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Abstract.
The deuterium burning reaction D(p,γ)3He at low energies is of primary impor-
tance in cosmology because it affects the primordial deuterium abundance, that
in turn is very sensitive to fundamental cosmological parameters such as the
baryon density and the amount of relativistic species permeating the early Uni-
verse. This reaction is also of a particular interest in theoretical nuclear physics
because it offers a unique opportunity to test ab− initio calculations. In the fol-
lowing a recent study of the D(p,γ)3He reaction in the 30 ≲ Ecm[keV] ≲ 280 en-
ergy range will be presented. This measurement has been performed in the un-
derground Gran Sasso Laboratory by the LUNA (Laboratory for Underground
Nuclear Astrophysics) collaboration. In addition, the need of having new and
precise measurement of the D(d,n)3He and D(d,p)3H reactions will also be dis-
cussed.

1 Introduction

Big Bang Nucleosynthesis (BBN) occurs during the first minutes of cosmological time in a
rapidly expanding hot and dense Universe, where a fraction of protons and nearly all free
neutrons end up bound in 4He, while D, 3H, 3He, 6Li, 7Li and 7Be nuclei form in trace
quantities. The theoretical description of BBN is based on the standard cosmological model,
which assumes a homogeneous and isotropic Universe, up to small perturbations, governed
by the General Relativity theory and by the Standard Model of particle physics. Under these
assumptions, BBN predicts the abundances of primordial nuclides, as a function of one pa-
rameter only, the density of ordinary matter, or baryon density, ωb ≡ Ωbh2, where h is the
reduced Hubble constant (see [1] for a recent review). On the other hand, the primordial
abundance of the light elements can be measured by observations of astronomical samples
reflecting their primordial composition. Therefore, a comparison between the observed pri-
mordial abundances and those predicted by the BBN can be used to constrain the baryon
density of the Universe, the only free cosmological parameter of the BBN model, under the
assumption that there are three neutrino species.

Indeed, an independent estimate of ωb can be obtained by observing the anisotropies
in the Cosmic Microwave Background (CMB), the relic electromagnetic radiation left over
from the Big Bang, which are measured with remarkable precision by the Planck experiment,
leading to [2]: ωb = 0.02242 ± 0.00014.
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Assuming that there are no changes in the value ofωb from BBN down to CMB formation
epoch, the precise CMB determination of ωb implies that nowadays the theory of BBN, in its
minimal scenario where only three neutrinos species are allowed, is a parameter free model
and, as such, has become a high precision tool to investigate effects of physics beyond the
Standard Model and/or exotic cosmological models (see for example [3]).

With the exception of lithium, whose predictions are at odds with observations [4, 5], a
good agreement between predicted and observed primordial abundances of the light elements
is reached, such an agreement is continuously updated in view of new experimental results
and theoretical insights. The observed values of primordial abundances are usually provided
by spectroscopic observations of ancient astrophysical objects. In the case of deuterium, its
primordial abundance can be obtained from astrophysical sites not affected by stellar evolu-
tion since deuterium is destroyed during stellar evolution and no production mechanism after
BBN is possible. The value of deuterium abundance relative to hydrogen has now reached a
percent accuracy, D/H = (2.527 ± 0.030) × 10−5 at 68% of C.L. [6].

Among the light elements produced during BBN, deuterium is an excellent indicator of
cosmological parameters in the early Universe because its abundance is the most sensitive
to ωb and also depends on the radiation density, usually expressed in terms of the effective
number Neff of neutrino species [1]. The reactions involved in the synthesis of deuterium are:
production via the well known p(n,γ)D process and destruction via the D(d,n)3He , D(d,p)3H
and D(p,γ)3He reactions. Once the deuterium bottleneck is overcome and deuterium is pro-
duced by the p(n,γ)D reaction, its amount crucially depends upon destruction rates. The
evaluation of the nuclear reaction rates entering the BBN network is the most important is-
sue to solve in order to get an accurate determination of light nuclide abundances and their
corresponding uncertainties.

Among the deuterium destruction reactions, the most uncertain was the D(p,γ)3He . Sev-
eral data sets on its cross section, or equivalently the S (E)-factor were available in the litera-
ture before the LUNA measurement. In the low-energy range (EC.M. ≃ 2 − 20 keV), mostly
relevant to hydrogen burning in the Sun and in protostars, cross sections were obtained with
a systematic error of at most 5.3% [7] using the 50 kV accelerator (now in disuse) of the
Laboratory for Underground Nuclear Astrophysics (LUNA) at the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy [8]. At higher energies (EC.M. ≃ 30 − 700 keV), available data
sets were affected by systematic errors of 9% or higher [9–12]. The situation was further
compounded by the fact that a recent ab initio calculation [13] disagrees at the 20-30% level
with both the S -factor of Ma et al. [9] and a best fit [14] to selected data [7, 9, 15, 16],
widely used in BBN calculations. These large uncertainties had significant impact on the
comparison between predicted and observed primordial abundance. As a consequence of the
poor experimental data for the D(p,γ)3He reaction, firm conclusions on the BBN stage and
cosmological model couldn’t be drawn with a satisfactory precision. For all these reasons, a
new experimental campaign started at LUNA in 2016.

2 Experimental setup and data analysis of the D(p,γ)3He cross
section measurement

The LUNA400 accelerator provided a high intensity proton beam (beam current 100-300 µA)
in the 50-400 keV energy range. The beam entered in a cylindrical reaction chamber filled
with high purity molecular deuterium at a 0.3 mbar pressure. The beam was stopped by a
copper calorimeter that measured its intensity. Two large high-purity germanium detectors
(HPGe) faced to the reaction chamber at 90◦ to the beam axis were used to detect the photons
emitted by the D(p,γ)3He reaction. The latter proceeds through direct capture to the 3He
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ground state with the emission of a single gamma with an energy in the range 5.5 - 5.8 MeV.
Since these energies are above the natural radioactivity endpoint, it is possible to fully exploit
the suppression of cosmic ray induced background due to the Gran Sasso mountain [8, 17].
The incoming proton can be captured both in a s-wave or p-wave orbital angular momentum
state and the emitted gamma-ray shows a not isotropic angular distribution dominated by
the M1 and E1 components. To measure the cross section in the energy range of interest
(30 keV < Ecm < 300 keV) for BBN we explored the full dynamic range of the LUNA-400
accelerator in 30-50 keV energy steps. The main source of beam induced background was
due to the 19F(p,αγ)16O reaction from the interaction of protons with fluorine contaminant
usually present on collimators along the gas target and on the calorimeter. This beam-induced
background was quantified in dedicated control runs in which inert 4He gas was used instead
of deuterium.

For an extended gas target setup, the cross section depends on: Nγ, the number of counts
after background subtraction, ρ(z) the gas density profile, ϵ(z) is the gamma detection effi-
ciency as a function of position along the beam axis, W(z) which accounts for the photon
angular distribution and Np the number of projectiles impinging the target.

A major effort was devoted to prevent or minimize any source of systematic uncertainty
in the previous mentioned quantities to reach an accuracy of three percent on the S-factor.
Nγ is essentially affected by the statistical error, that in our measurements was always lower
than 1% for Ep> 100 keV (EC.M. > 70 keV), as a consequence of the suppression in the cos-
mic ray induced background with respect to surface experiments. The target density ρ(z)
was determined by measuring the pressure and temperature profiles along the target as well
as the beam heating effect due to the power released by the incident beam in the gas target
[18]. The integrated beam current Np was measured with a consolidated technique in which
the beam power was monitored during each run by measuring the power dissipated by the
beam on the copper calorimeter where the beam was stopped [19]. In an extended gas target
the interaction with proton beam can take place at different positions along the beam axis,
resulting in different energies of the emitted photons and in different geonetrical angles sub-
tended by the HPGe detector. Therefore, the γ-ray detection efficiency ϵ(z) must be carefully
determined as a function of both position and energy. The γ-rays emitted by the D(p,γ)3He
reaction (Q= 5.5 MeV) have typical energies Eγ = 5.5-5.8 MeV, i.e. far away from the energy
of the commonly used radioactive sources. The efficiency ϵ(z) of the HPGe detector was
measured along the beam line, by filling the reaction chamber with N2 and exploiting the res-
onance of the 14N(p, γ)15O reaction at Er = 259 keV. This reaction produces cascade γ-rays
in a large energy range (0.7-7 MeV), in such a way the efficiency were precisely determined
[20]. Finally, the W(z) function has been unfolded from the shape of full energy peak of pho-
tons produced by the D(p,γ)3He that depends on the angular distribution of emitted photons.
The detailed description of the measurements performed to determine the above mentioned
quantities and uncertainties can be found in [20].

Finally, the LUNA collaboration obtained the S-factor shown in Figure 1 where the
LUNA data [21] are reported together with literature data. The new data show a significantly
reduced uncertainty with respect to previous experimental datasets. The polynomial best fit
of S(E) for E ∼ 0 − 2 MeV to previous datasets are also shown [14, 22] and the fit in which
this new data set is considered (red line). The bands represent the quoted 1σ uncertainty of
the best fit values.

Presently a study of the D(p,γ)3He angular distribution is ongoing using a novel approach
the "Peak Shape Analysis" method. The experimental differential cross section is in nice
agreement with theoretical predictions.
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Figure 1. S-factor of the D(p,γ)3He reaction; LUNA results are represented with filled red circles. Other
experimental data are also shown. The best fit (red solid line) include all the reported experimental data.
Band represents the 68% confidence level.

3 Conclusions and outlook

To explore the impact of our D(p,γ)3He S -factor on the predicted primordial deuterium
abundance, we used the second release [23] of the numerical BBN code PArthENoPE. Un-
der the assumption of the ΛCDM model, with Neff = 3.045, we performed a Bayesian
likelihood analysis to derive Ωbh2 using the observed deuterium abundance, (D/H)obs, and
the theoretical behaviour of (D/H)BBN (now including the new LUNA data). We obtained
Ωbh2(BBN) = 0.02233 ± 0.00036, a value which is a factor of 2 more precise than that de-
duced using a previous S factor [14] and now in much better agreement with the Ωbh2 based
on CMB data.

After the release of the LUNA results [21], several papers were published discussing the
cosmological implications with the inclusion of the new D(p,γ)3He rate. A deeper discus-
sion on the LUNA results and their cosmological implication can be also found in [24–27].
The new challenge is now the measurement of the D(d,n)3He and D(d,p)3H reactions which
have became the most prominent source of uncertainty in the determination of the primordial
deuterium abundance.
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