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The 2H(a,y)8Li cross section has been measured by in-bgapectrometry at the deep under-
ground 400 keV LUNA accelerator in Italy’'s Gran Sasso labmsa An alpha-beam of 280-
400 keV energy was incident on a windowless deuterium gagtaand they rays from the
reaction were detected in a large high-purity germaniuneatet. Due to elastically scattered
deuterons, there is a low but not negligible parasitic r@uproduction of the order of 10 neu-
trons per second. These neutrons give rise to a significakgbaund in the germanium detec-
tor. In addition to the underground in-beam experimentlisgiusing americium-beryllium and
deuterium-deuterium neutron sources and Monte Carlo siionls have been performed. The
analysis of signal and background is described in detail.
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1. Introduction

For 30 years now, the cosmological lithium puzzle has frustrated thestibobservers and
cosmologists [1, a recent review]. Observations in metal-poor starsstemtyy show a factor of
two or three lower abundance of the main stable lithium isofapehan what is predicted by stan-
dard Big Bang nucleosynthesis, even though some possible stellar soldiomdeen suggested
[2]. Recent observations of the second stable lithium isoftpén metal-poor stars have intro-
duced a possible additional puzzle concerning cosmolo8igalThe observedLi/‘Li abundance
ratio of about 0.05 [3] largely exceeds the standard Big Bang nucldossig prediction. Even
though many of the claimefLi detections may be in error [4, 5], for a few metal-poor stars [6]
there still seems to be®.i isotopic abundance of a few percent [7]. These observationsiach
higher than the predicteili yield from standard Big Bang nucleosynthesis [@li is much more
easily depleted through nuclear reactions than its more abundant sist@ei8oit)], and non-
cosmological scenarios for significafiti production all co-producéLi and thus worsen théLi
problem [10, a very recent example]. Therefore, the detectiofkidh very old stars raise the
guestion of a possible cosmological production. However, with standgrBdhg nucleosynthesis
producing much too littl€Li [8], all cosmological scenarios producing enouihi involve non-
standard physics [11, 12, 13, 14]. Before studying such exoticasioen it is important to first
determine precisely how mudhi can be produced in standard Big Bang nucleosynthesis. With
this experimental baseline, any missing additi¢taprovided by non-standard approaches can be
guantified.

The?H(a,y)8Li reaction is the dominant nuclear reaction fti production in standard Big Bang
nucleosynthesis [8]. At the energies relevant for Big Bang nuclebegis, E~ 50-300 keV,
the 2H(a,y)8Li cross section is very small. Therefore, it has never been measupatimen-
tally at such low energies, and theoretical predictions remain uncertajn [lte reaction has
been studied previously by in-beam-spectrometry around and abovetBe/E1 MeV resonance
[16, 17, 18]. Two attempts to determine thé(a,y)Li cross section also below the resonance have
been made using the Coulomb dissociation technique [19, 20]. This methqukidadly sensitive
to quadrupole (E2) transitions in the excit8ld nucleus, largely neglecting dipole transitions. It
is furthermore limited by possible background from non-Coulomb, i.e. nubtiesakup [21], so
these data should be interpreted as upper limits [20]. Therefore, datcod the?H(a,y)®Li cross
section at Big Bang energies are still needed. A new experiment at tloedtaby for Underground
Nuclear Astrophysics (LUNA) may provide the required data.

The experiment was performed at the LUNA 400kV accelerator in the Gemso laboratory,
Italy (LNGS). This facility is shielded from cosmic-rays by the Gran Sassontzin, reducing the
muon flux by six orders of magnitude [32]. The ambient flux of energetitroas at Gran Sasso

is of the order of 108 s~ cm~2[33, 34], three orders of magnitude lower than at the surface of the
Earth. LUNA is the world’s only underground accelerator facility. It islidated to measuring the
cross section of astrophysically relevant reactions well below the Coutamter [35, 36], taking
advantage of its ultra-low background [37, 38, 39].
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Figure 1. Experimental setup, as seen from the side. The central atraofilthe windowless gas target is
seen near the center of the plot. Tdndbeam enters the target from the left through a 4 cm longroaltior

of 7mm inner diameter and is stopped on a massive copper b&lanneeter. The germanium (fgrrays)

and silicon (for charged particles) detectors are also shawwell as the Pt100 temperature sensors and the
tube leading to the capacitive pressure sensor. The sesuprisunded by a lead castle and walls of borated
polyethylene. The inner lead castle is surrounded by arradtin box made of acrylic glass.

2. The LUNA setup - awindowless 0.3mbar deuterium gastarget

On the LUNA beam line for gaseous targets, a collimdtde™ beam (280 and 400 keV, up
to 360pA) was incident on a windowles$, target with a typical working pressure of 0.3 mbar.
The beam current was measured by a calorimeter made of copper, tpeesgasre by a precise
capacitive pressure sensor. The target chamber was made of stéeldaa recess to site the HPGe
detector very close to the beam. This ultra-low background high-puritngaium detector with
a high relative efficiency of 137 % measungthys from the?H(a,y)®Li reaction. Its signals were
processed by a digital Caen N1827B module providing also list-mode datajranltaneously by
an Ortec 919E EtherNIM analog to digital converter and multichannel baff@ backup solution
and for comparison. The measured full-energy peak detection efficieptotted in fig. 2.

Inside the target, mainly the following nuclear reactions are expected to lade p

H(a,y)°Li Q= 1474MeV(R1)
2H(a,a)?H — 2H(d,n)3He Q= 3.267MeV(R2)
— 2H(d,p)°*H Q=4.033MeV(R3)
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Figure2: Full-energy peak detection efficiency measured with séwaldoratedy-ray sources, as a func-
tion of the positionx after the end of the final collimator. The efficiency from thEANT4 Monte Carlo
simulation is also shown for several positions.

Along with the reactions, also the@-values are listed. Reaction R1 is the main reaction to be
studied. Reactions R2 and R3 are parasitic reactions induced by elastaztigred deuterons
with a *He beam incident on the gas target. As these deuterons have a maximgy enenly
356 keV (forEq = 400 keV), other deuteron-induced reactions are negligible due toessgipn by
the Coulomb barrier. However, there is no Coulomb barrier for the etiergsutrons released by
reaction R2, and the protons released by reaction R3 have an aveeagyg ef 3 MeV. Therefore,
these protons and neutrons may give rise to further reactions on thausdtunaterial of the gas
target system and on the detector material. The cross sections of thesenjwgate reactions
are similar, and they have nearly the same energy dependence at theenelevant here [46].
As a consequence, the easily detectable protons from reaction R3 magdbéouapproximately
infer also the yield of reaction R2. Knowing these boundary conditionsgel tube (18 mm in
diameter) surrounded the beam inside the target chamber to reduce thé&eespath of protons
and scattered deuterons. A silicon detector (350hick, 450 mm active area) centered right
above the HPGe detector measured the proton flux and thus indirectly tihem#ux, which was
determined to be 10 neutrons per second.

For the experiment, theregions of interest are determined as follows. FHéx,y)8Li reaction
gives rise to a singlgray at energy

Ey = Q +Ecm £ AEDoppIer— AERecoil (2-1)
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They-ray energy shift due to the recoiling compound nucleus is negligible ABtgqi = 0.2 keV.
The Doppler correction, however, is significant, with the full Dopplertsimfiounting taAEpgppier

~ 16 keV atEy = 400keV. As the target is extended over and beyond the full diametereof th
germanium detector leading to emissions before and behind the detectby, gy rays, includ-
ing their flanks, fall into a region of interest (ROI) that ranges from2158.581.5 keV folE, =
280keV, and from 1589.5-1624.3 keV f&r = 400 keV. The respective contributions of electric
dipole and electric quadrupole capture to the cross section are knowifromiytheory [15, 20].
Therefore, the angular distribution of the emitieicys is highly uncertain. Because of the strong
Doppler effect, the unknown angular distribution translates into an unkrshape of thg-peak.

In order to be insensitive to the transition type (dipole or quadrupole),tieeegion of interest

is used.

In order to reduce the laboratory background yHuetector was surrounded by a lead shield with at
least 20 cm of thickness in all directions. In this way, yhrate in the?H(a,y)6Li ROl was reduced
by a factor of 1100 with respect to an unshielded setup. Remaining labotaiokground lines
come from*°K and the nuclides of th&*8U and?3?Th decay chain.

3. Observationswith the germanium y-ray detector with beam

Due to the parasitic reactions R2 and R3, a certain amount of unwantegegoereutrons,
protons, tritons, anéHe particles are produced. They, in turn, may be captured by some siyuctu
shielding or detector material. Energetic neutrons cause two main catedafiects in the setup.
The first consists of capture and scattering effects on structural flaaftliag materials. They
give rise to a number of well-defingdrays with Gaussian shape (fig. 3). The detector end-cap
consists of electrolytic copper, and the beam stop also consists of cédppamber of lines from
the two stable copper isotop€%®>Cu are indeed observed (red markers in fig. 3) [52]. The gas
target chamber consists of AISI 304 steel, and related neutron-indimesdfrom scattering on
5456Fe [55],%8Ni and °°Cr are apparent (grey and turquoise markers in fig. 3). At 803 keVea lin
from neutron scattering ofP®Pb from the massive lead shield surrounding the target chamber is
observed.

The second main effect is caused by (g processes of energetic neutrons on the germanium
detector material itself. In addition to the emission of iy from the deexcitation of an excited
nuclear state in the germanium target nucleus, the recoiling target nutdeugeposits energy in
the detector material [26], leading to a characteristic triangular shape gtattine energy of the
ray. The broad features due to this effect (fig. 3) can be attributed tonder of excited states in
several stable germanium isotopes. TH&Ge metastable stateBf = 198 keV is a special case. It
is excited by the°Ge(ny) reaction [23, 29]. Due to its long half-life of 20 M&"Ge decays only
after the recoiling nucleus has been stopped. tA&e level at 198 keV decays via the 175 keV
state in”'Ge and onward to the ground state. The sum of these/tags gives rise to a Gaussian
peak at 198 ke\y-ray energy in the spectrum (fig. 3).

The in-beam spectra display very similar features for the two beam esa&gge280 and 400 keV.
The reason for this is that the maximum neutron energy varies not very witltilveam energy,
from 3.3MeV atE, = 400keV to 3.1 MeV ak, = 280 keV. The mutual similarity of the two
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Figure 3: Spectra taken with the germanium detector. Blue full limebéam spectrum &, = 400 keV,
Prarget= 0.3 mbar, laboratory background subtracted. The quapitityed is the counting rate ft keV—1].

In order to obtain the yield [C! keV~1], the values plotted have to be divided by 1.12 C/h. Grey liniex
Laboratory background. The most important in-beam linestdu(n,ny) and (ny) processes on structural
and shielding materials are marked with arrows, and theaatdarget nuclide is given, as well as theay
energy in keV. The asymmetric lines are due to (y),processes in the germanium detector itself.

neutron-induced spectra is actually closer than the similarity between theregpeal spectrum at
Eq = 280 keV and the simulated spectrum at the same energy.

4. Monte-Carlo simulations of the beam induced y-background

A Monte Carlo simulation based on GEANT4 has been prepared. The fup geometry is
included, and the response of the HPGe detector is calculated in seeesalBirst, a deuteron en-
ergy distribution is gained from Rutherford scattering of incidepérticles. Second, the deuteron-
deuteron-reaction R2 yields a neutron energy spectrum. Third, theonstteract with setup ma-
terials, and thg-ray emission is simulated. The agreement with the measured in-beam spisctrum
very good with a few exceptions. Two remarkable examples are mentioned:

1. The Gaussian sum peak denoting th8Ge metastable state B = 198 keV [23, 29] is
observed in the experiment, but not in the simulation. This is due to the wellrk@G&ANT4
problem that while the decay of metastable states is correctly handled B¢Rbldmodule,
they are not correctly produced by the inelastic capture module. TheelO8tate lives
so long that the recoiling!™Ge is completely stopped long before it decays, so the typical
neutron triangle structure does not apply. A peak at the same energylsndyeacaused by
the 19F(n,nY) reaction, but this would require an unplausibly high amount of fluorira ne
the detector.
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Figure4: Spectrum of the AmBe neutron source from the experimenttamd the Monte Carlo simulation.

2. The neutron triangle at 691 keV is much smaller in the simulation than in the da¢a0'T
excited state aE, = 691 keV in’?Ge decays exclusively by internal conversion to the 0
ground state, meaning its energy is detected in the present large germamegatodwith an
efficiency close to 1. The Monte Carlo simulation erroneously treats thisdewddcaying by
y-ray emission, meaning thygay is detected only with the intrinsic efficiency of the detector,
which is considerably smaller than 1.

In order to check the response of the setup with a second type of nedwwoe, a weak
americium-beryllium (Am-Be) neutron source, emitting MeV neutrons by’Besa,n)*2C reac-
tion, was introduced to the setup. TH&Am activity was 185 kBq, leading to an estimated neutron
source strength of 13 n/s. It was placed in the center of the target chabueto restrictions on
the use of neutron sources in the LNGS underground facility, the rurimiggwas only 10 hours,
limiting the statistical precision of the data. Therefore, the data had to be esbimorder to make
the spectra comparable, and any comparison by necessity concentratesgeneral features of
the spectrum (fig. 4). The triangular feature at 691 keV is not wellodyred in the simulation,
for the reasons already discussed. At lower enerdiges; 500 keV, the simulation significantly
underpredicts the data. This is due to the Compton continuum fromrtnes at 662 and 722 keV
that are emitted by th&'Am in the Am-Be source. These wegkay branches of*!Am are not
included in the Monte Carlo simulation. In addition to energetic neutrons fromiBhé,n)'2C
reaction, an Am-Be source also emits Doppler-broadened 4.4\Mays from the decay of the first
excited state of?C. Thesey rays were not included in the Monte Carlo simulation, but they have
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only a very limited influence near the ROIs for thé(a,y)5Li reaction. Overall, the spectrum from
the Am-Be source is well reproduced by the simulation, including the neuiengtes except for
the 691 keV one discussed below.

5. Outlook

The LUNA measurement campaign for the(a,y)Li experiment is completed, and the data
analysis is underway. Another experiment to study the response of ldBt@etors in a neutron
field induced by theé?H(d,n*He reaction with high statistics has been carried out at the ELBE
facility at Helmholtz-Zentrum Dresden-Rossendorf recently.

Even though thg-background is one order of magnitude larger than the expected signptetsent
data indicate that a positive measurement may be possible. A possible @ppyqarameterize
the background in order to subtract it is currently under development.

Financial support by INFN, FAI, DFG (BE 4100-2/1), and NAVI is tgfally acknowledged.
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