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Direct measurements of H(e, y)°Li cross section
at Big Bang energies and the primordial lithium

problem
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Abstract. The correct prediction of the abundances of the light nuclides produced during of
Big Bang Nucleosynthesis (BBN) is one of the main topics of modern cosmology. In order to
precisely determine BBN SLi production the cross-section of the nuclear reaction H(a, y)°Li
must be directly measured within the astrophysical energy range of 30-400 keV. This measure-
ment requires ultra low gamma-ray background, as obtained at LUNA, the deep underground
accelerator laboratory installed in the INFN Gran Sasso National Laboratory (LNGS), Italy.
On the basis of the new experimental data, the >H(a, y)°Li thermonuclear reaction rate has
been derived. Our rate is even lower than previously reported, thus increasing the discrepancy
between predicted Big Bang °Li abundance and the amount of primordial °Li inferred from
observations. The primordial ®Li/"Li isotopic abundance ratio has been consequently deter-
mined to be (1.5 + 0.3) X 107 within standard BBN theory. The much higher °Li/Li values
reported for halo stars will likely require a non-standard physics explanation, as discussed in

the literature.
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1. Introduction

The light isotopes such as H, 3He, *He, °Li
and "Li were mostly produced in the first few
minutes after the Big Bang, during a pro-
cess known as standard big bang nucleosyn-
thesis (BBN) and BBN could be used to probe
the cosmological models and their parameters.
The BBN nuclear reaction rates are propor-
tional to initial light nuclei densities, which
are themselves proportional to the total baryon
density. The observed *H and “He abundances
are in good agreement with model predictions,
confirming the overall validity of BBN the-
ory (Hinshaw et all2013). By contrast, the

amount of "Li expected by BBN is higher than
that observed in the metal-poor halo stars (the
so-called “lithium problem” in [Fields 2011).
BBN ’Li predictions are now a factor be-
tween 2 and 4 higher than observations (Spite
& Spite| [1982)) and up to now a solution to
the lithium problem has not been found (’Li
isotopic abundance on Earth: 92.41%) even
though some possible stellar solutions have
been suggested (Korn et al.[2006). Even more
complicated is the case of °Li (isotopic abun-
dance on Earth: 7.59%), where the amount
of ®Li calculated by the BBN is about three
orders of magnitude lower than the observa-
tion values in metal-poor stars (the so-called
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“second lithium problem”). Lithium measure-
ments of many metal-poor stars give the iso-
topic ratio °Li/’Li around 5 - 107> where
BBN predicts a value of °Li/"Li ~ 2.3*3 107
(Pérez et al.|2009). Even though many of the
claimed ®Li measurements could have been af-
fected by large uncertainty (Pérez et al.|2009;
Steffen et al. 2010) in the past, nowadays
more and more metal-poor stars have been ob-
served improving the knowledge about SLi iso-
topic (Steffen et al.l2012): this value is still
much higher than the predicted °Li yield from
standard Big Bang nucleosynthesis (Serpico
et al/[2004). Discrepancy between primordial
Li abundance prediction and isotopic lithium
ratio with experimental evidences could re-
flect unknown post-primordial processes or
physics beyond the standard model (Hinshaw
et_al.l [2013). However, before non-standard
scenarios can be put forward, it is neces-
sary to better constrain the nuclear physics
inputs. BBN °Li abundance is dominated by
two nuclear reactions: the SLi(p,a)*He reac-
tion that destroys °Li and the 2H(a,y )°Li
that produces it, both reactions are included in
the research program of nuclear astrophysics
LUNA at Gran Sasso Underground National
Laboratories. 2H(a, y)°Li reaction rate before
LUNA data was affected by large uncertainties
due to the scarcity of experimental data at BBN
energies, therefore its cross-section to cover
the BBN energy window (30-400 keV) has
been measured by high sensitive y spectrom-
etry technique in order to put the discussion on
this fundamental nuclear reaction in the frame-
work of solid experimental ground. LUNA
measured the cross section at the center-of-
mass energy E= 133, 120, 93 and 80 keV and
the experimental results are here presented and
discussed.

2. The nuclear physics of primordial
oLij

®Li is mainly produced during the BBN and, in
recent time, by cosmic ray spallation (Reeves
et al./l1970) . Its primordial abundance is in-
ferred from observations of the atmospheres
of metal-poor stars in the galactic halo (either
main sequence dwarfs or subgiants near the
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turn-off point), therefore the primordial abun-
dance is obtained by extrapolating the abun-
dance at zero metallicity. The strength of the
lithium absorption line (4 = 670.7 nm) pro-
vides the lithium abundance. As the absorp-
tion line of ®Li is slightly shifted towards a
higher wavelength compared to "Li, the abun-
dance of ®Li isotope can be obtained through
the shape analysis of the lithium absorption
line. This shape is also affected by uncertain-
ties related to the convective motions of the
stellar atmosphere. According to [Steffen et al.
(2012) and [Lind et al.| (2013), it has been
shown that using three-dimensional model
for stellar atmosphere without the assumption
of Local Thermodynamic Equilibrium (3D-
NLTE), many of the 6Li values could be heav-
ily model dependent and may become non-
significant, but the situation is still unclear. The
3D-NLTE analysis of star HD 84937 provides
contradictory results according to different au-
thors (Steffen et al.|[2012; [Lind et al.|[2013),
in other cases, such as star G020-024 for in-
stance, we have a good agreement between one
dimensional (Asplund et al.[2006)) and three di-
mensional models (Steffen et al.[2012)), respec-
tively. The H(a, y)®Li reaction is the dominant
nuclear reaction for °Li production in standard
BBN. In the low-energy domain, the cross sec-
tion o (E) is usually parameterized throughout
the astrophysical S-factor S(E) defined by

S(E) = Ed(E) exp(2nn(E)),

with E the center-of-mass energy, and 2z 1(E)
the Sommerfeld parameter taking into ac-
count the energy dependence probability of
tunneling through the Coulomb barrier. The
ZH(e, y)°Li cross section at energies less than
1 MeV is dominated by radiative E2 cap-
ture from d waves in the scattering state into
the ground state of °Li through the 3+ res-
onance at Er =711 keV. At energies lower
than 300 keV in the center-of-mass system,
due to the different angular momentum barri-
ers for p and d waves, the EI contribution is
expected to be comparable to E2 (Hammache
et_al.| 2010; Nollett| 2001)). This reaction has
been studied before LUNA by in-beam v-
spectrometry around the E = 0.711 MeV res-
onance (Mohr et al|[1994). At even higher
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energies, there are data by in-beam detec-
tion of the °Li reaction products (Robertson
et al./l1981). In both cases (Mohr et al.l|{1994;
Robertson et al.J[1981), an a-beam strikes on
a deuterium gas target. A third kind of ex-
periment at very low energy, using a deuter-
ated polyethylene target, has produced an up-
per limit (Cecil et al.l[1996). Two independent
attempts to determine the’H(«, y)°Li cross sec-
tion have been made using the Coulomb dis-
sociation technique (Hammache et al. 2010;
Kiener et al.|[1991)), which is especially sen-
sitive, but also affected by heavy background
from non-Coulomb, i.e. nuclear breakup (Baur
& Rebel [1996). In conclusion, the °Li abun-
dance predicted by the BBN theory is affected
by large uncertainties because of the lack of
data for the *H(a, y)®Li reaction. In this con-
text, the LUNA measurement discussed in this
paper represents a significant step forward,
providing the first direct measurement of this
reaction well inside the BBN energy region.

3. Experimental methods

The cross-section measurements have been
carried out at LUNA2 electrostatic continu-
ous beam 400 kV accelerator that provides an
“He* beam of 0.3 mA average intensity. Since
the cross-section is of the order of nanobarn,
the expected counting rate is very low indeed,
therefore special attention must be paid to any
possible sources of background in the exper-
imental setup. LUNA can exploit 1400 m of
rock as a powerful passive shield from cosmic
ray, with a measured reduction of 10° of the
muon flux with respect to the surface. Figure
[[ shows the experimental setup (see [Anders
et_al) (2013) for more details). The nuclear
reactions are induced in a windowless differ-
entially pumped gas target filled with up to
0.3 mbar (0.25% precision) high purity (99.8%
chemical and isotopic purity) deuterium gas
The emerging y-rays have been detected by
a large (137% relative efficiency) high-purity
germanium (HpGe) spectrometer placed at 90°
with respect to the incident “He* beam, in very
close geometry to optimize the detection solid
angle. The natural background of LNGS is fur-
ther reduced up to three orders of magnitude in
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Fig. 1. The chamber of the windowless gas target
is seen near the center. The inner lead castle is sur-
rounded by an anti-radon box made of acrylic glass.

the y-ray continuum below 2615 keV (Caciolli
et al.I2009) by means of a 4 lead shield around
the reaction chamber and the HpGe detector.
An extra shield of high density polyethylene
(5% boron enriched) is mounted around the gas
target.

The main source of the physics background
is of beam-induced nature and is mainly due to
neutron interactions on structural and shielding
material, especially on the germanium detector
itself. Unfortunately these neutrons give rise to
a large Compton background in the >H(a,y)®Li
region of interest. For this reason, at the cen-
tre of the target chamber, a smaller box-shaped
AISI 304 steel inner tube of 1.8 x1.8 cm? area
and 17 cm length with a wall thickness of 1
mm was introduced. This inner tube limits the
lateral length that the scattered deuterons travel
inside the gas.

4. Discussion

If one assumes that the 2H(c, y)°Li cross sec-
tion is equal to the recommended value from
Robertson et _al.l (1981), at E, =400 keV a
signal-to-noise ratio of about 1:12 is obtained
with the present neutron induced background.
Therefore, it is important that the background
level is understood with a precision on the
percent level, we think the present analysis
has reached such a precision, for the analy-
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Fig.2. Cross section of the 2H(a,y)°Li reaction.
The LUNA data and our recommended curves are
reported in red.

sis details see |Anders et al.| (2013). In order
to compute the thermonuclear reaction rate for
the temperatures of interest in BBN, in addi-
tion to the present cross-section data, some as-
sumptions have to be made on the behavior of
the cross section at different energies. The to-
tal cross section is given by the sum of elec-
tric dipole (E7) and quadrupole (E2) contribu-
tions. The E2 contribution is relatively well-
constrained by the direct measurement around
the E, =0.711 MeV resonance. Therefore, for
the reaction rate determination, the E2 contri-
bution given by the theoretical work of [Mohr
et all (1994) is adopted here. The situation
is different for the E2 contribution which is
only constrained by the LUNA data. In order
to tackle this problem, the [Hammache et al.
(2010) E1 curve is rescaled so that the sum
of El and E2 curves match the present data.
As the E1 component gives only a very small
contribution at high energy, this scaling does
not affect the good match of theoretical E2
curve and previous high-energy data (see Fig.
D). The thermonuclear reaction rate obtained
based on our data is much lower than the pre-
vious rate by |Caughlan & Fowler| (1988), but
also lower than all other previously reported
thermonuclear reaction rates (Hammache et al.
2010; Mukhamedzhanov et al.l2011; |Angulo
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et all[1999) (see Fig. B). The relative uncer-
tainty of the present rate is 25%, given by the
systematic and statistical errors of the present
data, combined in quadrature. The impact of
the present new thermonuclear reaction rate on
the amount of °Li produced in BBN was in-
vestigated. A BBN calculation has been per-
formed with the code described in (Smith et al.
1993) . In the computation, values for the neu-
tron lifetime of 880.1 s and for the final baryon-
to-photon ratio of = 6.102 x107'° have been
used. The nuclear reaction rates were kept
unchanged, except for the presently updated
’H(a,y)°Li rate. The resulting abundance is
°Li/H = (0.80+0.18)x107'4, 27% lower than
the value obtained when using the rate in
Caughlan & Fowler (1988) for 2H(a,y)’Li. As
a further step, also the °Li/"Li isotopic ratio
from BBN has been determined, in order to
enable a comparison with the observations in
metal poor stars that usually report °Li/ "Li iso-
topic ratios. For this purpose, *He(e,y)’Be re-
action rate evaluated in |[Kontos et al.| (2013
is used, which is within 1.5% of the value
presented in [deBoer et al.| (2014) and [Takacs
et _all (2015) rates. The excitation function
adopted in that work closely tracks the LUNA
data on He(,y)'Be (Bemmerer et _all 2006}
Confortola et al.[2007)), which are direct exper-
imental data on this reaction at energies below
300 keV, most relevant for BBN. Therefore,
by using the rate in (Kontos et al.|[2013)) the
6Li/7Li isotopic ratio is determined by the ratio
of two LUNA experimental S-factors in simi-
lar setups: the present H(a,y)®Li data on SLi
production, and the previous *He(a,y)’Be data
(Bemmerer et al.|2006; |(Confortola et al.|2007)
on "Be —Li production. Figure [3] shows the
LUNA astrophysical S factor for H(a,y)°Li
compared with literature data and theoretical
curves, in good agreement with Tursunov et al.
(2018)). Using the rate of (Kontos et al.2013) ,
"Li/H = (5.2+0.4)x107'° is found, 15% higher
than when using |Caughlan & Fowler| (1988)).
Finally, a lithium isotopic ratio of °Li/’Li =
(1.5+0.3)x107° is obtained, lower than the
value of 2.3 x107° of (Coc et all[2012), that
did not make use of the present data. The
6Li/ "Li error is dominated by the 22% un-
certainty on °Li while the Li abundance pre-
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Fig. 3. Astrophysical S factor of >H(a,y)°Li re-
action from LUNA (red squares, |Anders et al.
2014)) and literature: blue triangles (Robertson et al.
1981); green circles (Mohr et al.|[1994); black ar-
rows (Kiener et al.Jl1991); blue dashed arrow (Cecil
et al.11996); red long dashed E1, red short dashed E2
and red full E1+E2 (Mukhamedzhanov et al.[2011));
black dot dashed E1+E2 (Hammache et al.[2010).

diction is known at the 8% (Coc et al.|2014)
. These °Li/’Li ratios are much lower than
the ones obtained from the ®Li astronomical
measurements in metal-poor stars (Asplund &
Meléndez||2008; |Steffen et al.|2012)) and in the
Small Magellanic Cloud (Howk et al.|2012).
Further astronomical investigations and astro-
physical modelling are desirable. Assuming
that future observations will confirm a some-
what higher °Li abundance with respect to
the computed LCDM (Lambda Cold Dark
Matter) model, the only remaining possibili-
ties to explain the discrepancy are very special
astrophysical processes like stellar flare in-situ
lithium production (Prantzos|2012) and/or new
physics scenarios (Pospelov & Pradler]2010;
Trezzi et al.|2017).
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