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One of the main ingredients of nuclear astrophysics is the knowledge of
the thermonuclear reactions responsible for powering the stellar engine and
for the synthesis of the chemical elements. At astrophysical energies, the
cross section of nuclear processes is extremely reduced by the effect of the
Coulomb barrier and often extrapolations are needed. The Laboratory for
Underground Nuclear Astrophysics (LUNA) is placed under the Gran Sasso
mountain. Thanks to the environmental background reduction provided by
its position, many reactions involved in hydrogen burning has been mea-
sured directly at astrophysical energies. Based on this progress, currently
there are efforts in several countries to construct new underground accel-

erators. The exciting science that can be probed with these new facilities
will be highlighted.
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1. Introduction

Nuclear processes generate the energy that makes stars shine. Moreover,
they are responsible for the synthesis of the elements (and isotopes) in stars.
As a matter of fact, hydrogen, helium, and all isotopes until lithium and
beryllium are synthesized during the Big Bang Nucleosynthesis (BBN). All
other nuclei are produced during the different characteristic phases of the
star evolution [1].
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The understanding of these nuclear processes is the goal of nuclear as-
trophysics and, in particular, the knowledge of the nuclear cross sections
involved in that processes. The astrophysically relevant energy range is
given by the folding of two strongly energy dependent functions |1, 2]: the
Maxwell-Boltzmann velocity distribution and the cross section of charged
particle induced reactions. The folding results in a structure called the
Gamow peak, which peaks at the energy Eg (called the Gamow energy)

12
Eq =~ 0.1220 (Z1 Z3p)® T3 (1)

where Z; 5 are the charges of the two reaction partners, y = myma/(m;+ms)
their reduced mass, and Ty = T/10° K is the temperature of the astrophys-
ical scenario under study. The Gamow energy of nuclear reactions taking
place in the Sun, with its core temperature of Ty = 0.016, is typically 20 keV
depending on the precise reaction, leading to cross sections in the range of
pbarn and below. As a matter of fact, in this energy range the cross section
is highly reduced by the effect of the Coulomb repulsion and the nuclear
reactions can occur only via tunnel effect. In particular, the cross section
can be written as

o(8) = 2B exp( 2, )

where S(E) is the astrophysical factor (which contains the nuclear physics
information) and 7 is the Sommerfeld parameter, given by

2wy =31.297 Zo(u/E)Y?, (3)

p is the reduced mass (in units of a.m.u.), and E is the center-of-mass energy
(in units of keV).

Due to these small cross section values, the rate of the reactions, char-
acterized by a typical energy release of a few MeV, is too low, down to a
few events per year, in order to stand out from the laboratory background.
In many cases, it is not possible even to reach energy values close to the
Gamow peak and extrapolations are needed, leading to substantial uncer-
tainties. A way to handle that background problem is to go in an under-
ground environment. As a matter of fact, the natural shielding provided
by an underground site will guarantee a reduction of the cosmic flux of or-
ders of magnitude leading to the success of experimental nuclear physics.
LUNA (Laboratory for Underground Nuclear Physics) 3, 4] is placed under
the Gran Sasso National Laboratories of INFN. Two accelerators were used
during years. First, a 50 kV accelerator (hereafter LUNAT) [5] and then a
400 kV accelerator (hereafter LUNA2) [6].

Under the Gran Sasso Laboratory, the muon flux is reduced by a factor
10% and the neutron flux by a factor of 1000 [7]. Further background re-
duction in the region below 3 MeV in the gamma spectrum can be achieved
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by implementing a shielding made by copper and lead [8]. A review of the
results achieved by the LUNA Collaboration will be presented in this paper
combined with a discussion on the future projects for nuclear astrophysics
in underground with a MV accelerator.

2. Solar hydrogen burning

Hydrogen burning in the Sun proceeds mainly by the proton—proton
chain (p—p chain, Fig. 1), with a 0.8% contribution from the carbon—nitrogen—
oxygen cycle (CNO cycle) [9]. The basic processes are by now well under-
stood, leading to the so-called standard solar model [10] that explains both
helioseismological data and neutrino observations. The main uncertainty af-
fecting this model, the solar neutrino puzzle, has been spectacularly solved
by large neutrino detectors [11-13, e.g.| showing that the missing solar
neutrinos have undergone flavour oscillation.

H(p.e*v)*H "H(p e"v)°H
99.75 % 0.25 %
H(p,y)"He
85% 15% 0.00003 %
! 3 *
SHe(°He,2p)*He He(x,y) ' Be 3He(p,e+v)4|-ie
15% 0.02%
"Be(e”,v)’Li "Be(p,y)®8
"Li(p.0)*He 8g(e*v)%8e”
8Be"(c)*He

Fig.1. Reactions scheme of the p—p chain. The reaction studied by LUNA are
highlighted with arrows.
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LUNA started its work studying the 3He(*He,2p)*He reaction since there
was the discussion on a possible resonance at the Gamow peak energy
[14, 15]. This study was done by using the LUNA1 50 kV accelerator. This
reaction was studied directly at the energy of the Gamow peak ruling out
the resonance existence [16, 17]. The 2H(p,v)3He reaction, responsible for
the production of 3He, was also studied at LUNAT1 [18].

The neutrino fluxes emitted by the Sun are strictly correlated with the
nuclear processes involved in the hydrogen burning (see Fig. 1 and Fig. 2).
The LUNA2 400 kV accelerator program was focused on these processes
achieving important results. The 3He(a,y)"Be reaction was studied by us-
ing both the gamma prompt detection [19, 20| and the activation tech-
niques [21, 22] finding a perfect agreement within the two methods. This
result was important not only to reduce the systematics, but also to solve
the discrepancy previously shown in experiments based on the two differ-
ent techniques. The 3He(oz,’y)7Be reaction reaction controls the "Be and 8B
neutrinos and it is also fundamental for the production of “Li during the Big
Bang Nucleosynthesis (BBN).

(p.Y) (p, o)

13¢ > |14 | < {179 ——>{ '¥F
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.' 13 50, 17 |
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Fig.2. Reactions scheme of the first and second CNO cycles. Some reactions
studied by LUNA are highlighted.

The CN neutrino fluxes are governed by the MN(p,y)!°O reaction. It is
the bottleneck of the first CNO cycle and, therefore, the 3N and O neu-
trinos are controlled by this reaction. The LUNA Collaboration started the
study of this reaction by performing two different experiments: one charac-
terised by solid target setup and HPGe detector. This kind of setup allows
to study separately all branchings and to perform R-matrix analysis [23, 24].
A second setup, made of a windowless gas target and a 47m-BGO detector,
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was used to to measure the total cross section in a wide range of energy (down
to 70 keV in the center of mass) thanks to the high efficiency provided by
the BGO [25, 26]. In those experiments, the cross section was found lower
by a factor of 2 with respect to the reported value in NACRE [27] with con-
siderably effects on the neutrino fluxes from the Sun and the age of globular
clusters [28].

Recently, a new precise knowledge of the *N(p,~)!®O cross section has
been raised to solve the so-called Solar Composition Problem [9]: the conflict
between helioseismology and the new metal abundances (i.e. the amount of
elements different from hydrogen and helium) that emerged from improved
modelling of the photosphere [29]. As a matter of fact, the CNO neutrino
flux is decreased by about 30% in going from the high to the low metallic-
ity scenario. This way, it will be possible to test whether the early Sun was
chemically homogeneous [30], a key assumption of the standard Solar Model.
In order to reduce the nuclear uncertainties in the solar model, a new mea-
surement was performed reaching the final value of S7,14(0) = 1.57+0.13 keV
barn [31, 32].

2.1. Second, third CNO cycles, and the Mg—Al

In recent years, the LUNA Collaboration focused its attention on several
reactions involved in hydrogen burning Nova explosion. The first reaction
studied in this program was the *N(p,+)'60. This is the link from the
first to the second CNO cycle and it was studied intensively at the LUNA
accelerator. Data acquired with a gas target setup and natural nitrogen
(which contains a 0.37% of °N) to study the *N(p,7)!®O reaction were
analysed to determine the *N(p,7)'O cross section in the energy range
from 230 keV down to 90 keV in the center of mass [33]|. After that, two new
experiments were performed by using !N enriched solid targets ([34] and
reference therein). The LUNA measurements cover totally the Gamow peak
in Nova explosion, where the N(p,7)!%0 is mainly important and the cross
section was found to be lower than a factor of 2 with respect what reported
in the NACRE database [27]. This leads to a reduction of 10O produced by
Novae of a 40%.

Another important reaction for Nova scenarios is the 17O(p, v)*®F which
is the link from the second and third CNO cycle.

The 7O(p, 7)'8F reaction was investigated from 2011 to 2013. In partic-
ular, the ratio between the reaction rates of 7O(p, a)*N (Q = 1.2 MeV) and
70(p,7)'8F (Q = 5.6 MeV) channels is one of the most important param-
eters for the galactic synthesis of 17O, the stellar production of radioactive
18F and for predicted O isotopic ratios in premolar grains [35, 36].
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Since the '8F is a radionuclides with a half life of ~ 110 min, the cross
section has been derived both by detecting the prompt gamma rays and by
counting the 511 keV vs emitted by the ®F decay. The results are perfectly
in agreement reducing considerably the systematic uncertainties [37]. The
LUNA results affect not only the direct capture evaluation, but the 183.3 keV
resonance strength was also measured with a value of wy = (1.67+0.12)ueV.
As a matter of fact, the LUNA measurements cover the whole Gamow peak
referred to Nova scenarios reducing by a factor of 4 the uncertainty on this
reaction in stellar models and, in particular, on the oxygen and fluorine
isotopes produced in Nova explosions [37]. The very low uncertainty ob-
tained in this experiment was possible thank to an intensive study of the
target, realised and tested directly by the LUNA group with IBA and SIMS
technique [38].

Now, the LUNA Collaboration is preparing a new effort to study the
(p, @) channel on 70 at astrophysical energies. To reach this goal, a new
chamber has been constructed which allows to place 8 silicons detectors in
backward directions (the setup scheme is reported in Fig. 3). The setup
improves the efficiency which is a crucial parameter in measuring nuclear
reaction at such low energies. The goal of this project is to measure by the
end of this year the 65 keV resonance strength of the 7O(p, a)!4N reaction.

Fig. 3. Picture of the scattering chamber. The beam enters the chamber from the
top which is connected with the cold trap.

The study of the CNO cycles is the natural precursor for the hydrogen
burning in Mg-Al cycles. The problem of the 26Al production is one of the
most interesting cases [39]. LUNA measured precisely several resonances for
24.25Mg(p,v)?62TAl in order to reduce the uncertainties on those reactions
as requested in the astrophysical models [40, 41]. The impact of the LUNA
results is discussed in details in a recent work [42].
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3. Big Bang Nucleosynthesis

The 3He(a,7)"Be reaction has an important role in solving the prob-
lem of the Spite plateau [43]. LUNA measured this reaction in the Gamow
peak for Big Bang Nucleosynthesis reducing the uncertainties to 3% over-
all. Another problem concerning lithium isotopes has been raised recently:
the SLi has been measured to be 3 orders of magnitude higher than what
expected in BBN [44, 45]. While it is generally believed that SLi is pro-
duced by cosmic-ray spallation over the lifespan of the universe, the SLi
observations in halo stars seem to suggest a primordial origin instead. For
6Li production in the Big Bang, the main nuclear physics unknown is the
2H(cv,y)5Li reaction rate. The setup used to study this reaction is already
described in details [46]. The scattering chamber was filled with high pu-
rity deuterium gas. The accelerated deuterium particles, after Rutherford
scattering with the a-beam, interact with the gas itself producing the two
reactions: 2H(d,n)3He and 2H(d,p)3H. In particular, the neutrons emitted
by the 2H(d, n)3>He were responsible for a high beam induced background in
the v-spectrum. A long and detailed study of this background was required
in order to perform the analysis of the data [46, 47]. The precise knowledge
of the background was achieved by the comparison of experimental mea-
surement and Monte Carlo simulations able to reproduce the experimental
data.

4. Science case for a future higher-energy accelerator
underground

Recent advances in astronomy and astrophysics require nuclear data at
energies that are higher than the high-energy limit of LUNAZ2.

Most notably, the 2C(a,y)'%0 reaction still eludes experimental and
theoretical efforts to pin down its precise rate [48|. This reaction, together
with the triple-a reaction [49], determines the ratio of carbon to oxygen at
the end of helium burning, a value that has wide-ranging impacts on the
nucleosynthesis of heavier elements.

Whereas a direct 12C(c,7)'%0 study at the relevant energy of 300 keV
is impossible due to the forbiddingly-low absolute yield, a study in a low-
background environment such as LUNA at higher energies can help improve
necessary extrapolations by providing constraints at energies where there are
currently no data. The study of this reaction is based on a precise knowledge
of the targets, since the background induced by the parasitic («,y) reaction
on 13C can overwhelm the signal of the 2C(a,7)®O reaction if the isotopic
ratio 12C/13C is less than 10° (at least three order of magnitude higher than
in natural carbon). The LUNA Collaboration has started a deep investi-
gation on '2C enriched targets and their stability, by performing analysis
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tests on different backings and cleaning techniques and to understand the
behaviour of the produced targets against irradiated charge. Those tests are
performed at the Laboratori Nazionali di Legnaro and they will continue
also in 2014 in order to have a complete understanding of the targets and in
order to keep better under control the production techniques used in their
creation. This work is essential for the success of the 2C(a,7)!®O cross
section measurements.

Another important open issue of nuclear astrophysics is the neutron
source reactions. In particular, the 13C(a,n)®0 and 2?Ne(a, n)?Mg re-
actions. They are responsible for the production on neutrons involved in the
slow neutron capture process, called the astrophysical s-process. Whereas
those reactions are the subject of intensive experimental study [50, e.g.], so
far the reactions actually producing the neutrons have not yet been mea-
sured in the relevant energy range since they should be addressed by an
underground accelerator.

A third topic is to complement some of the proton- and a-capture reac-
tions studied at the LUNA2 accelerator at higher energy. Such a continua-
tion is particularly important for the Big Bang reactions *He(c,y)"Be and
2H(a,y)5Li, where the present LUNA2 400 kV machine can only cover the
lower part of the relevant energy region.

5. Future underground accelerator facilities

Based on the successes of the LUNA Collaboration, around the world
several efforts are underway to install high-current, stable-beam accelera-
tors in underground sites. LUNA-MYV project was started in order to install
a 3 MV machine in the underground laboratories of Gran Sasso. The new ac-
celerator has already been financed by the Italian government and it should
be installed in the next year at the Gran Sasso Laboratory. The synergy
between the existing LUNA2 and the new LUNA-MV accelerator will allow
to perform reaction studies in a wide range of energies with complete under-
standing of the setups involved. The planned DIANA facility at the Deep
Underground Science Laboratory DUSEL in the Unites States also includes
a megavolt and a lower-energy machine. Another project is under discussion
at the Canfranc underground laboratory in the Pyrenees, Spain. As part of
a staged approach, even an accelerator laboratory in a shallow-underground
facility such as Felsenkeller (Dresden, Germany) is under consideration.

At present, the existing 400 kV LUNA2 machine continues its scientific
program outlined here. The next few years will show where this highly
successful approach will eventually be complemented by one or more higher-
energy accelerators underground. The technique is sufficiently mature to
address not only the data needs of the astrophysics community, but it has
the potential to benefit also the astroparticle and other communities.
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