]). The ion beam enters from the
hole in the top, and hits the solid Ta2O5 target located in the centre of the dome (not shown). Alpha
particles are detected at backward angles by an array of eight silicon detectors.

3.1.2. 17O(p, γ)18F

The 17O(p, γ)18F reaction plays a central role in both AGB stars and nova explosions.
In particular, during a nova runaway the 17O(p, γ)18F and 17O(p, α)14N reactions deter-
mine the production of the short-lived radioisotope 18F (t1/2 = 110 min) of key interest
for nova nucleosynthesis models. During the thermonuclear runaway (100 MK–400 MK),
the rate of the 17O(p, γ)18F reaction is dominated by the combination of direct capture
(DC) contribution and an Ecm = 183 keV resonance (Figure 4). Measuring this resonance
was the goal of a recent experimental campaign at LUNA [27,28]. A 200 µA proton beam
was accelerated onto Ta2O5 solid target enriched in 17O, and gamma rays were detected
with a large-volume HPGe detector in close geometry with the target. This detector was
surrounded by a 5 cm lead shield to further reduce natural background. After irradiation,
targets were taken to the ultra-low counting facility STELLA [29] at LNGS for activation
measurement. The strength of the Ecm = 183 keV resonance was measured with unprece-
dented precision ωγ = (1.67 ± 0.12)µeV, and several previously undetected transitions
were observed, providing improvements on nova models.

T [K]
710 810 910

T
ot

 / 
R

i
R

0

0.2

0.4

0.6

0.8

1

Explosive H burning
             C-O                       O-Ne            

H shell
burning (AGB)

LUNA measurements

DC
65
183
557+677
sum of other resonances

Figure 4. Fractional contribution to 17O(p, γ)18F reaction rate.

In the temperature range of interest for hydrostatic H burning (40 MK–80 MK) the
17O(p, γ)18F reaction rate is dominated by a poorly constrained resonance at Ecm = 65 keV,
which thus plays a key role in AGB nucleosynthesis. A footprint of this nucleosynthesis is
the oxygen isotopic abundances observed in stellar spectra [30] or in pre-solar meteoritic
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grains [31]. Moreover, the oxygen isotopic abundance ratios are a sensitive tracer of the
mixing process in AGB stars. Observations can provide constraints for stellar models only if
accurate thermonuclear reaction rates for the oxygen proton capture reactions are available
over a wide region of stellar temperatures. At present only indirect measurements exist
for the Ecm = 65 keV resonance [18,32,33] and it was deemed too weak to be measured
even at LUNA with the setup described above. Its strength is presently evaluated as
ωγ = (16± 3) peV from the known resonance strengths of 17O(p, α)14N, 14N(α, γ)18F and
the Γα from the 14N(α, α) scattering reaction [34]. Based on this value and assuming a
target enrichment of 90% and a detection efficiency of 100%, the estimated reaction count
rate is of the order of 0.25 counts/Coulomb. In order to reach the required sensitivity and
perform the first direct measurement of the 65 keV resonance LUNA has designed a new
shielding for the high efficiency 4π BGO detector, as shown in Figure 5. The shielding
is made of two layers: the inner one is a lead shielding and the external one consists of
2 inches of borated polyethylene. The latter is crucial to absorb environmental neutrons
and reduce backgrounds caused by neutron capture processes in the BGO detector [7].
Major efforts were devoted to investigate and reduce the beam induced background. The
detection limit [35] was calculated assuming typical beam current of 100 µA and a detection
efficiency of 48% in the region of interest, estimated by previous experimental campaigns.
The environmental background with the complete setup was measured during August 2021
and it was taken into account for the LUNA sensitivity estimate. According to preliminary
evaluations a resonance strength as low as ωγ ' 20 peV can be detected.

LUNA has now the unique opportunity to determine experimentally such a low
resonance strength by a direct measurement, with expected large impact on the 17O(p, γ)18F
reaction rate and our understanding of AGB nucleosynthesis processes.
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3.1.3. 18O(p, α)15N

The 18O(p, α)15N reaction (Qvalue = 3.98 MeV) plays a central role in the production
of the stable 15N, 18O, 19F isotopes which can be used to trace the mixing and nucleosyn-
thetic processes occurring inside AGB stars and novae. Of particular interest is the 18O/16O
isotopic abundance. Predictions of this abundance are at odds with observations in the
Group-II silicate grains mentioned above, and dilution with solar matter is currently as-
sumed as an explanation. Improved constraints on the 18O(p, α)15N reaction would help
investigate this issue.

At temperatures of astrophysical interest (T = 10 MK–1000 MK), the rate of this reaction
is affected by a complex pattern of resonances. In particular, three interfering resonances
with Jπ = 1/2+ at Ecm = 143, 610 and 800 keV dominate the rate (see Table 1). The width
and energy of the latter two resonances are controversial in the literature [36], and available
data sets show tensions at energies Ecm ≤∼1 MeV [36–38]. At LUNA, this reaction was
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investigated in the energy range Ep = 360 to 60 keV, the lowest energy achieved to date,
using the same setup employed for the 17O(p, α)14N (Figure 3). Data were analysed using
a multi-channel R-matrix fit, as described in [39]. The final fit is shown in Figure 6, and
numerical results are reported in Table 1. In particular, the Ecm = 90 keV resonance was
found to be a factor 5 higher than previously found, and a new, previously unobserved state
at Ecm = 106 keV was required to reproduce the trend of data at low energies [39]. These
results significantly reduced the uncertainty in the stellar rate of the 18O(p, α)15N reaction,
and confirmed the need for dilution with solar matter to explain the abundances observed
in oxygen-rich Group-II silicate grains using the model proposed in [24].

Table 1. Partial widths and spin-parities of the resonances in the 18O(p, α)15N reaction. Int. refers to
the sign of the off-diagonal interference. See text for details.

Ecm [keV] Jπ Γp [eV] Γff [eV] Int.

89± 0.3 3/2+ (797± 57) 10−9 121± 5 +
106± 3 1/2− (120± 10) 10−6 (86± 1.6) 103 +

142.8± 0.3 1/2+ (164± 12) 10−3 150± 1 +
204.7± 0.3 5/2+ (791± 56) 10−6 12± 1 +
317.2± 0.3 5/2+ (28± 2) 10−3 (1.9± 0.1) 103 −
597.6± 0.3 3/2− 36± 2 (2.5± 0.1) 103 +
612.5± 1.2 1/2+ (7.7± 0.1) 103 (163± 1) 103 −
799.8± 0.3 1/2+ (24.4± 0.3) 103 (26.1± 0.3) 103 +
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Figure 6. R-matrix fit of the data acquired at LUNA on the 18O(p, α)15N reaction, as well as data
reported in [38]. Adapted from [39].

3.1.4. 18O(p, γ)19F

As a competing reaction to 18O(p, α)15N discussed above, the 18O(p, γ)19F is of
interest to understand the ratio of the two branches in stellar scenarios. At temperatures
below 0.1 GK, the reaction rate for the (p, γ) channel is determined by a low-energy
resonance at Ep = 151 keV, direct capture and a resonance at Ep = 22 keV [40]. The
strength of another resonance at Ep = 90 keV was debated, with a discrepancy between
an experimental upper limit of 7.8 neV (90% CL) by Buckner et al. [40], and an indirect
determination by Fortune [41] of (0.70 ± 0.28)µeV. A resonance strength on the order of
µeV would result in a significant impact of the 90 keV resonance on the stellar reaction rate
around 50 MK.
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Underground measurements at LUNA-400 studied this reaction with Ta2O5 targets
enriched in 18O. To search for the Ep = 90 keV resonance, the high-efficiency BGO detection
setup was used in total absorption spectroscopy mode. This allowed us to exploit the low
environmental background in the region of interest of the reaction (Qvalue = 7.994 MeV) in
the underground laboratory. Target thickness and stability were monitored by scanning the
narrow resonance at Ep = 151 keV of the same reaction. Observations in this experiment
resulted in a strength of (0.53± 0.07) neV [42], compatible with the previous upper limit
by Buckner et al. [40], and thus excluded a significant contribution of this resonance to the
stellar reaction rate.

In a follow-up experiment at LUNA-400, the narrow resonances in 18O(p, γ)19F at
higher energies were studied with a high-purity germanium detector, which was shielded
by 15 cm of lead and located at 55 degree to the beam axis. Revisiting the resonances at at
Ep = 151, 215, 274 and 334 keV after the extensive work by Wiescher et al. [43] resulted in
the observation of numerous primary transitions with small branching ratios, which had
not been previously observed in experiments on surface. Overall, the contributions of these
resonances to the stellar reaction rate of 18O(p, γ)19F were confirmed Pantaleo et al. [44].

3.1.5. 12C(p, γ)13N and 13C(p, γ)14N

Both 12C(p, γ)13N and 13C(p, γ)14N are the first two reactions of the CNO cycle and
are of particular interest since they determine the isotopic abundance of carbon inside
the hydrogen burning regions. In fact, the 12C/13C ratio in the stellar surface layers can
be used as a tracer of stellar evolution since it is readily derived from stellar spectra [45].
Changes in the isotopic ratio occur when stars evolve from the main sequence towards the
Red Giant branch. In particular, during the AGB helium flashes, the hydrogen burning
shell temporarily stops burning. As a consequence, the convective envelope penetrates into
the C-rich and H-exhausted layers, bringing the freshly synthesized products to the surface.
This leads to an increase in the 12C/13C ratio on the stellar surface. Currently the success
in reproducing 12C/13C ratios appears to indicate that AGB stars experience extra mixing
episodes [46]. Furthermore, discrepancies were found in the recent analysis of the presolar
SiC grains [47], where it is evidenced that the discrepancy could be solved by extra mixing
caused by the magnetic buoyancy [48]. Hence, further insight into complex AGB mixing
events can be obtained by constraining the isotopic ratio predictions. Since the ratio of
carbon isotopes is highly sensitive to the adopted rates of proton capture reactions, a precise
measurement of the magnitude of these reactions is needed to obtain reliable predictions.
Numerous past experiments studied the cross-section of both 12C(p, γ)13N [49–53], and
13C(p, γ)14N [53–58]. Nonetheless, as shown in Figure 7, data at the lowest energies are
subject to significant scatter and large uncertainties, affecting extrapolations of the S-factor.

100 200 300 400 500 600
(keV)cmE

1−10

1

10

210

3
10

N14)γC(p,13

Genard et al. (2010)

Hester et al. (1961)

King et al. (1994)

Seagrave et al. (1952)

Woodbury et al. (1952)

Vogl et al. (1963)

AGB

0 100 200 300 400 500 600
(keV)cmE

1−10

1

10

210

310

S
-f

a
c
to

r 
(k

e
V

 b
)

N13)γC(p,12

Baily et al. (1950)

Burtebaev et al. (2008)

Lamb et al. (1957)
°

Rolfs et al. (1974) - 0
°

Rolfs et al. (1974) - 90

Vogl et al. (1963)

AGB
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transition to the ground state is considered.
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Recently, 12C(p, γ)13N and 13C(p, γ)14N were measured at LUNA with complemen-
tary experiments, all using solid carbon targets. By using different experimental techniques,
measurements can be cross-checked and systematic uncertainties reduced. In the first
campaign, both reactions were studied using an HPGe detector in close geometry. This
permitted a precise spectroscopic study to extract the cross-section at energies as low
as Ecm = 80 keV. Data analysis for this experiment is at an advanced stage. The main
procedure for both the S-factor extraction and the target monitoring was the improved
application of the γ-shape analysis [59]. A second experimental campaign was performed
with the BGO detector, which permitted to measure the reactions at even lower energies.
In the case of 13C(p, γ)14N, the high Q-value (∼7.5 MeV) made the total absorption spec-
troscopy particularly advantageous, since the sum γ-peak lies in an almost background
free region of the spectra. For 12C(p, γ)13N, with its smaller Q-value (∼1.9 MeV), intrinsic
backgrounds of the detector [7] are a limiting factor, and a different approach had to be
found. Given that 13N is β+ unstable with a half-life of about 10 min, it was possible to
detect the 511 keV γ-rays from positron-electron annihilation in coincidence in two oppo-
site crystals of the detector. This distinct experimental signature helped to significantly
reduce the background counting rate in the detector. Thanks to the experimental setup, the
analysis of the 511 keV rate can be carried out not only by the use of the post-irradiation,
but also by using the irradiation period itself. The analysis of the data acquired with the
BGO detector is ongoing, but preliminary results looks promising and in agreement with
those obtained in the first HPGe campaign.

3.2. NeNa Cycle

At the base of the convective envelope of massive AGB stars, temperatures up to
∼0.1 GK activate H-burning cycles involving heavier elements than CNO, namely the NeNa
and MgAl cycles. The onset of deep convective motions and the so-called hot bottom burning
(HBB) process [60] brings to the surface the material processed in the H-burning shell [61].
Therefore, interpretation of the observed abundances requires a detailed knowledge of the
reaction network involved.

Over the last decade, LUNA has started to explore many of the reactions of the NeNa
and MgAl cycles. The next paragraphs highlight some key results and ongoing experiments.

3.3. 22Ne(p, γ)23Na

Within the NeNa cycle, the 22Ne(p, γ)23Na reaction links 22Ne to 23Na. The former is
the third most abundant nuclide produced in stellar helium burning [62] and an important
neutron source for the astrophysical s-process in AGB stars and in massive stars [63]. The
latter is the only stable isotope of sodium. This reaction can influence one of the most puzzling
recent astronomical observations, the anti-correlation of oxygen and sodium abundances
observed in globular clusters [64,65].

Among the reactions of the NeNa cycle the 22Ne(p, γ)23Na has been for several years
the one with the most uncertain reaction rate, heavily affecting models seeking to reproduce
the oxygen-sodium anti-correlation [66] as well as the nucleosynthesis up to 24Mg isotopes.
At the temperatures of interest for the HBB in AGB stars, 0.07 ≤ T ≤ 0.1 GK, the astrophysical
reaction rate is dominated by a number of resonances, whose strength must be known precisely.
Long before the recent LUNA campaigns, one direct measurement was reported, providing
only upper limits [67]. Results of indirect measurements were also available, but the resonance
strengths were based on uncertain spin parity assignments or spectroscopic factors. As a
result, a discrepancy of a factor of 1000 existed between the recommended rates from the
NACRE compilation [68], on the one hand, and the evaluation by STARLIB [69], on the other
hand. The discrepancy was mainly due to the treatment of the resonances below 400 keV.

Two experimental campaigns were carried out at LUNA. The main goal of the first
campaign was the direct study of the resonances mentioned above, exploiting the deep
underground low-background environment. The experimental setup consisted of a win-
dowless gas target chamber filled with 1.5 mbar 22Ne gas (isotopic enrichment 99.9%),
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recirculated and purified by a chemical getter and two large, collimated high-purity ger-
manium detectors, at 55° (Ge55) and 90° (Ge90), respectively, to the beam axis [4]. The
scattering chamber and the detectors were enclosed in a copper and lead shielding, to
reduce the background caused by natural radioactivity in the laboratory Figure 8b. To
further reduce the background due to 222Rn, the whole shielding was enclosed in an acrylic
box flushed with nitrogen vapour.

(a) (b)

Figure 8. The two experimental setups used in the LUNA campaigns on the 22Ne(p, γ)23Na reaction.
(a) Setup used during the HPGe campaign. The Dewars of the two HPGe detectors are visible, close
to the lead shielding and the radon box. (b) Setup used during the BGO campaign. The beamline is
passing through the segmented BGO detector, that is standing unshielded.

Three new resonances were observed for the first time, at proton energies of (156.2± 0.7),
(189.5± 0.7) and (259.7± 0.6) keV [70]. In addition, more precise 23Na excitation energies
corresponding to the new resonances were determined. For other three resonances, at 71,
105 and 215 keV, new upper limits to the strengths were obtained, see Table 2. The impact
of the new LUNA reaction rate was studied focusing on the chemical ejecta of thermally
pulsing asymptotic giant branch (TP-AGB) stars that experience hot-bottom burning [71],
reproducing observations of the O–Na anticorrelation in galactic globular clusters [64].

Table 2. Strengths of low energy resonances in the 22Ne(p, γ)23Na reaction. Upper limits are given
at 90% confidence level.

Eres
p

[keV]
Strength ωγ [eV]

Iliadis et al. [72] LUNA-HPGe [70] TUNL [73] LUNA-BGO [74]

37 (3.1± 1.2)× 10−15 - - -
71 - ≤1.5× 10−9 - ≤6× 10−11

105 - ≤7.6× 10−9 - ≤7× 10−11

156.2 (9.2± 3.0)× 10−9 (1.8± 0.2)× 10−7 (2.0± 0.4)× 10−7 (2.2± 0.2)× 10−7

189.5 ≤2.6× 10−6 (2.2± 0.2)× 10−6 (2.3± 0.3)× 10−6 (2.7± 0.2)× 10−6

215 - ≤2.8× 10−8 - -
259.7 ≤1.3× 10−7 (8.2± 0.7)× 10−6 - (9.7± 0.7)× 10−6

A high efficiency measurement was then performed to investigate the still undetected
resonances 71 and 105 keV, as well as the non resonant contribution. The second experi-
mental campaign was carried out using the same gas target, and a new scattering chamber
surrounded by the LUNA 4π BGO detector. In order to quantify and subtract the beam
induced background contribution, each run with 22Ne was alternated to a run with in-
ert Ar gas. The run in Ar was used to subtract the beam-induced background from the
measurements in 22Ne [5]. The resonance strengths of the three resonances at Ep = 156.2,
189.5, and 259.7 keV measured during the new campaign is consistent within 2σ with
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the measurements obtained during the first campaign. New more stringent upper limits
were calculated for the 71 and 105 keV resonance, which now play a negligible role in the
reaction rate, see Table 2. The non-resonant component of the cross section was measured
at four energies: 183.8, 200.8, 245.9 and 306.1 keV. These energies were chosen to avoid
any sizeable contribution of the known resonances to the measurement of the non-resonant
component.

The uncertainty of the reaction rate was greatly reduced and the discrepancy between
the most frequently used rates [68,75] has now been overcome at temperatures of interest
for the HBB.

It is worth noting that an additional direct measurement at a surface facility of the
resonances at 436, 479, 639, 661, and 1279 keV [76] improved the knowledge of the corre-
sponding resonance strengths and contributed to the new, improved calculation of the rate.
The new calculated reaction rate significantly increases at temperatures 0.08 ≤ T ≤ 0.3 GK
relevant to shell H-burning in AGB stars and classical novae explosions, as shown in [70,77].

The new LUNA reaction rate provides a precise tool to be used for future studies
addressing nucleosynthesis in AGB stars.

3.3.1. 20Ne(p, γ)21Na

After the precise measurement of the 22Ne(p, γ)23Na reaction at LUNA, the reaction
20Ne(p, γ)21Na is now the major source of uncertainty on the reaction rate network of the
NeNa cycle. The 20Ne(p, γ)21Na reaction may take place in several stellar environments
such as H shell-burning in red giants stars and asymptotic giant branch stars, classical
novae explosions, and core H-burning in massive stars, where temperatures can reach
T = 0.05 GK [78]. The proton capture on 20Ne nuclei at low energies could help explaining
the observed oxygen-sodium (O–Na) abundance anticorrelation in globular cluster (GC)
member stars [79]. This is due to the fact that the 20Ne(p, γ)21Na reaction is the slow-
est reaction of the NeNa cycle, therefore it sets the speed of the entire cycle and serves
as a bottleneck for the production of 22Na and 22Ne. Moreover, as pointed out in [80]
difficulties exist in modelling the O–Na anticorrelation without sodium destruction. A
reduction of about 2.5 in the 23Na(p, α)20Ne reaction cross section might limit the sodium
destruction and solve the observed abundances [81]. A recent work [73] showed that the
exit (23Na(p, α)20Ne) and entrance (20Ne(p, γ)21Na) reactions for the NeNa cycle are the
least known and therefore a better knowledge of both can fix the abundance issues.

Below 0.1 GK, the 20Ne(p, γ)21Na reaction rate is dominated by the high energy tail of
a sub-threshold state at Ecm =−6.7 keV. For temperatures between 0.1 GK and 1 GK the rate
is influenced by the direct capture component and the narrow resonance at Ecm = 366 keV,
both accessible with the LUNA 400 kV accelerator.

To date, the 20Ne(p, γ)21Na reaction has been studied using both direct [82] and indi-
rect [83] approaches. The direct capture cross section was studied down to 370 keV proton
energy in [82]. The same paper presents a measurement of the Ecm = 366 keV resonance
strength, reporting a ωγ = (0.11± 0.02) meV [82]. A more recent study reports a measure-
ment of the 20Ne(p, γ)21Na reaction over a wide energy range (Ep = 0.5 MeV–2.0 MeV) and
provides an R-matrix analysis to determine the contributions of the sub-threshold resonance
and the direct capture to the total cross Section [84]. The R-matrix fit was used to extrapolate
the S-factor down to low energies. They calculated the total reaction rate with the new data
and found an overall ∼20% reduction with respect to previous data.

The LUNA collaboration aims to measure both the 366 keV resonance and the direct
capture below 400 keV, where no experimental data exist. The first campaigns for the 366 keV
resonance were completed using an experimental setup similar to the one used for the study
of the 22Ne(p, γ)23Na reaction, germanium phase [70,77]. Compared to the 22Ne(p, γ)23Na
setup, for the ongoing measurement the inner collimators have been removed. In addition,
the physical position of the two germanium detectors allows to experimentally parametrise
the energy straggling of the proton beam passing through the neon gas, and correct its effect
using a different approach with respect to the one given in [85]. The energy straggling affects
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the position inside the chamber where a nuclear reaction takes place. In the particular case
of the resonant reactions, if the energy straggling is negligible, the resonance takes place in
a thin slice of the target. Instead, for a large beam spread the resonance is populated in a
thicker slice of the target, causing a reduction of the maximum resonance yield. The data
analysis for the 366 keV resonance is still ongoing and preliminary results are in agreement
with [82]. The same experimental setup will be used to study the direct capture component
down to 250 keV.

3.3.2. 23Na(p, γ)24Mg

The reaction 23Na(p, γ)24Mg provides a transition from the NeNa cycle to the MgAl
cycle, competing with the 23Na(p, α)20Ne reaction as part of the NeNa cycle. The impact of
a resonance at Ep ' 140 keV on the reaction rate has been studied in the past. Upper limits
on the strength of this resonance were determined by Görres et al. [86] (≤0.5 µeV) and
later improved by experiments of Rowland et al. [87] (≤0.15 µeV) and Cesaratto et al. [88]
(≤5.17 neV). The latter measurement reports an excess of observed events over background,
not quite reaching statistical significance for a clear observation of this resonance, but
possibly indicating its important role for the reaction rate around T = 0.07 GK.

With a Q-value of 11 693 keV, 23Na(p, γ)24Mg is an ideal case for total absorption
spectroscopy in an underground environment, thanks to the effectively suppressed cosmic
background at these energies. The search for the Ep = 140 keV resonance has been continued
at LUNA-400, using the BGO summing detector. With the strongly reduced environmental
backgrounds [7], beam-induced backgrounds from reactions with larger Q-values, such as
11B(p, γ)12C, were critical in this measurement. After careful data analysis, a signal was
observed leading to a resonance strength of (1.46+ 0.58− 0.53) neV [89]. This improved
knowledge of the resonance strength significantly reduced the uncertainty of the reaction
rate in the temperature region where this resonance is dominant.

A recent measurement by Marshall et al. [90] revised the resonance energy, with a
consequent reduction of the reaction rate up to a factor of 2 around 70 MK. Current experi-
mental efforts at TUNL aim to further reduce the uncertainty of this energy determination.

Two stronger, narrow resonances at Ep = 251 keV and 309 keV were also studied at
LUNA-400, using a shielded HPGe detector in the same configuration as described for the
18O(p, γ)19F campaign. Branching ratios for the resonance at 251 keV were established, and
the strength of this narrow resonance determined with smaller uncertainty than previously
known [89], reducing the reaction rate uncertainty around T = 0.1 GK.

An experimental determination of the direct capture component, currently determined
with a relative uncertainty of 40% [91], and the properties of the 140 keV resonance are
still needed. Measurements underground and on surface will be required to improve on
this knowledge.

4. Neutron Sources for the s-Process

Half of the elements heavier than iron are synthesized in the so called s-process,
which consists of series of neutron capture reactions starting from Fe-group nuclei and
β-decays along the valley of stability, reaching 209Bi as the most massive stable nucleus. To
reproduce the observed abundances of s-process elements, two sub-processes are defined
according to the characteristic neutron density and metallicity of the stellar environment.
These are so called weak- and main-components of the s-process [92,93] responsible for
the production of the elements with A ≤ 90 and 90 < A ≤ 204, respectively. In current
stellar models, Thermally Pulsing Low-mass Asymptotic Giant Branch (TP-AGB) stars and
massive stars are considered to be the major production sites of s-process elements. The
neutrons for the main s-process are predominantly supplied by the 13C(α, n)16O reaction,
while 22Ne(α, n)25Mg provides most of the neutrons for the weak s-process [94]. Although
s-process nucleosynthesis is affected by the stellar structure, composition and mixing
phenomena (see for example [95] and references therein), the knowledge of the cross
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sections of the two main neutron sources can still help improving the precision of predicted
elemental abundances.

Studies related to both reactions have been performed at LUNA-400 and are part of
the scientific program of LUNA-MV, as illustrated in more details in the next paragraph.

4.1. 13C(α, n)16O

It is commonly believed that recursive mixing episodes in TP-AGB stars lead to the forma-
tion of a so-called 13C-pocket through the reaction sequence 12C(p, γ)13N(β+ν)13C [92,96].
During the period between two TPs, the temperature attains about 90 MK and 13C starts cap-
turing α particles. As a consequence neutrons are released through the reaction 13C(α, n)16O.
This process provides a relatively slow neutron flux (≈107 neutrons/s/cm2) for about 104 years
each time. Starting from seed nuclei in the iron region, this neutron flux allows to build up
heavy elements along the stability valley [63].

In order to constrain this important nucleosynthesis process, the cross section of the
13C(α, n)16O neutron source needs to be known in the astrophysical energy window around
Ecm = 150 keV–230 keV. Several papers report direct [75,97,98] and indirect [99–101] experi-
ments to investigate the behavior of the 13C(α, n)16O reaction. However, experimental data at
the lowest measured energies are affected by large uncertainties [75,98]. As a consequence, the
extrapolation of the astrophysical S-factor into the Gamow window is challenging, especially
due to the contested effect of a resonance located near the threshold [102,103].

For the study of the 13C(α, n)16O reaction, the LUNA collaboration designed and
developed a neutron detector array [10]. The experimental setup is based on eighteen 3He
counters with low intrinsic background settled in two concentric rings (6 in the inner ring,
12 in the outer ring) around the target chamber and embedded in a polyethylene moderator.
To measure the very low cross section of the 13C(α, n)16O reaction, the neutron detection
efficiency, target handling, and active target cooling must be optimized. Therefore, two
detector geometries with vertically and horizontally arranged counters were designed
based on extensive GEANT4 simulations (Figure 9).
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Figure 9. (Adapted from [10]) Vertical (left panel) and horizontal (right panel) setup of the LUNA
neutron detector array. Orange tubes and transparent boxes represent the 3He neutron counters
and polyethylene moderators, respectively.
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Figure 9. Vertical (left panel) and horizontal (right panel) setup of the LUNA neutron detector array.
Orange tubes and transparent boxes represent the 3He neutron counters and polyethylene moderators,
respectively. Adapted from [10].

The location of the experiment in the LNGS laboratory, the use of 3He counters
with stainless steel housing and a post processing Pulse Shape Discrimination (PSD) tech-
nique [9] allowed an overall background reduction to 1 count/h in the entire setup, two
orders of magnitude lower than previous experiments performed in surface laborato-
ries. The absolute neutron detection efficiency of the setup was determined using the
51V(p, n)51Cr reaction and an AmBe radioactive source, and completed with a Geant4 sim-
ulation. 13C targets used during the measurement at LUNA were produced by evaporating
isotopically enriched (at 99%) 13C powder on tantalum backings. They were character-
ized immediately after the production at the Tandem accelerator in ATOMKI, using the
1.764 MeV narrow resonance of the 13C(p, γ)14N reaction. During the measurement at
LUNA, the target stability was monitored by applying a line shape analysis technique
to the ground state transition of the 13C(p, γ)14N [59]. The procedure described above
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allowed us to measure the 13C(α, n)16O cross section in Eα = 305 keV–400 keV reaching an
overall uncertainty lower than 20% for all the data points [104].

The new data extended into the s-process Gamow peak, nevertheless a low energy
extrapolation is still necessary to cover the entire astrophysical energy range. For this
purpose a fit was performed with the AZURE2 [105] code in which all the relevant broad
states were considered. Two high energy poles were added to account for the higher energy
resonances effects. For the experimental data, in addition to the LUNA results, also higher
energy data set (up to 1.2 MeV) from the literature were included [75,98,106]. The resulting
fits with and without LUNA data are shown in Figure 10. The reduced uncertainty on
the 13C(α, n)16O cross section extrapolation at lower energies allows to reduce also the
reaction rate error at stellar temperature of interest T = 0.09 GK with respect to the NACRE
II compilation[107]. This allows to improve our understanding of the s-process branching
points, in particular the ones sensitive to the neutron density. Inserting the new LUNA rate
in sample AGB stellar models led to sizeable variations in the s-process yields of 60Fe, 152Gd
and 205Pb [104]. More extended AGB calculations still need to be performed to understand
the possible influence of LUNA data on the galactic chemical evolution.
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Figure 10. R matrix extrapolation towards low energies including (solid red line) and excluding
(dashed red line) the new LUNA data (black dots). For the R matrix evaluation also Harissopoulos,
Drotleff and Heil data have been considered. The blue rectangle represents the Gamow peak range.
Adapted from [104].

The LUNA collaboration will extend the measurement of the 13C(α, n)16O to higher
energies at the LUNA-MV facility [13]. This will give the unique opportunity of obtaining a
complete dataset over a wide energy range, thus avoiding renormalization of other datasets
with unknown systematic uncertainties.

4.2. 22Ne(α, γ)26Mg
22Ne is produced during He-burning in massive [108] and AGB stars [109] stars via the

sequence of reactions 14N(α, γ)18F(β+, ν)18O(α, γ)22Ne at typical temperatures of∼100 MK.
The α-capture on 22Ne proceeds through the reactions 22Ne(α, n)25Mg (Qvalue = −478 keV) and
22Ne(α, γ)26Mg (Qvalue = 10.6 MeV). In particular, the 22Ne(α, n)25Mg reaction is the main
neutron source for the weak component of the s-process in massive stars. This process is respon-
sible for the synthesis of nuclei between 56Fe and 90Y, and is presently less well understood
compared with the main s-process. The weak s-process takes place at the end of the convective
core He-burning, and at the beginning of carbon (shell) burning in massive stars where the
temperatures reach 0.22 GK–0.35 GK, high enough to activate the 22Ne(α, n)25Mg reaction.
The contribution of the 22Ne(α, n)25Mg reaction to the neutron production is affected by the
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competitor 22Ne(α, γ)26Mg reaction. This last one, requiring lower temperatures (below
300 MK), can be active during the entire He-burning phase, reducing the amount of the
22Ne before the 22Ne(α, n)25Mg reaction is activated. Which of these reactions dominates
depends on how their reaction rates evolve as a function of the temperature. Moreover, it
has been observed that the 22Ne(α, γ)26Mg reaction rate affects also the nucleosynthesis
of isotopes between 26Mg and 31P in intermediate-mass AGB stars [110]. Therefore, to
constrain the role of the 22Ne(α, n)26Mg reaction in the weak s-process the rate of both these
reactions is required. In the energy range of interest for different astrophysical scenarios,
250 keV ≤ E ≤ 900 keV, the 22Ne(α, γ)26Mg reaction rate is affected by several resonances,
Ecm = (334.4 ± 0.8) keV, (469± 1) keV, (556.33± 0.05) keV and (706± 1) keV [111]. Except for
the Ecm = 706 keV resonance, which was measured directly for both channels [112], the other
resonances have been studied only indirectly and the data on excitation energies and spin-
parity assignments are still under debate. Among these resonances the only one accessible
at the LUNA 400 kV accelerator is the Ecm = 334.4 keV, corresponding to Ex = 10,949 keV
excited level of the 26Mg. This resonance has a key role in determining the temperature at
which the (α, n) starts to dominate. Indeed, the 334.4 keV resonance is below the neutron
threshold, Sn, and thus contributes to the 22Ne(α, γ)26Mg reaction rate only. This resonance
has been studied in several works [113–119]. All these studies and subsequent evalua-
tions [68,69,72,111,120] lead to a broad range of possible values for the 334 keV resonance
strength (10−14–10−9 eV), which significantly affects the 22Ne(α, γ)26Mg reaction rate. At
LUNA, the resonance was studied in two different campaigns using the intense α-beam
from the LUNA 400 kV machine and the windowless gas target filled with 99.99% enriched
22Ne gas combined with a high efficiency BGO detector. The first campaign was performed
using the same experimental setup described in Section 3.3 [5]. The data collected during
the first campaign [121] were affected by the environmental background. In particular, in
the Eγ = 6 MeV–18 MeV region, the background deep underground mainly arises from
neutron-induced reactions [7,122,123]. In order to reduce this residual background, a 10 cm
thick shield, made of borated (5%) polyethylene (PE-HMW 500 BOR5 by Profilan Kun-
stoffwerk), was added around the BGO. With this improvement, the background count
rate in the region of interest for the 22Ne(α, γ)26Mg reaction was reduced by a factor of
(3.4± 0.3), see Figure 11. Such background reduction can be considered as a milestone
for deep underground direct measurements and provides a motivation for higher energy
resonance studies that will be possible with LUNA-MV.
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Figure 11. Background comparison between campaign I (black) and campaign II (blue).

4.3. 22Ne(α, n)25Mg

The 22Ne(α, n)25Mg reaction is the main source of neutrons for the weak s-process and
also provides an important neutron burst during the main s-process. Its study is therefore



Universe 2022, 8, 4 16 of 22

crucial for the understanding of the stellar nucleosynthesis of some heavy elements in
the Universe, especially those with atomic mass 60 < A < 90. To date, only upper limits
are available for the 22Ne(α, n)25Mg cross section below the resonance at Eα = 832 keV
(Jπ = 2+) [98,112,124]. A number of natural parity states exist between the neutron
threshold and the 832 keV state, but their contribution to the cross section is unknown so
far [112,125,126].

As a first approach to overcome the challenging experimental conditions, the SHADES
project (ERC-StG 2019 #852016) aims to perform a low energy and high sensitivity mea-
surement at the LNGS. Moving the measurement to a deep underground environment will
increase the sensitivity by more than three orders of magnitude compared to the state of
the art. Another novelty of this setup is the use of a hybrid detection system of 12 EJ-309
liquid scintillators and a total of 18 3He counters arranged in two rings surrounding a
recirculating windowless gas target. The whole detection setup is located inside a shielding
of borated polyethylene (Figure 12). While the 3He counters can only give the number of
detected neutrons, the liquid scintillators thermalise the neutrons coming from the reaction
occurring inside the gas target chamber, so they can be detected by the 3He counters with
higher efficiency. In addition, the scintillators can provide the energy loss of those same
neutrons, allowing for the determination of their initial energies. This combination of
multiple detector types will also unable a better discrimination against beam-induced
background by imposing that only events detected in both detector types are considered.
Furthermore, being able to get information about the neutron energy will allow to reject
high energy neutrons coming from positive Q-value beam-induced reactions with elements
such as carbon and boron. The 22Ne(α, n)25Mg reaction will be studied with the new
LUNA-MV accelerator. The SHADES detector, combined with the high intensity He beam,
will allow us to directly access the relevant astrophysical energies while aiming to reach
the lowest accessible energies, well below the Eα = 832 keV resonance state.

Figure 12. Cutoff view of the SHADES detector array surrounding the target chamber.

5. Conclusions

In the last 30 years the LUNA collaboration has made significant efforts to compose
the mosaic made of hundreds of nuclear reactions that are crucial for stellar evolution and
nucleosynthesis in AGB stars. In particular, LUNA has studied many reactions essential
for the synthesis of the light elements in the hydrogen burning shell, as summarized in
Table 3. Direct data are now available for most of the reactions of the CNO cycle, and the
measurements of proton capture cross sections on 17,18O improved the present knowledge
on the expected oxygen isotopic ratios from AGB stars. In addition, the studies on the
NeNa cycle contribute to a detailed understanding of the O-Na anti-correlation in Globular
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Clusters. More recently, LUNA has started the study of reactions involved in s-process
nucleosynthesis. The new measurement of the 13C(α, n)16O cross section within the Gamow
peak represents a milestone in the knowledge of neutrons sources.

Table 3. Overview of all reactions discussed in the present paper. The energy ranges covered at LUNA
are in the centre-of-mass system and specific energy values refer to resonances. The table reports also
an indication of the temperature ranges which are affected the most by the LUNA measurements.

Reaction Burning Network LUNA Range Relevant T
[keV] [GK]

17O(p, α)14N CNO 64.5, 183 0.05–0.24
17O(p, γ)18F CNO 64.5, 167–370 0.05–0.68
18O(p, α)15N CNO 55–340 0.04–0.6
18O(p, γ)19F CNO 85–150 0.07–0.18
12C(p, γ)13N CNO 74–370 0.08–0.9
13C(p, γ)14N CNO 74–370 0.08–0.9

22Ne(p, γ)23Na Ne-Na 68–300 0.04–0.39
20Ne(p, γ)21Na Ne-Na 366 0.53
23Na(p, γ)24Mg Ne-Na 138, 240, 296 0.11–0.35

13C(α,n)16O s-process 230–300 0.12–0.18
22Ne(α, γ)26Mg s-process 334 0.12
22Ne(α, n)25Mg s-process >350 >0.1

Even if big steps forward have been made, there are still missing information and
reactions requiring more accurate experimental data. For this reason, the new LUNA-MV
facility at Gran Sasso represents a unique opportunity to study the nucleosynthesis in
massive stars as well as their evolution and the production of about half of the chemical
elements heavier than iron through the s-process.
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