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New measurement of the cross section of the Big
Bang nucleosynthesis reaction D(α ,γ)6Li and its
astrophysical impact
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The recent observations of non-negligible amounts of 6Li in old halo stars have renewed interest
in the Big-Bang Nucleosynthesis (BBN) of 6Li. The deduced primordial 6Li abundance was
found to be unexpectedly large compared to the BBN predictions. One important ingredient in
the BBN predictions is the low-energy D(α ,γ)6Li cross section. Up to now, the only available
experimental result for this cross section introduced an error of about a factor of 20 in the 6Li
abundance at the energies of astrophysical interest (Ecm ≤ 300 keV). This uncertainty arises
from the discrepancy between the theoretical low energy dependence of the S-factor and the
experimental data. Accordingly, new measurements of the cross section of the D(α ,γ)6Li reaction
using Coulomb dissociation (CD) of 6Li at 150 A MeV have been performed recently at GSI. The
preliminary GSI results, which indicate a drop of the S-factor as predicted by theory will be
presented as well their impact on the calculated 6Li abundance as a function of the baryon-to-
photon ratio.
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1. Introduction

One of the most puzzling questions discussed currently in the astrophysics community is re-
lated to the origin of the observed 6Li in very old halo stars [1]. Indeed, the abundance plateau of
the observed 6Li was found to be unexpectedly high compared to the current 6Li Big-Bang nucle-
osynthesis predictions [2]. Hence, many scenarios were proposed to try to solve this puzzle; like
e.g. the pre-galactic production of 6Li [3], or the production of 6Li by late decays of relic particles
[4]. Before seeking exotic solutions to the lithium problem, however, it is important to exclude first
nuclear solutions.

Recently a new compilation of charged-particle-induced thermonuclear reaction rates has been
published [5], superseding the Caughlan and Fowler one [6], and providing upper and lower lim-
its for 80 reaction rates. Following this analysis, the impact of the uncertainties of these reaction
rates on Big Bang nucleosynthesis has been studied [2]. The most dramatic effect is observed for
D(α ,γ)6Li which induces uncertainties of a factor of ≈20 on the 6Li yield at the energies of as-
trophysical interest (Ecm ≤ 300 keV). This uncertainty originates from the discrepancy between
the theoretical low-energy dependence of the S-factor and experimental data [7] obtained with the
Coulomb break-up technique (see Kharbach and Descouvemont [8] for a recent comparison be-
tween theories and experiment). Accordingly, to reduce this uncertainty and to be able to interpret
the observations of 6Li abundances in very old stars, new measurements of the D(α ,γ)6Li reaction
were performed at GSI using Coulomb dissociation (CD) of 6Li at 150 A MeV.

2. Experimental procedure

A 208Pb target with 200 mg/cm2 thickness was bombarded by a primary 6Li beam of 150
A MeV energy. The 6Li beam was produced by the SIS synchrotron at GSI and separated from
contaminant ions by using the FRS separator.

The angles and positions as well as the energy losses of the outgoing particles after the Pb
target, D and 4He, were measured by two pairs of silicon strip detectors (SSD, 100 µm pitch) [12]
placed at distances of 15 and 30 cm, respectively, downstream from the target.

CD events were discriminated from non-interacting beam events by their multiplicities in a
16-strip ∆E detector in front of the SSDs. An absorber was placed behind the ∆E detector to stop
the 6Li beam. The average 6Li beam intensity at the breakup target was of the order of 5x104 per 4
sec spill. It was determined from the ∆E detector.

The coincident D and 4He fragments resulting from breakup in the 208Pb target were identified
by reconstructing their vertices at the target. This removed all breakup events in layers of matter
other than the target. The deuteron and 4He momenta were determined from their trajectories re-
constructed by using their measured positions in the SSDs and in the multi-wire chambers behind
the Kaos magnetic spectrometer [12] combined with a calibration function for invariant mass de-
duced from GEANT simulations. From the measured opening angles between the fragments and
their momenta, the relative energy (Erel ) between the deuteron and the α in the c.m. system could
be reconstructed.

Note that a full GEANT simulation of our breakup experiment was performed by taking into
account the E2 contribution from the calculation of Typel [14] and our finite detector acceptance.
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We have assumed that the E1 contribution is negligible, in accordance with the theoretical pre-
dictions of Typel [14]. Concerning the nuclear breakup, its contribution was considered, at first,
negligible according to Shyam calculations [11], but new calculation of the nuclear breakup com-
ponent is actually under progress to have better evaluation of this component and check Shyam’s
predictions.

3. Preliminary results

Preliminary results for the Erel distribution obtained are shown in Fig. 1. The full histogram
was obtained from the simulation. The points and the histogram represent, respectively, the mea-
sured cross section and predicted Coulomb dissociation cross section using the S24 astrophysical
S-factor calculated by Typel as a function of energy in the center of mass of D-α . As indicated by
the points, our Erel distribution is in good agreement with Typel’s calculation around the resonance
region and above the resonance up to 2.5 MeV but not below 350 keV, here our data lie systemat-
ically above the predictions. The explanation for this discrepancy is under investigation (nuclear
breakup, E1-E2 interference).

It is clear that the energy resolution of the present experiment is rather poor. We find out from
simulation, that it varies like 4.94

√
E. This can be seen from the broadening of the resonance peak.

GSI results
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Figure 1: Differential cross sections as a function of energy in the center of mass of D-α . The error bars
represent quadratic sums of statistical and systematical uncertainties related to the simulation and calibration
procedure.

The differential cross sections of Fig. 1 have been converted to astrophysical S-factors (S24)

using the semiclassical theory of Typel and considering a pure E2 multipolarity. Our preliminary
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results for S24 visualized with a binning of 100 keV are displayed in Fig. 2 together with the pre-
vious Coulomb dissociation data of Kiener et al. and direct data of Mohr et al. [10] and Robertson
et al. [9] as well as with the different calculations.
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Figure 2: Preliminary results for the S24factors obtained from the present experiment together with those
from previous CD experiment [7] and existing direct measurements [9, 10]. The various solid curves are the
calculations of Typel and Descouvemont, respectively.

The GSI data are in good agreement with the direct measurements of Mohr et al. and Robert-
son et al. in the resonance region and above. They agree with the Kiener et al. data at energies
above 250 keV but not below. While the previous CD data show a constant low-energy S-factor,
the GSI S-factors decrease with decreasing energy. One can also notice that the energy dependence
of the GSI S-factors shows a similar behavior as those of Typel’s and Descouvemont’s calculations,
even though these calculations show a discrepancy of about a factor of 1.5 to 2 in the energy range
between 50 keV to 350 KeV. However, this discrepancy is much smaller than what existed previ-
ously with Kiener et al. data. Hence, if we consider only GSI data, this implies a considerable
reduction of the uncertainties in the D(α ,γ)6Li cross sections considered in the NACRE compila-
tion which were evaluated from the discrepancy between the previous experimental data [7] and
the calculations.

A calculation of the new 6Li reaction rate was performed by fitting the GSI S-factors with an
R-matrix calculation and considering these data in the energy range of interest as an upper limit
for the calculation. The obtained new 6Li reaction rate was introduced in the BBN model of Coc
et al. [15] to evaluate the primordial 6Li abundance as a function of η or the baryonic density of
the Universe. The results obtained are displayed in Fig. 3. The dashed lines are the extreme limits
of the previously evaluated 6Li abundances; the red full line is the new upper limit of the BBN 6Li
abundances calculated with the present 6Li rates.

At the baryonic density deduced from observations of the anisotropies of the cosmic mi-
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crowave background by the Wilkinson Microwave Anisotropy Probe (WMAP), a BBN value of
about ∼ 1.5×10−14 is inferred for 6Li/H abundance. This value is 1000 times less than the recent
obervations of Asplund et al. [1]. This represents a major cosmological challenge. The solution for
this puzzle has to be found elsewhere, it cannot be explained by uncertainties in the nuclear physics
input.
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Figure 3: 6,7Li abundance as a function of η , the baryon to photon ratio or the baryonic density of the
Univers. The blue dashed and full lines and the red full line correspond to the BBN evaluated 6,7Li abun-
dances while the green dashed ones correspond to the observed ones. The vertical yellow line corresponds
to the baryonic density of the Univers deduced by WMAP mission.
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