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Abstract. Big Bang nucleosynthesis (BBN) describes the production of light nuclei in the early phases of
the Universe. For this, precise knowledge of the cosmological parameters, such as the baryon density, as well
as the cross section of the fusion reactions involved are needed. In general, the energies of interest for BBN
are so low (E < 1MeV) that nuclear cross section measurements are practically unfeasible at the Earth’s
surface. As of today, LUNA (Laboratory for Underground Nuclear Astrophysics) has been the only facility
in the world available to perform direct measurements of small cross section in a very low background
radiation. Owing to the background suppression provided by about 1400 meters of rock at the Laboratori
Nazionali del Gran Sasso (LNGS), Italy, and to the high current offered by the LUNA accelerator, it has
been possible to investigate cross sections at energies of interest for Big Bang nucleosynthesis using protons,
3He and alpha particles as projectiles. The main reaction studied in the past at LUNA is the *H(*He, v)°Li.
Its cross section was measured directly, for the first time, in the BBN energy range. Other processes like
2H(p,~v)*He, *He(*H, p)*He and *He(*He, v)"Be were also studied at LUNA, thus enabling to reduce the
uncertainty on the overall reaction rate and consequently on the determination of primordial abundances.
The improvements on BBN due to the LUNA experimental data will be discussed and a perspective of

future measurements will be outlined.

1 Introduction: Astrophysical motivation

The Big Bang nucleosynthesis (BBN) theory describes the
formation of light nuclides in the first minutes of cosmic
time, as the result of the competition between the rapidly
expanding Universe and the reaction rate of relevant nu-
clear processes [1,2]. In standard cosmology, the expansion
rate of the universe is governed by the Friedmann equa-
tion,

8w
H2 = ?Gp, (1)

where H is the Hubble parameter, G is the Newton gravi-
tational constant and p is the energy density which, in the
early Universe, is dominated by “radiation”, i.e. the con-
tributions from massless or extremely relativistic particles.
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The only known relativistic particles at the BBN epoch are
the photons (with g, = 2 degrees of freedom or helicities)
and the three neutrino families (with g, = 2, taking into
account left-handed neutrinos and right-handed antineu-
trinos). Therefore, the radiation density can be expressed

as follows:
4/3
7 (4
1+ 3 (11> Ncﬁ"| . (2)

In this formula p, is the photon density and Neg is
the contribution of other relativistic species. Using this
formula Neg = 3.046 if only the three known neutrino
families are considered.

As shown in fig. 1, the nucleosynthesis begins with
the formation of deuterium by p(n,v)?H reaction. Be-
cause of the large density of photons (the baryon-to-
photon ratio is n = 6 x 1071Y); the photo-dissociation
delays the production of deuterium well after the tem-
perature T" drops below the binding energy of deuterium
(Q = 2.23MeV). Subsequently, *H and *He are produced
via the 2H(?H, p)3H, 2H(?H,n)*He and 2H(p,v)>He pro-
cesses.

P = Py
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Fig. 1. Leading processes of Big Bang nucleosynthesis. Yellow
boxes mark stable isotopes. The nuclear processes studied by
LUNA are highlighted in red.

Finally, the *H(?H, n)*He and *He(*H, p)*He reactions
produce “He, in which nearly all the free neutrons end up
bound, while the abundances of deuterium, tritium and
3He are relatively small (residual tritium is successively
converted into *He via weak decay). The primordial abun-
dance of heavier isotopes "Li and °Li is even smaller (after
BBN, the produced "Be decays into "Li), because the ab-
sence of stable nuclei with mass number 5 impedes nucle-
osynthesis via “He +n and *He 4 p reactions. Finally, the
production of nuclides with A > 8 is negligible, because
the lack of stable nuclei with A = 8 prevents nuclear re-
actions through the *He + “He channel to occur.

In the ACDM model (i.e. the standard model of Big
Bang cosmology), the only free parameter is the baryon
density, usually expressed normalized to the black-body
photon density as 7 = ng/n,. While both densities change
with time and temperature, their ratio remains constant
from the end of BBN to the present. Because standard
BBN is a one-parameter theory, the comparison between
any abundance measurement with the BBN calculation
determines 7, while additional measurements overcon-
strain the theory and thereby provide a consistency check.
Incidentally, the n parameter has been recently derived
with high accuracy by the Cosmic Microwave Background
(CMB) experiments [3]. Consequently, using such a nceusp
value as a fixed parameter in the ACDM model it is pos-
sible to let the light element abundances free to vary.
In this case, the primordial abundances are thus com-
pletely determined within the CMB and BBN uncertain-
ties. The obtained results have to be compared with the
direct observations for light isotopes in the Universe. As a
general method, the primordial abundances are obtained
from the observation of emission or absorption lines in
specific astrophysical environments. The primordial abun-
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Table 1. Calculated and observed abundances of light isotopes
derived from standard BBN and from direct astrophysical ob-
servations (see text). In this table, the primordial *He abun-
dance is given in terms of the baryon mass fraction Y}, i.e. the
ratio between helium and baryon densities at that time. The
abundance of the other nuclides is expressed by ratios.

Isotope SBBN theory
Y, 0.24771 4 0.00014 [3)
D/H  (2.640.07) x 107° [3] (2.53£0.04) x 107" [5]
3He/H (1.0040.01) x 107° [6] (0.9+1.3) x 107° [7]
"Li/H (4.68+0.67) x 10719 [6] (1.2379:53) x 107 [g]
°Li/"Li  (1.5£0.3) x 107° [9] < 1072 [10]

Observations
0.254 + 0.003 [4]

dance is then derived by extrapolating to zero metallic-
ity the amount of light isotopes observed in metal-poor
and/or faraway sites, where the abundances are thought
to be less polluted by processes like stellar burning and
cosmic-ray interactions.

Table 1 summarizes both the results of BBN calcula-
tions (assuming the ACDM model and the 7 parameter
derived from CMB experiments) and the results of direct
observations for light isotopes.

As stated above, the computed “He abundance essen-
tially depends on the amount of free neutrons available,
therefore its (very small) uncertainty is almost entirely due
to the neutron lifetime error [1,2]. The primitive abun-
dance of *He derived from observations is deduced from
observations in HII (ionized hydrogen) regions of compact
blue galaxies. The uncertainty is mainly due to systemat-
ics such as plasma temperature or stellar absorption [4].
It is worth pointing out that the abundance of helium
strongly depends on the expansion rate of the Universe.
As a matter of fact, the faster the expansion is, the faster
is the cooling. As a consequence, the BBN inset starts ear-
lier, when the amount of neutrons available to form *He is
higher. Therefore, the comparison between observed and
calculated amount of helium depends on Neg (see egs. (1)
and (2)), thus constraining the possible existence of “dark
radiation”, i.e. extra relativistic species in the early Uni-
verse not considered in the ACDM model.

Apart from helium, the calculated abundances of
all the other nuclides strongly depend on the details
of the BBN reaction chain [1,2]. As it will be shown
in the next sections, the error budget of theoreti-
cal abundances has been remarkably improved by the
LUNA experiment through the cross section measure-
ment of the 2H(p,~v)3He [11], 3He(*H,p)*He [12,13],
3He(*He,v)"Be [14-17] and “H(*He, v)®Li [9] processes.

The abundance of deuterium is of particular impor-
tance because recent works in Damped Lyman-Alpha
(DLA) systems at high redshifts provide the primordial
abundance of deuterium with good accuracy [5]. As shown
in table 1, the error of (D/H)gpN is higher than the
(D/H)ops one, calling for a renewed measurement of the
2H(p,v)*He process [18]. As the deuterium abundance
strongly depends on the baryon density, the compari-
son of (D/H)gpn and (D/H)ops allows to measure the
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7 parameter (at the BBN epoch) with about the same
accuracy of the one derived from CMB experiments. The
(D/H) value is also sensitive to the expansion rate of uni-
verse, therefore it can be exploited to constrain the ex-
istence of “dark radiation”, in combination with the *He
results [5,19] or with CMB experiments [3,18].

The (*He/H)ppn value has a quite small error. Unfor-
tunately, the He observations in our galaxy are affected
by large systematical uncertainties because this isotopes
is both produced and destroyed in stars so that its primor-
dial amount is quite uncertain [7]. Therefore, up to now
3He does not represent a powerful probe to constrain the
ACDM model.

The abundance of 7Li/Hopg is deduced from the
strength of its characteristic absorption line at about
680nm in low metallicity stars in the galactic halo. The
observations show that the lithium abundance is almost
independent of metallicity (Spite plateau [20]).

This asymptotic value is interpreted as the primordial
"Li abundance pointing out the tension between obser-
vations and theory, referred in literature as the “lithium
problem”.

Finally, concerning the SLi isotope, a controversial
measurement is reported in the literature where the Li
abundance is obtained from the analysis of metal poor
stars absorption spectra [10]. Even though many of the
claimed SLi detections are questionable, for a very few
metal-poor stars there still seems to be a significant
amount of SLi (“the second lithium problem™) [21].

The SLi abundance error has been recently re-
duced with the measurement of the cross section of the
2H(*He, v)°Li process at BBN energies by the LUNA ex-
periment.

In summary, the BBN theory provides a powerful tool
to constrain particle physics and cosmology. Although pri-
mordial abundances span many orders of magnitude, it is
quite impressive that observations and theory are fairly
in agreement, thus confirming the overall validity of stan-
dard BBN. However, some inconsistency between theory
and measurements is apparent, possibly due to physics
beyond the Standard Model (concerning the theoretical
predictions) or to the lack of knowledge of astrophysi-
cal processes (concerning the abundances derived from di-
rect observations). As an example, the existence of extra
relativistic species beside photons and standard neutri-
nos increases Y, and (D/H) [5,19], while the abundance
of lithium isotopes can be affected by new physics, such
as the existence of supersymmetric particles at the BBN
epoch [22-25]. Although the impressive improvements in
nuclear astrophysics reached in the last years, the present
“precision cosmology” era is calling for a renewed study
of the relevant nuclear processes in order to understand
cosmology and particle physics in a coherent way.

2 The BBN fusion reactions investigated at
LUNA

In this section, the improvements on BBN due to LUNA
data will be discussed in details.
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2.1 2H(p,~)3He

Big Bang nucleosynthesis (BBN) started when the tem-
perature of the Universe was low enough to break the equi-
librium between deuteron production through p(n,~)*H
and photo-disassociation through ?H(v,n)p (the so-called
“deuterium bottleneck”). Owing to the environmental
temperature of the order of GK and the huge amount
of protons present at that time, *He was created through
the 2H(p,v)*He and 2H(?H, n)>He reactions. At the same
time these two reactions, together with the 2H(*H, p)H,
destroyed the deuterium nuclei just created. The over-
all primordial deuterium abundance is thus determined
by the values of all these cross sections, experimentally
determined in nuclear laboratories since the middle of
last century. The related uncertainties changed in the last
decades maintaining, however, the 2H(p,~y)*He reaction
as the main source of error in the primordial deuterium
abundance BBN calculation [18,26,27].

LUNA measured the ?H(p,v)*He reaction in the So-
lar Gamow peak (2.5keV < E < 22keV) in 2002 [11],
far away from the BBN energy range (52keV < E <
252keV [28]). However, the new LUNA data definitely
clarified the situation in the low energy range where pre-
vious experimental results differed by more than 50% [29].
Moreover, the inclusion of the new LUNA data increased
the accuracy of the S-factor parametrization, when com-
pared to previous analyses [30]. The available experimen-
tal data before and after LUNA are reported in fig. 2.

In 2002, high-precision Cosmic Microwave Background
(CMB) measurements like those provided by WMAP [38]
in 2003 and PLANCK [3] in 2015 were not available and
thus BBN calculations of primordial deuterium abundance
based on astronomical observations and nuclear cross sec-
tion data were used to constrain cosmological parameters
such as the baryon density (2, or the effective neutrino
number Neg. In this respect, the 2H(p,~)*He was consid-
ered a cosmological baryometer.

Using the new evaluation of the ?H(p,v)3He reaction
rate improved with the LUNA data [30] and the high-
precision baryon density value measured at WMAP [38],
a primordial deuterium abundance with a precision com-
parable with the astronomical observations available at
that time was obtained [30]. Thus, for the first time, as-
tronomical observations on primordial deuterium could be
compared with the BBN expected value. A small inconsis-
tency between the measurements and the model prediction
was found and later confirmed also by PLANCK [3,18].

Recently, new astronomical observations [5] reduced
the uncertainty on the deuterium abundance to a 1.6%
level, lower than the one obtained using BBN. The more
recent values of the primordial deuterium abundance ob-
served [5] and calculated [18] are reported in table 1.

The main source of error on the BBN value is the un-
certainty on the 2H(p,~)3He reaction rate, substantially
due to the lack of experimental data points in the BBN
region of interest [18]. Up to now, only Ma et al. [35] data
are available in that energy range. A new experimental
campaign devoted to a high-precision measurement of the
2H(p, v)*He cross section is planned at LUNA in 2016.
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Fig. 2. Experimental data available before LUNA (black):
Griffins et al. (1962) [31] and (1963) [32], Warren et al.
(1963) [33], Bailey et al. (1970), Schmid et al. (1997) [34] and
Ma et al. (1997) [35]. Experimental data available after LUNA
(blue): Bystritsky (2008). LUNA (2002) data are indicated
with red empty triangles [11]. Fit curves by NACRE I [36]
and II [37] compilations and Adelberger [29] are also reported.
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2.2 3He(?H, p)*He

The 3He primordial abundance is mainly determined by
the 3He(*H, p)*He process and, to a lower extent, by the
2H(p,v)*He reaction [39]. Both reactions were studied at
LUNA but unfortunately outside the energy region of in-
terest for BBN. Differently from the 2H(p,v)?He case, dis-
cussed in details in sect. 2.1, the LUNA [12,13] data for
the 3He(?H, p)*He reaction did not considerably increase
the precision of the 3He primordial abundance estimation.
Moreover, it is very difficult to measure the *He primor-
dial abundance from the astronomical point of view given
that this isotope is created and destroyed during the stel-
lar/galactic evolution. This explains why *He was never
used in the past as a cosmological baryometer due to the
huge uncertainty on its observed value [40]. Experimental
LUNA data points were used to calculate the *He primor-
dial abundance [6,37]: the more recent value is reported
in table 1.
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2.3 3He(a,v)"Be

Lithium is the heaviest of the three elements predomi-
nantly produced in Big Bang nucleosynthesis (BBN). It
has two stable isotopes, "Li (terrestrial abundance 92.5%,
this section), and °Li (terrestrial abundance 7.5%, subse-
quent section). While “Li has long been believed to be pro-
duced mainly in Big Bang nucleosynthesis, it is assumed
that SLi originates mainly in cosmic rays [41].

Ever since the discovery of the Spite plateau of lithium
abundances in metal-poor halo stars [20], it has been a
puzzle why standard BBN predicts a significantly higher
amount of “Li than what is observed in primitive stars.
With the recent very precise determination of the baryon-
to-photon ratio based on the cosmic microwave back-
ground [3], this puzzle has only become more acute. BBN
"Li predictions are now a factor of four higher than obser-
vations [21].

Recent data on very old stars at ultra-low metallic-
ity [42,43] show an even stronger depletion of the lithium
level, suggesting that the Spite plateau is no longer valid
for these extreme cases. However, despite some scatter
in lithium values, in none of these very old stars lithium
abundances above the Spite plateau have been found. So
the basic quandary that BBN predictions lie above the
Spite plateau remains even for these below-Spite stars.

Astrophysical solutions to the “Li puzzle that are be-
ing discussed include diffusion inside stars that may dilute
their "Li content [44]. Recently, a "Li abundance that is
consistent with BBN predictions has been observed in the
low-metallicity gas of the Small Magellanic Cloud [45],
adding a piece to the puzzle. More exotic suggested solu-
tions of the “Li puzzle include the temporary shifting of
neutrons to a mirror universe [46].

The BBN production of 7Li is dominated by the
3He(a,y)"Be reaction, with subsequent decay of radioac-
tive "Be to "Li. The 3H(a,~)"Li reaction, on the other
hand, plays only a minor role in “Li production [2].

The *He(c, ) Be reaction was studied at LUNA us-
ing two different experimental techniques: First, the cross
section was determined based on the offline determination
of the "Be activity created in the experiment. In a second
step, also the promptly emitted y-rays from the reaction
were detected and analyzed. For three runs at different
beam energies, both methods were used in parallel, allow-
ing to check for possible systematic discrepancies between
them. Just such a systematic discrepancy between acti-
vation and in-beam - method had previously been sug-
gested, giving rise to some uncertainty [47].

The setup consisted of a windowless *He gas tar-
get, with the pressure gradient maintained by differential
pumping in three pumping stages (see also [48]). The *He
gas from the exhaust of the pumps was collected, puri-
fied in a chemical getter and recirculated into the target.
The buildup of impurities passing the getter, which mainly
consisted of surviving nitrogen, was monitored using the
particle spectra from double elastic scattering of the *He™
beam, firstly on the target gas (*He and impurities), sec-
ondly on a carbon scattering foil to limit the scattered
particle flux.
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The beam intensity was determined with a beam
calorimeter with constant temperature gradient [49] going
from 70°C at the hot side to 0°C at the cold side. With
beam, the effective target density is reduced due to the
beam heating effect [50], leading to an effective thinning
of the gas due to the heat deposited by the beam. This
effect was studied with an elastic scattering device, giving
the effective target density with 1.5% uncertainty [51].

For the activation method, the detection efficiency is
given by the product of the efficiency to catch created “Be
nuclei and the efficiency of the offline counting. For "Be
created in the main gas target chamber, the geometric
detection efficiency of the primary "Be catcher, consist-
ing of a copper cap mounted on the calorimeter hot side,
is 100% due to the kinematic forward focusing of the re-
action products. However, some "Be nuclei are elastically
backscattered from the copper surface of the catcher. This
effect was studied in a GEANT4 [52] simulation and by ex-
periment. Experimentally, an aluminium foil was mounted
on the sides of the target chamber, forming a secondary
catcher for backscattered "Be. Indeed, as predicted by the
simulations, a tiny “Be activity of 0.8 mBq was found on
the aluminium foil, detectable only in the very low back-
ground setting of the Gran Sasso deep underground ~-
counting facility [53].

Further collection losses may occur if “Be is created not
inside the main target chamber, but already in the low-
pressure gas tube leading up to it or inside the narrow,
40mm long collimator separating tube and main target
chamber. Again, this effect was simulated and a specially
prepared collimator catcher was mounted, showing a cor-
rection of 6.8 mBq for an experiment with 316 mBq activ-
ity detected on the main catcher. The precise knowledge
of these two corrections was crucial for the final precision
attained.

Due to the low "Be activities of always less than 1 Bq,
the activated catchers had to be counted in very close ge-
ometry, just a few mm above the endcap of the ultra low
background high-purity germanium (HPGe) detector. In
this geometry, it is very difficult to precisely calibrate the
detection efficiency. Therefore, dedicated "Be calibration
sources in the 100Bq activity range were created, their
activity was determined in far geometry based on 37Cs,
60Co, and 22Na sources, and then they were used to cal-
ibrate the detector in close geometry. With this method,
simulation based corrections could be minimized, and the
counting efficiency was determined to +1.8%. The branch-
ing ratio for the emission of the 478 keV ~-ray in "Be decay
is very precisely known, (10.44 4 0.04)% [54].

Based on these considerations, the final systematic un-
certainty in the cross section determined by the activation
method was 3.0% [14-16]. The in-beam ~-spectrometry
data had a slightly higher systematic uncertainty of 3.6%
due to the unknown v-ray angular distribution [16]. The
new LUNA data (fig. 3) are lower in energy than ever
before, so that now the entire sensitive energy region for
BBN is covered with experimental data.

The experimental and theoretical situation in the
3He(a,y)"Be reaction at E > 1MeV has recently at-
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Fig. 3. Astrophysical S-factor of the *He(a,~)"Be reaction
from modern experiments [55-60] and from rescaling the "Be
solar neutrino flux [61]. A theoretical curve rescaled to match
the modern data [29], and ab initio theory [62] are given. The
Gamow peak for the Sun and the sensitive energy region for
BBN [61] have been added.

tracted much attention. This is so because at E ~ 2 MeV
the modern di Leva data [57] were about 40% higher than
the 50-year-old data by Parker and Kavanagh [63]. This
conclusion [57] was subsequently confirmed in a number
of recent experiments [58-60].

A direct comparison of the LUNA data with other
works is difficult, because they do not overlap in energy.
Any comparison needs to assume some energy depen-
dence, for example that of the theretical curve used in
the Adelberger et al. compilation [29]. When using this
curve, it is found that the modern cross section measure-
ments confirm the LUNA data, of course with some uncer-
tainty due to the extrapolation to lower energies (fig. 3).
An additional indirect confirmation that the LUNA data
are correct was recently found by using the observed "Be
neutrino flux and the standard solar model to extract the
3He(a, ) Be cross section at the solar Gamow peak en-
ergy [61].

However, it is still highly desirable to extend the
LUNA ®*He(a,v)"Be data to both lower and higher en-
ergies, in order to firm up the comparison to high-energy
overground data. Given this caveat, it can still be said that
the LUNA ®He(a, v)"Be data rule out any nuclear solution
to the BBN "Li problem. The predicted “Li production is
much higher, "Li/H = (5.1 £ 0.4) x 1071 [9].

2.4 2H(av, v)OLi

SLi detection in astronomical objects such as the metal
poor dwarf star HD 84937 in the Galactic halo [64,65] can
be performed using the small isotopic effect on lithium
absorption lines. Thus, a large number of stars has been
surveyed for Li in this way by Asplund et al. in the 2000
years, and significant values for the isotopic abundance
6Li/"Li have been found in about a dozen cases [10,66].
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Table 2. Observations of 5Li/"Li isotopic abundances in two
selected metal poor halo stars using two different methods:
1D LTE = one-dimensional model atmosphere, local thermal

equilibrium assumed. 3D NLTE = three-dimensional model
atmosphere, no local thermal equilibrium assumed.
Object 5Li/"Li [%)] Method Reference
HD 84937 5+2 1D LTE [64]
5.2+ 1.9 1D LTE [65]
5.1+2.3 3D NLTE [68]
1.7+0.9 3D NLTE [69]
G 64-12 59421 1D LTE [66]
0.8+2.7 3D NLTE [68]
—-0.24+14 3D NLTE [69]

However, other workers pointed out that by using three-
dimensional model atmospheres and dropping the assump-
tion of local thermal equilibrium these detections may be-
come insignificant [67], with the notable exception of HD
84937 [68]. Very recently, Asplund et al. presented new
data based on higher-quality observations and upgraded
models [69] that rule out several of the previous SLi/7Li
detections including their own (table 2, for two examples).

If even one of the disputed %Li/7Li detections, e.g. the
one for HD 84937 [64,65,68], is confirmed, there remains
the problem on how to produce ®Li in very primitive stars
without at the same time destroying all “Li. Contrary to
the case of "Li (see previous section), there are no stan-
dard physics solutions proposed for the production of Li.
Standard BBN results in °Li/"Li = (243)-107° [2], much
below the detected levels. As a possible solution, it has
been suggested that both stable lithium isotopes may be
created in the hot tori formed around stellar black holes,
but this interesting possibility actually worsens the “Li
puzzle while solving the °Li one [70]. More exotic possible
solutions include catalysis by long-living particles not in-
cluded in the standard model [22,23] and non-equilibrium
BBN [24].

Standard BBN production of °Li is dominated by just
one nuclear reaction, 2H(c,~)%Li [2]. This reaction has
been studied before LUNA (fig. 4): by detection of the
SLi residual nucleus [71], by in-beam 5-spectroscopy at
the E = 0.711MeV resonance' [72], and in two sep-
arate Coulomb dissociation experiments at 26 [73] and
150 MeV /nucleon [75] SLi projectile energy, respectively.
The first Coulomb dissociation experiment reported pos-
itive 2H(cv,7)%Li cross section values [73]. However, the
higher-energy, second work reported such a high back-
ground from nuclear breakup that no 2H(c,~)°Li cross
section could be extracted [75], an effect that should af-
fect the lower-energy data [73] even more strongly. There-
fore, these data [73] have to be interpreted as upper limits.
The higher-energy Coulomb dissociation work [75] reports
a theoretical excitation function that is to some extent
corroborated by the reconstructed angular distribution of

! In the following, F refers to the center-of-mass energy and
E. to the *He projectile energy in the laboratory system.
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Fig. 4. Astrophysical S-factor of the *H(c,v)®Li reaction,
from the literature (data: blue triangles [71], green circles [72];
upper limits: black arrows [73], blue dashed arrow [74];
theory black dot-dashed curve [75]) and from LUNA (red
squares [9]). The red curves (full = total, short-dashed = E2,
long-dashed = E'1) are the previous theory curve [75], rescaled
to match the present data.

the excited °Li nuclei. A separate attempt to directly mea-
sure the 2H(c,)5Li cross section in the Big Bang energy
range by in-beam ~ spectroscopy resulted only in an upper
limit [74].

In order to resolve the conflicting data situation, at
LUNA the ?H(a, v)°Li S-factor was measured directly at
astrophysically relevant energies, where the 2H(a,~)Li
reaction (Q-value 1.474 MeV) proceeds via direct capture
directly to the ground state of °Li and emits a single ~-
ray of energy E, = @ + E, either via electric dipole (E1)
or electric quadrupole (E2) capture. The cross section is
very small (about 60 pbarn at £ = 133keV) and, well
below the Coulomb barrier, strongly dependent on E. To
measure the cross section directly and with a sufficient
precision, the following issues had to be properly faced:

1) The need of a high signal-to-noise ratio to avoid big
statistical errors which are expected to dominate if
only few events can be detected.

2) The necessity of a precise knowledge of the energy at
which the reaction occurs. For this reason, solid targets
(e.g. deuterated metals) are not useful due to a rapid
stopping of incident particles inside the upper target
layers, leaving E uncertain. Secondly, the stability of
such a target would be affected by the high tempera-
tures at the beam spot, leading to a highly uncertain
target density. Hence, a windowless gaseous target is
preferable: in this way constantly renewed and stable
conditions can be obtained.

The setup used for the LUNA measurement is shown in
fig. 5. The emitted y-rays of the 2H(c, v)%Li reaction were
detected by an ultra-low background high-purity germa-
nium detector with a high relative efficiency of 137%. The
detector was located as close as possible to the beam (dis-
tance to the surface of the detector window: 15 mm). The
setup was fully surrounded by at least 20 cm of lead and
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Fig. 5. Setup used at LUNA for the ?H(c,v)®Li cross section
measurement campaign. More details are reported in [76,77].
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Fig. 6. Laboratory background in the LUNA setups for
the study of the reactions for BBN lithium production:
3He(a,7)"Be setup with Pb and Cu shield (red curve, [16]),
2H(av, v)°Li setup with Pb shield but no Cu (orange curve, [9]).
For comparison, a spectrum at the surface of the Earth in a
fully closed 15 cm thick Pb+Cu graded shield is shown (blue
curve, [76]).

enclosed in an anti-radon box flushed with pure nitrogen
to maintain a stable low natural background rate (fig. 6).

The output of the HPGe detector was processed by a
fast digitizer module, the events were stored along with
their timestamp. In this way, periods with an increased
noise could be discarded later.

The energy of the 2H(a,)%Li y-rays depends on the
@ value of the reaction and on the beam energy FE,.
The region of interest is stretched (up to 35keV at
E, = 400keV) by a large Doppler shift correction due to
the close detector geometry. Hence, a weak signal is dis-
tributed within a comparably large v energy range. In ad-
dition, deuterons scattered by incident *He™ ions may in-
teract with other deuterons via the 2H(?H, n)*He reaction,
creating a low (about 10s™1) but steady neutron flux.
The neutrons interact with the detector as well as with
the setup materials, creating a beam induced background
which exceeds the 2H(a,v)®Li v signal in the region of
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Fig. 7. Measured data at a beam energy of E, = 280keV
(orange curve) compared to arbitrarily normalized spectra ob-
tained from a GEANT4 simulation: The contribution to the
beam induced background due to the interaction of neutrons
with the HPGe crystal (magenta) and the full simulated spec-
trum (black), adding mainly the effect of neutron interaction
with surrounding materials (e.g. copper). The *H(a,v)°Li re-
gions of interest are marked with red (E, = 280keV) and blue
(Eo = 400keV) lines.

interest (1590keV < E, < 1625keV at E, = 400keV) by
a factor of more than ten. Hence, the experimental setup
and the measurement conditions needed to be optimized,
and methods to subtract the beam induced background
had to be developed.

In general, the 2H(c,v)%Li setup was a modified ver-
sion of the previous *He(c, )" Be setup, still being a win-
dowless gas target and using a very similar beam calorime-
ter. The deuterium pressure in the target was optimized
to 0.3 mbar. The well collimated *He™ beam (with a typ-
ical intensity of 0.3 mA) interacted with the gas target on
a range of 17.6 cm, surrounded by a steel tube to limit
the path of scattered deuterons. With these parameters, a
typical rate for detecting y-rays from 2H(c,y)%Li reaction
of about 2h~! (E, = 400keV) could be expected. For the
2H(cr, v)%Li measurement, the 5 cm thick inner copper lin-
ing of the shield had to be sacrificed, in order to reduce
neutron induced 7-rays in copper. This led to a somewhat
higher no-beam background (1.2 events per hour in the
400 keV region of interest); however still orders of magni-
tude below the background in well-shielded setups at the
surface of the Earth (fig. 7).

The beam-induced background generated by the neu-
tron flux increases the background continuum in the
~ spectrum in general. In addition, distinct lines from
(n,n'7y) interactions on setup materials as well as large
triangular structures from such interactions inside the
Ge crystal can be found (see [77] for a discussion). The
beam-induced background inside the 2H(c,v)®Li region
of interest at F, = 400keV is mainly flat, touched by
a %3Cu(n,n’y) line at the right edge (see fig. 7). The
beam-induced background could be well reproduced by
a GEANT 4 simulation [77] which allowed to study the
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contribution of several interaction processes. Due to the
high Q-value of the 2H(?H,n)3He reaction, the neutron
energy is almost independent of E,. Hence, the shape
of the beam induced background is nearly independent
of the beam energy. This allows to reproduce the back-
ground using a lower beam energy (e.g. E, = 280keV),
with a region of interest shifted to lower - energies
(fig. 7). Subtracting such spectra should eliminate the
beam-induced background, leaving the two signals be-
hind. Several data sets at beam energies of E, = 240keV,
280keV, 360 keV and 400 keV with a summed beam charge
of more than 1 kCoulomb have been collected, correspond-
ing to center-of-mass energies of 80keV, 93keV, 120keV
and 133keV.

In reality, the beam-induced background has a small
dependence on E,, so several corrections to a simple sub-
traction had to be applied [76]. Two indepent approaches
were developed: In a first approach, the correct normal-
ization function was obtained by a x? minimization rou-
tine using the 1500-1625keV range in the ~ spectrum [9].
In another approach, the flat background continuum was
parameterized using regions without distinct peaks along
the entire v spectrum. Both methods yielded consistent
results [9,78]. The main contribution to the uncertainty is
the statistical error [9,76,78] due to the subtraction of big
numbers.

In fig. 4, the LUNA S-factors for the two energies 93
and 133keV are shown together with previous direct and
indirect measurements. A full data analysis including also
the 80 and 120keV energies will be available soon [78].
The first direct measurement in the Big Bang energy re-
gion provides slightly lower values than reported from the
recent indirect measurement using the nuclear breakup
method. As in the case of the 3He(c, v)"Be reaction, also
for 2H(er,)5Li it would be relevant to connect the low-
energy LUNA data to direct cross section measurements at
the surface by data over a wide energy range. This would
require a higher-energy underground accelerator, such as
LUNA-MV.

The resulting lithium isotopic ratio from BBN, based
on the LUNA experiments on *He(a,v)"Be for "Li [79]
and 2H(a, v)8Li for SLi, is SLi/"Li = (1.5 £0.3) - 107°, to
be compared with 5Li/"Li = 2.4-10~5 from CF88 [80], and
with (243)-107° from the Naples Big Bang code [2]. The
LUNA experiment-based °Li/"Li isotopic abundance ratio
is much lower than the terrestrial ratio of 0.075/0.925 =
0.081. The LUNA data firmly ruled out BBN production
as a possible explanation for the disputed ®Li detections
in metal-poor stars.

Pre-galactic ®Li production mechanisms have previ-
ously been ruled out as a possible explanation ([81] and
references therein). Local production of °Li by stellar
flares using the *He(®He,p)®Li reaction has been proposed
as a possible solution [82], but this scenario would require
special conditions to be true in all stars with 6Li observa-
tions. As a result, the only remaining scenarios explaining
a global SLi/"Li level of a few percent as detected [10,64—
66,68] involve non-standard physics [22-24]. Cosmic SLi
is clearly a highly interesting probe of physics beyond the
standard model.
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3 Future outlook

Big Bang nucleosynthesis is the natural connection be-
tween nuclear physics and cosmology. In the last decades,
a constructive loop between these two fields of physics pro-
vided either prediction of primordial abundances or con-
straints on the cosmological model parameters. The choice
depends on the accuracy achieved either in cosmological or
nuclear physics experiments. Before WMARP, nuclear cross
section measurements provided constraints on baryon den-
sity. LUNA contributed to this process measuring some
key reactions for BBN like the 2H(p, v)*He, *He(?H, p)*He
and *He(c,)"Be described in this paper. Starting from
the beginning of this century, thanks to the high-precision
Cosmic Microwave Background radiation measurements
provided by WMAP and PLANCK, the cosmological pa-
rameters obtained from the data analysis were used to cal-
culate the primordial abundances of light elements. In the
Standard Model with three neutrino families, BBN makes
relatively accurate predictions except for lithium. In the
case of the Li isotope, the discrepancy between calcula-
tions and astronomical observations was assigned to the
lack of knowledge in the cross section of the leading pro-
cess for SLi primordial production: the 2H(e,y)5Li. This
reaction was directly measured for the first time at LUNA.
LUNA data ruled out any nuclear solution to the °Li
problem. The same result has been obtained for "Li also
thanks to the new low-energy cross section data obtained
at LUNA for the *He(a, v)"Be reaction. The discrepancy
between BBN calculations and astronomical observations
for lithium, the so-called “lithium problem”, could pro-
vide new constraints on the cosmological parameters es-
pecially if extensions of the ACDM model are considered.
However, the primordial nature of the lithium observed is
still debated. The situation is clearer for deuterium since
its primordial abundance has a clear signature from the
astronomical point of view. Thus, a high-precision mea-
surement of the 2H(p, v)*He cross section at LUNA in the
BBN energy range, planned for 2016, could provide new
constraints on cosmological parameters.

Moreover, LUNA-MV will be able to directly measure
the 3He(a, ) Be reaction in the BBN energy range [79]
where the quality of the data are poor and to refine the
knowledge of the 2H(c, )5Li cross section between the ac-
tual low energy LUNA data and the other measurements
taken at high energies.

In conclusion, the high accuracy reached by the CMB
and nuclear cross section measurements goes in the di-
rection of a new era of Physics: the so-called “Nuclear
Cosmology”. The consistency between the cosmological
model (with its parameters and reaction rates) and the
primordial abundances observed should be preserved to
obtain a consistent framework. Precise astronomical ob-
servations are thus a key-point for the future. From the nu-
clear side, LUNA could investigate BBN reactions in their
appropriate energy range. The low background of LNGS
as well as the experience acquired in the last decades by
the LUNA collaboration could give a unique possibility
to obtain a real development of the “Nuclear Cosmology”
opening new doors in the direction of New Physics.
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