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Nuclear processes are responsible for energy generation that makes stars shine, and for the
synthesis of the elements in stars and also play a decisive role in explaining the chemical
composition of the interstellar medium. Thermonuclear fusion reactions convert protons
into heavier elements from He to Fe. Deep underground in the Gran Sasso Laboratory
the key reactions of the proton-proton chain, the carbon-nitrogen-oxygen cycle and the
neon-sodium cycle have been studied down to the energies of astrophysical interest. The
latest results are reviewed, together with future developments of underground nuclear
astrophysics.

1 Nuclear astrophysics at Gran Sasso

At the Laboratory for Underground Nuclear Astrophysics (LUNA), in the Gran Sasso National
Laboratory, several cross sections have been measured in the past down to the energies of as-
trophysical interest [1, 2].

At low energy, the cross section of a charged particle induced reaction steeply drops with de-
creasing energy due to the Coulomb barrier. Generally, it has a very low value at the Gamow
Peak, the energy region where most reactions occur; this prevents a direct measurement in a
laboratory on the Earths surface, where the signal to background ratio is too small because of
cosmic ray interactions with detectors. The Gran Sasso underground facility is shielded against
cosmic rays by a rock cover (1400 m thick) equivalent to 3800 m water, suppressing the muon
and neutron flux by six and three orders of magnitude, respectively.

The measurement of the cross section for thermonuclear reactions require an experimental ap-
paratus composed of an accelerator, a target, and a detection system.

The LUNA 400 kV accelerator delivers a proton beam of 500 A or an alpha beam of 300 pA
in the energy range of E,_, = 50-400 keV. The ions can be sent into one of two different, beam
lines, thereby allowing the parallel installation of solid and gas target setups.

For nuclear reactions in which charged particles are emitted, silicon detectors are usually
adopted to make an in-beam measurement.

For nuclear reactions in which only ~-rays are emitted, the choice of the most suitable detec-
tor depends on the physical information desired. The 47 bismuth germanate (BGO) summing
crystal used at LUNA can reach an efficiency as high as 70% for a 7-MeV + ray, thus allowing
the measurement of extremely low reaction yields. However, the BGO’s energy resolution is
very poor and does not allow measurements of cascades and branching ratios to different levels
because most of the y-ray transitions are summed in a single peak. With a germanium detec-
tor, the efficiency decreases to the level of a few per mil, but the energy resolution is much
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better, allowing complex ~-ray cascades to be disentangled. Moreover, angular distribution
measurements can be made by placing the detector at different angles with respect to the ion
beam.

2 Reactions studied at LUNA in the last years:

2.1 "O(p,a)"N

This reaction plays an important role in the synthesis and abundance of key isotopes often
used to test nucleosynthesis models of classical novae, Asymptotic Giant Branch (AGB) and
post-AGB stars [3, 4, 5]. At energies of astrophysical interest its reaction rate is dominated [6]
by a narrow and isolated resonance at E,=70 keV. This resonance has been studied several
times in the past, using both direct and indirect methods, as summarised in ref. [7]. However,
the picture painted in the literature is still not completely satisfying. The uncertainty in the
resonance strength is not negligible (~20%). Furthermore, published strength values obtained
with direct measurements have all been retracted or reanalysed [7].

An experimental campaign aimed at measuring the E,=70 keV resonance in 17O(p, @)*N has
been recently completed at the underground LUNA accelerator. The low background in the
underground environment has been exploited in order to carry out a direct investigation of
this weak (wy =~ neV) resonance employing the thick-target yield technique. Protons have
been accelerated on a solid TasO5 target and alpha particles detected at backward angles using
an array of silicon detectors (Fig.1). The setup has been commissioned using the well-known
E,=193 keV resonance in 17O(p, a)1*N [8].

A clear peak has been observed at E,=71.5 keV. The alpha peak from the E,=70 keV resonance
appears where expected and has a signal significance higher than 5 sigma. Results of the
analysis indicate a resonance strength that is significantly higher than reported in previous
investigations. Because of the importance of this resonance [6], LUNA results is expected to
have significant astrophysical consequences in a number of scenarios.

2.2 ?2Ne(p,7)*Na

The 22Ne(p,7)**Na reaction is involved in the hydrogen burning neon-sodium (NeNa) cycle
which is active in Red Giant Branch stars (Gamow peak 30-100keV), Asymptotic Giant Branch
Stars (AGB), classical novae (Gamow peak 100-600keV) [9] as well as in type Ia supernovae [10]
and contributes to the nucleosynthesis of neon and sodium isotopes.

The 22Ne(p,7)?3Na is the NeNa cycle reaction with the most uncertain cross section. In the en-
ergy range relevant for astrophysics, the 2?Ne(p,7)?*Na reaction rate was poorly known because
of the contribution of a large number of resonances, many of which were never observed directly
[11, 12], before the experiment performed at LUNA in 2015. The lowest-lying resonance with
a directly measured strength was the one at E' =436keV [13]; for the resonances below that
energy, only upper limits were reported in the literature [14, 15, 16]. The mere existence of
several 2Na energy levels, e.g. the ones corresponding to the E, = 215, 104, and 70 keV
resonances, is even doubted [17].

An experimental campaign structured in two phases has been started in 2013 to measure di-
rectly the resonance strength of several resonances below 400 keV. The data taking for the first
phase, with High Purity Germanium Detectors (HPGe), has been concluded and the results
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have been published in 2015 [18]. The data taking for the second phase, with BGO detectors,
has been recently accomplished, the data analysis is still on going.

Phase I: HPGe detectors

The setup consisted of two HPGe detectors, one at 90° with respect to the beam direction, and
the other one at 55° effective angle. The use of two high resolution detectors with well defined
solid angles allowed a measurement not only of the total resonance strength, but also of the
different branching ratios of the resonance decay. The two detectors were surrounded by a 4 cm
thick copper shielding and a 25 cm thick lead shielding in order to suppress the environmental
background [19].

The gamma detection efficiency has been determined in the energy range of interest for the
measurement (i.e. 440keV < E, < 9.5 MeV) with radioactive sources at the lower energies ("Be,
137Cs, 99Co and #Y) and with the N(p,7)'°O nuclear reaction at the higher energies.
FEnriched neon-22 gas has been used for the measurements; for each resonance the yield profile
as a function of the proton beam energy has been studied in 1-2keV steps.

The resonances at B =156.2, 189.5 and 259.7keV have been detected for the first time. In
Fig. 2 the spectrum of the Eﬁ,‘gb =156.2keV resonance is shown together with the identified
23Na transitions. Also the background lines are shown. Detailed branching schemes have been
developed for the new resonances, and in two cases, even a coincidence analysis of the two
HPGe detectors has been possible. The thermonuclear reaction rate obtained with these new
LUNA results [18] is shown in Fig. 3 compared with previous rates reported in literature.

Phase IT BGO detector

In phase IT of the experiment, a high-luminosity 47 bismuth germanate summing crystal (BGO)
was used in order to address several low-energy resonances and the direct capture component, as
well. The typical v-ray detection efficiency of 70% of this detector [20] enable either a positive
confirmation or a severe upper limit for the low-energy resonances that make up much of the
discrepancy between the Sallaska and NACRE reaction rates (fig. 3).

The efficiency of the new setup was measured by means of four radioactive sources ("Be, 137Cs,
60Co and #8Y) and the well known E,=278 keV resonance of the **N(p, y)1?O reaction.
During the whole 2015 the data taking of this phase has been completed. The non resonant
contribution to the S-factor has been measured in an energy range from 200 keV up to 360 keV
and the two purported resonances at 70 and 105 keV, for which only upper limits exist from
the HPGe phase, have been studied in detail.

2.3 Future project: LUNA-MV

In the last years LUNA obtained important achievements in experimental Nuclear Astrophysics,
mainly studying hydrogen burning reactions. In order to make a step forward and be able to
measure reactions belonging to the helium burning that are important at higher temperatures
in stars that ultimately means larger interaction energies, a higher voltage accelerator is neces-
sary. With this aim, a new project just started, the LUNA-MV, which foresees the installation
of a 3.5 MV machine in hall B of Gran Sasso Laboratories. The LUNA MV accelerator will
provide intense beams of H, *Het, 12C*+ ¢ 12C*+ in the energy range: 200keV - 3.5MeV.
The accelerator will be built and tested by November 2017. Delivery at LNGS is scheduled for
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January 2018. Finally, by July 2018 the accelerator will be installed and tested in hall B.
The first five years of experimental program foresee the measurement of **N(p,y)1°0, 13C(a,n)*€0,
2Ne(a,n)**Mg and 2C+12C. Important achievements are expected soon.

2.4 Tables and figures

Figure 1: Picture of the target chamber used for the 17O(p,a)!*N cross section measurement.
All silicon detectors are mounted. Protective foils are mounted on the inner dome in front of

each detector.
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Figure 2: (Color online) In red spectrum measured at E,, =162keV, on top of the resonance at
156.2 keV. The off-resonance spectrum (in blue) is superimposed.

132 Magellan Workshop 2016



LATEST RESULTS FROM LUNA EXPERIMENT

Ep'eS [keV]
71 105 156 215 323 479

104 I T T T w T
L STARLIB 2013 =———

NACRE 1999
LUNA mm

!

103

102

10!

NaA<0OV>/NA<OV>s7ARLIB 13

100

101
0.03 0.1 0.3 1

Temperature [GK]

Figure 3: Thermonuclear reaction rate of LUNA [18], NACRE Collaboration [11] and STARLIB
group [21], normalized to STARLIB group.
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