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Abstract
Studies of charged-particle reactions for low-energy nuclear astrophysics
require high sensitivity, which can be achieved by means of detection setups
with high efficiency and low backgrounds, to obtain precise measurements in
the energy region of interest for stellar scenarios. High-efficiency total
absorption spectroscopy is an established and powerful tool for studying
radiative capture reactions, particularly if combined with the cosmic back-
ground reduction by several orders of magnitude obtained at the Laboratory
for Underground Nuclear Astrophysics (LUNA). We present recent
improvements in the detection setup with the Bismuth Germanium Oxide
(BGO) detector at LUNA, aiming to reduce high-energy backgrounds and
increase the summing detection efficiency. The new design results in enhanced
sensitivity of the BGO setup, as we demonstrate and discuss in the context of
the first direct measurement of the 65 keV resonance (Ex= 5672 keV) of the
17O(p,γ)18F reaction. Moreover, we show two applications of the BGO
detector, which exploit its segmentation. In the case of complex γ-ray cas-
cades, e.g. the de-excitation of Ex= 5672 keV in 18F, the BGO segmentation
allows to identify and suppress the beam-induced background signals that
mimic the sum peak of interest. We demonstrate another new application for
such a detector in form of in situ activation measurements of a reaction with
β+ unstable product nuclei, e.g. the 14N(p,γ)15O reaction.
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1. Introduction

The small cross sections and weak resonance strengths that govern the astrophysical reaction
rates in stellar environments translate to low experimental yields in the laboratory. Direct
cross section measurements therefore require high beam intensities and large target densities
to increase the reaction yield, in combination with highly sensitive detection setups.
Achieving a high sensitivity for radiative capture reactions requires both a high detection
efficiency for the signature γ-rays of the reaction and a low rate of the background events that
mimic precisely this signature. The detection efficiency depends on the detector type and size
as well as the detector-target geometry and materials in between. The impact of the back-
grounds can be reduced by lowering the rate of background events, as well as by exploiting
experimental signatures that are more specific to the reaction of interest and less susceptible to
other sources.

Deep underground laboratories provide unique conditions for key experiments in
nuclear astrophysics, thanks to their dramatic reduction of the background originating
from cosmic radiation. Depending on the energy region of interest, the cosmic back-
ground can be reduced by many orders of magnitude, resulting in drastically enhanced
sensitivities [1]. The combination of a deep underground location and a high-intensity
accelerator has been the foundation of long successful campaigns at LUNA [2], and
motivated the construction of several new deep-underground accelerator facilities—
CASPAR [3], JUNA [4], LUNA-MV [5]—as well as a shallow-underground accelerator
laboratory, the Felsenkeller [6]. With the cosmic background greatly suppressed, other
background sources take center stage. Typical candidates are environmental or intrinsic
radioactivity, and beam-induced reactions on contaminants in the target. Further back-
ground reduction, therefore requires targeted experimental efforts. Added shielding and
the selection of radiopure materials are examples of changes in the experimental setup,
whereas beam-induced backgrounds can be reduced by improved chemical purity, or
discriminated against with the help of certain detector designs.

In this article, we focus on recent improvements of a Bismuth Germanium Oxide (BGO)
detector setup for radiative capture studies at LUNA, based on changes in setup and data
analysis, with the goal to further enhance its sensitivity. We present how two reaction studies
motivated these upgrades, and which opportunities come with the improved performance. An
introduction to the BGO solid target setup and the Monte Carlo simulation tools used
throughout this work is given in sections 1.1 and 1.2, respectively. Section 2 details the recent
improvements in target and shielding setup at LUNA, and the resulting enhancement in
efficiency and background suppression. Section 3 is focused on the performance of the BGO
setup in view of the first direct measurement of the elusive Ec.m.

res. = 65 keV resonance in the
17O(p,γ)18F reaction [7]. An innovative application of the BGO detector to measure β+

decays is reported in section 4. The conclusion and an outlook on future applications of this
setup are given in section 5.
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1.1. Total absorption spectroscopy with a BGO detector at LUNA

Installing the 400 kV accelerator [8] at LUNA opened the path to experiments that provided a
wealth of low-energy nuclear data for astrophysics. Total Absorption Spectroscopy (TAS)
experiments have been a cornerstone of radiative capture reaction studies at LUNA,
employing a highly efficient Bismuth Germanium Oxide (BGO) detector [9] with extremely
low background levels for reactions with high Q-values. BGO was chosen for its large
average atomic number and density, which allows for the high γ-ray detection efficiency in a
relatively compact setup, crucial for measurements requiring massive shielding. Additionally,
two TAS detectors have taken up operation recently in other deep-underground laboratories: a
new BGO-based detector has recently been commissioned and used for first measurements at
JUNA [10, 11], and the HECTOR detector made of NaI(Tl) was transported underground for
measurements at CASPAR [3, 12, 13].

The first description of the LUNA BGO detector is given in [9], in the context of the
measurement of the 2H(p,γ)3He reaction cross section, which covered the energies of interest
for the Sun (solar Gamow peak) for the first time [14]. In brief, the LUNA BGO detector
consists of six optically independent segments, each of them read out by one photomultiplier
tube. By adding the energy of coincident events in the individual crystals, a total energy (sum,
or add-back) spectrum can be obtained, while the energy deposition in the individual crystals
allows to infer information on the individual γ-rays emitted in the cascades. In the now more
than 20 years of its operation at LUNA, the BGO detector was utilized in experiments
employing a variety of different shielding-detector-target combinations, motivated by a range
of science cases, see table 1. Oftentimes, outstanding sensitivity was the requirement for these
measurements, such as for the first direct measurement of the 14N(p,γ)15O cross section at
stellar energies delivered with unprecedented accuracy on a windowless gas target [15, 16].
Another milestone was the first direct observation of the 92 keV resonance in 25Mg(p,γ)26Al
on a solid target, with a reported resonance strength as low as ωγ= (2.9± 0.6)× 10−10 eV
[17]. The latter resonance has recently been studied at JUNA [18]. More recently at LUNA,
the BGO detector in combination with neutron shielding was used for the first direct study of
the tentative Ec.m.

res.= 334 keV resonance in 22Ne(α,γ)26Mg, with a sensitivity that allowed to
establish an upper limit for its ωγ of 4.0× 10−11 eV [19]. Setup, data acquisition and analysis
techniques evolved continuously throughout the decades with this detector, further pushing
the limits of experimental sensitivity. The work presented here is a continuation of the efforts

Table 1.Overview of the measurements performed with the BGO detector at LUNA. In
the present paper, we focus on target setups Solid A, B and C, see text and figure 1 for
details.

Reaction Q-value [keV] Target setup Shielding

2H(p,γ)3He [14] 5493 Gas None
14N(p,γ)15O [15] 7297 Gas None
25Mg(p,γ)26Al [17] 6306 A—solid None
18O(p,γ)19F [28] 7994 A—solid Pb
23Na(p,γ)24Mg [27] 11 693 A—solid Pb
22Ne(p,γ)23Na [50] 8794 Gas None
22Ne(α,γ)26Mg [19] 10 615 Gas BPE (10 cm) thick
12C(p,γ)13N [46] 1943 B and C—solid Pb
13C(p,γ)14N[46] 7551 B—Solid Pb
17O(p,γ)18F [51] 5607 C—Solid BPE + Pb + BPE (5 cm)
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reported in [20] and is guided by the background models presented in that work. Of the two
beamlines at LUNA-400 we will here focus on the solid target setup.

In addition to reducing the background rates in the detector, suitable analysis techniques of
the data from the detector are crucial to reach the highest possible experimental sensitivity.
Whilst the outstanding sensitivity was achieved in early LUNA experiments, with the BGO
detector simply in summing mode, the detector segmentation does provide additional means
for a more refined data analysis, depending on the scientific case of interest. As the six
detector crystals are optically independent, the individual signal acquisition chain allows to
record each event with timestamp and energy information. In the offline analysis, the add-
back spectrum is reconstructed with a coincidence window of 3.5 μs (see [20]). The
advantages of TAS were emphasized above. However, a clear disadvantage is that in sum-
ming mode, the BGO detector does not yield direct information on the γ-ray cascades
contributing to the sum peak (such as their branching ratios, γ-ray energies, or multiplicities).
By exploiting the segmentation of the detector, one can infer additional information on the
individual γ-ray energies. For example, the signature of the 22Ne(p,γ)23Na low-energy
resonances decay scheme was, indeed, recovered by gating on the ROI, corresponding to the
excitation energy of interest, in the add-back spectrum [21]. The single crystal spectrum
obtained in this way was then fitted in order to determine the branching ratios. Thanks to the
large efficiency of the BGO setup, it was possible to determine the contribution of weak γ-
transitions, that were not observed in the earlier LUNA campaign with HPGe detectors [22].
Gating the add-back spectrum can also significantly reduce the beam-induced background,
which does not share the same de-excitation cascade as the reaction under investigation. It is
evident that exploiting the BGO segmentation offers a powerful analysis tool, which in
combination with increased detector efficiency and reduced laboratory backgrounds, is par-
ticularly effective for measurements in which beam-induced backgrounds limit the exper-
imental sensitivity.

The improved background suppression increased detection efficiency and new applications
of the BGO as a segmented detector at LUNA are discussed in the next sections, in the
context of the two scientific cases that they were designed for. A brief description of Monte
Carlo simulations to study the detection efficiency and other characteristics of the detector is
given beforehand, as this tool is used throughout this work.

1.2. Simulations

A Monte Carlo particle transport simulation is a valuable tool to characterize the detector
response, and explore the influence of different parameters of the setup. For this purpose, a
simulation based on the Geant4 toolkit [23] was implemented on the basis of the adopted
geometry for the target, detector and shielding, as shown in figure 1. Details on the three
setups in this figure are reported in the next sections.

Once validated against calibration measurements, the simulation allows for a variety of
applications in data analysis. For example, the sum peak efficiency in the add-back spectrum
can be obtained from the simulation, based on the known γ-ray cascades. Systematic effects,
such as the influence of the beam spot position, or slight geometric asymmetries of the setup
can be explored and taken into account for the analysis [24]. Finally, for a given set of γ-ray
cascades, the effect of applying gates in the add-back spectrum can be studied by virtue of the
simulated data.

To validate simulations for each of the setups in figure 1, we compared the measured
spectra of point-like 60Co, 88Y and 137Cs sources, which cover the low-energy part of the
spectra. Good agreement was found between measurement and simulation, as illustrated in
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figure 2. The very well-known Ec.m.
res. = 259 keV resonance of 14N(p,γ)15O (Ex= 7556 keV

[25]) [26], allowed to extend the efficiency to higher energies. For simplicity, we show the
results of the validation procedure only for Setup C. Fine-tuning the simulations focused at
first on the analysis of the single BGO crystals, see the top panel of figure 3. To reproduce the
spectra on the whole energy range covered by the Ex= 7556 keV de-excitation transitions, the

Figure 1. Cross section sketch of the three discussed setups. From top to bottom:
Setup A, B and C, see text for more details. Different colors correspond to different
materials: green represents stainless steel, red aluminium, yellow brass, white plastic,
grey lead, purple borated-Polyethylene, blue water, and cyan the BGO crystal.
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energy resolution of each BGO crystal, random coincidences between two signals, and the
decay of the 15O nucleus (β+ unstable with a half-life T 2.037 0.003 min1 2 ( )=  [25]) were
taken into account in the simulation, as well as the measured contribution of the laboratory
background. For the random summing (or pile-up) effect, a weighted sum of all possible
combinations of signal sources was calculated, with weights determined by fitting the
experimental pile-up peak. For example, figure 3 shows pile-up between the prompt signal
from 14N(p,γ)15O and the decay of 15O at around 8.5 MeV, which is well-reproduced in the

Figure 2. Add-back γ-ray spectra of the 137Cs and 60Co calibration sources, comparing
simulation with measurement. The agreement between the integrals in the respective
regions of interest (ROI) is within 3%.

Figure 3. γ-ray spectra of the 14N(p,γ)15O Ec.m. = 259 keV resonance, comparing
simulation with measurement. Upper panel: single crystal spectrum (BGO 1). Lower
panel: add-back spectrum. The agreement between the expected yield on the basis of
[26] and the simulations is within 3%, see text for details.
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simulated spectrum. The final agreement between simulated and measured spectra was within
3% for all crystals. In the next step, the comparison was extended to experimental and
simulated add-back spectra, shown in the bottom panel of figure 3. Again, an agreement of
about 3% was achieved. As the Monte Carlo simulations are used to evaluate the γ-ray
detection efficiency of the detector, the discrepancy between the measured and the simulated
efficiency observed in the calibration runs was taken as the systematic uncertainty on the
efficiency determination. The statistical uncertainty in the calibration runs with the radioactive
sources and the 14N(p,γ)15O reaction was well below 1%.

2. Target and shielding setups with the BGO detector at LUNA

Since the commissioning of the BGO detector at LUNA, different experimental setups were
developed for the individual reaction studies, guided by the main requirements of the targeted
reaction. An overview is provided in table 1. The experiences with the previous iterations of
the setup are reflected in its most recent upgrade. Here we describe the main modifications of
the target chamber and the shielding setup for past and current experimental campaigns at
LUNA and the following improvements on both efficiency and background reduction.

2.1. Target chambers and efficiency

We focus our discussion on three solid target setups here. Setup A was designed to measure
the low-energy resonance of the 25Mg(p,γ)26Al reaction at Ec.m.

res. = 92 keV (corresponding to
Ex= 6398 keV) [17]. A cross-sectional view of this setup is shown in the top panel of
figure 1. The expected low count rate for this weak resonance emphasized the need for a large
detection efficiency, i.e. the minimization of γ-ray absorption between the target and the
detector. The cylindrical target chamber made of steel was designed to directly hold the
targets, produced by evaporation on thin tantalum disks. This allowed for very little passive
material between the target and the detector, at the expense of increased time and effort
needed to mount or exchange the target. The same target setup has been successfully used for
the study of 23Na(p,γ)24Mg [27], and 18O(p,γ)19F [28].

More recently, for the 13C(α,n)16O reaction measurement [29] with a different detector, the
need arose for very frequent target changes, and Setup B was adopted: a brass target holder
was designed to hold the tantalum target backings, with this holder being directly screwed
onto the target chamber. This Setup B allowed minimizing the time for target exchange when
using at least two target holders. The practical advantages led to the use of the same setup also
for the radiative proton capture measurements on carbon performed with the BGO detector.
The increased amount and density of passive materials, however, decreased the γ-ray
detection efficiency by about 14% at Eγ= 1.332MeV, as shown by the comparison of
simulation outputs for Setup A and Setup B in figure 4. For the reactions 12,13C(p,γ)13,14N,
relatively high reaction rates for all but the lowest accessed energies allowed for successful
measurements in spite of the efficiency reduction.

To combine the advantages of both designs, ease of target exchange and high detection
efficiency, the next revision of the experimental setup retained the chamber design of Setup B,
but introduced the use of aluminum both for the reaction chamber and the target holder, and
further reducing the amount of material in the latter. The resulting Setup C is shown in the
bottom panel of figure 1. The main motivation for this setup was the first direct detection of
the Ec.m.

res. = 65 keV resonance of the 17O(p,γ)18F reaction. For this we expected about
0.09 reactions h−1 on the basis of literature data [7], assuming a beam current of 100 μA and a
Ta2O5 target fully enriched in 17O. The revised setup was also decisive for the experimental
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campaign on 12C(p,γ)13N at low energies, allowing to extend the measurement down to
Ep= 80 keV corresponding to a cross section of the order of 10−11 b. Compared to Setup B,
the efficiency of Setup C is larger by 24% at Eγ= 1.332MeV and is at least ;18% larger over
the whole region up to 6MeV, see figure 4. Comparing with Setup A, we observed an
increased efficiency of ;8% at 1.332MeV.

2.2. Shielding evolution and background reduction

Similarly to the target chamber setup, the BGO detector shielding evolved depending on the
experimental necessities of the LUNA collaboration. Early experiments used no additional
shielding to the BGO detector, both on solid targets [17] and on gas targets [14, 15, 21]. Later
experiments surrounded the BGO detector with 10 cm of lead, to reduce the environmental γ-
ray background at low energies, its pile-up at medium energy, and some reduction of sec-
ondary backgrounds at higher energies. This shielding, first employed for the reaction
23Na(p,γ)24Mg (Q= 11 693 keV) [27], was composed of two parts, mounted on rails to
provide easy access to the reaction chamber to exchange the target when required. The effects
of this shielding, together with a detailed model of the different background sources, are
described in [20]. This shielding resulted in a background reduction by two orders of mag-
nitude at low energies, Eγ< 3MeV. In this energy region, the background is mainly due to
environmental radioactivity (with peaks of 40K and 208Tl clearly visible) and intrinsic
radioactivity, which shows two main lines corresponding to the 2340 keV and 1633 keV
states in 207Pb populated by the electron capture on 207Bi.

In the region of 6–18MeV γ-energy, the remaining background is due to neutron-induced
reactions on BGO materials, mainly Ge [20, 30, 31]. For the measurement of the
22Ne(α,γ)26Mg (Q= 10 615 keV) on the gas target setup, a 10 cm thick layer of borated (5%)

Figure 4. Add-back spectrum efficiency (sum peak efficiency) for single γ-rays with
energies from 500 keV up to 10 MeV obtained via simulations of Setup A (green)
Setup B (red) and Setup C (blue). Simulations were implemented considering the
complete target-detector-shielding geometry. Shown in black is a simulation of an
idealized setup with no target chamber and target holder, thus with no γ-ray absorption.
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polyethylene (BPE) was added around the BGO detector, to absorb thermal neutrons and
reduce the background above 6MeV. This shielding reduced the counting rate in the region of
interest (10–11MeV) by about a factor (3.4± 1.1) [19].

This experience led to the optimization of the shielding in the region of interest for the
65 keV resonance measurement of 17O(p,γ)18F. A three-layer shielding composed of (from
outer to inner layer) 5 cm of BPE, 10 cm of lead and 1 cm of innermost BPE layer was built
and installed (as illustrated in figure 1, setup C). This resulted in an overall background
reduction by a factor (4.27± 0.09) in the region of interest, 5200–6200 keV, with respect to
the lead shielding alone. A comparison of the measured backgrounds with the different
shielding configurations is shown in figure 5.

3. Sensitivity study for the 17O(p,γ)18F reaction

At the typical temperatures of shell hydrogen burning in Asymptotic Giant Branch (AGB)
stars, 0.03–0.1 GK, corresponding to Gamow energies of 35–135 keV, the 17O+p reaction
rates are dominated by the Ec.m.

res. = 65 keV resonance (Ex= (5672.57± 0.32) keV in 18F [32]).
A recent direct measurement at LUNA has reported a resonance strength for the (p,α) channel
(Q= 1192 keV) almost a factor of 2 larger than previously estimated [33], with a significant
impact on our knowledge of nucleosynthesis in intermediate-mass AGB stars [34, 35]. For the
(p,γ) channel (Q= 5607 keV), instead, only indirect measurements and following re-eva-
luations are reported in the literature for the strength of this resonance. While Jπ= 1− [25]
and the partial widths Γγ= (0.44± 0.02) eV [7] and Γα= (130± 5) eV [36] are well con-
strained, the Γp, calculated from the ωγ(p,α), is the most uncertain quantity [33, 37–39], with
dramatic impact on the ωγ(p,γ) calculation. The lowest recent estimate for the
ωγ(p,γ)= (1.6± 0.3)× 10−11 eV [7] is adopted in the following considerations.

Figure 5.Measured background with Setup B (black) and C (blue). The inset shows the
region of interest for the Ec.m.

res. = 65 keV resonance of the 17O(p,γ)18F reaction.
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LUNA combines an ideal site, long-standing experience and suitable tools for a high
sensitivity study of this resonance. A feasibility study, partially reported in [20] led to the final
setup design (Setup C, see figure 1), to perform at LUNA the first direct measurement of the
65 keV resonance strength. The target setup and its improved efficiency and background
reduction were described in the previous section. The estimated sensitivity for Setup C is
illustrated in figure 6. The background level for this estimate was measured over 68 days,
leading to an average count rate of (2.6± 0.3)× 10−8 counts/(s× 20 keV). Assuming a
conservative 200 μA current and a Ta2O5 target with typical 17O enrichment of 90% [40], we
simulated the add-back spectrum for beam energy on top of the 65 keV resonance. The decay
scheme of the state at Ex= 5673 keV used in the simulation is listed in table 2, coincidences
in the background measurement were reconstructed with the coincidence time window set to
3.5 μs [20].

The high sensitivity achieved with the present setup may be spoiled by target contaminants
reacting with the beam. Contaminants could either be in the oxide film or deeper in the
backing. In order to monitor the beam-induced background, Ta2O5 targets made with only
Ultra Pure Water (UPW), thus containing a negligible amount of 17O, were irradiated. To
disentangle the γ-rays from the beam-induced background and from the reaction of interest,
we consider the γ-ray energies deposited in single crystals while gating on the sum energy
peak of 17O(p,γ)18F in the add-back spectrum, as described in section 1.1. The segmentation
of the detector allows to distinctly identify the signature of the 17O(p,γ)18F reaction. Gating
on the ROI of the sum peak and looking at single crystal events, with multiplicity >1, only
events consistent with the cascade reported for the 65 keV resonance are selected, table 2.
This allows to effectively reject γ-rays produced by beam-induced background emitting either
single γ-rays or cascades with different primary and secondary γ-rays than those of the
reaction of interest. In order to properly subtract the spurious coincidences due to beam-
induced background, which mimics the cascade of interest, the same analysis is applied to the
65 keV resonance add-back spectra acquired with UPW targets.

Figure 6. Measured environmental background rate when assuming a flat background
in this region (blue), and simulated shape of the signal for the 17O(p,γ)18F reaction on
the 65 keV resonance (red). Assumptions of the simulation are described in the text.
The blue band is the statistical error on the laboratory background.
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The performance of this technique was tested using the resonance Ec.m.
res. = 183 keV

(Ex= (5786± 2) keV) of the 17O(p,γ)18F reaction [41]. An experimental run on top of this
resonance was performed by irradiating a Ta2O5 target with a nominal isotopic enrichment of
90% in 17O. The add-back spectrum obtained in the measurement with the 17O-enriched
target is compared in the top panel of figure 7 to a run taken under the same experimental
conditions except for using a target made from UPW. A gate in the ROI of the 183 keV
resonance sum peak was performed, both on signal and beam-induced background add-back
spectra, and the contributions from all crystals were summed (figure 7, bottom panel). In the
17O + p sum of the single spectra, the well-known transitions corresponding to the
Ex= 5786 keV de-excitation are clearly visible and well in agreement with simulation based
on literature branchings (table 2). In contrast, applying the gate to the UPW targets run does
not highlight any structure. Once a particular transition is selected, for example, the main
transition (R→1080 keV, Eγ= 4705 keV, Iγ= (40.8± 0.7)% [41]), the residual beam-
induced background counts, i.e. the residual spurious coincidences that mimic the cascade of
interest, is of 4.23× 10−4 c μC−1, leading to an increase of the signal to noise ratio by a
factor of 8.6 ± 1.9 with respect to the sum peak case figure 7.

This example demonstrates how the gate analysis allows to potentially identify and cut out
beam-induced background events, which populate the sum peak in the add-back spectrum,
but do not match the signature of cascades of the target reaction 17O(p,γ)18F. The remaining
beam-induced background in the UPW-target after the cut is due to random coincidences, and
can be subtracted from the spectrum obtained with the 17O-enriched target.

For the case of the Ec.m.
res. = 65 keV resonance, a well-known problem of tantalum is its

ability to store hydrogen and deuterium [42]. With the modest energy resolution of the BGO
detector, the signature of a single γ-ray produced by the 2H(p, γ)3He reaction (Q= 5493 keV)
cannot be resolved from the signal of 17O(p, γ)18F (Q= 5607 keV). The gate analysis is
therefore a powerful tool in this case, to discriminate the 2H(p,γ)3He γ-rays because of the
more complex cascade of the 65 keV resonance (table 2).

Table 2. Branching ratios for the excited states corresponding to the resonances at
E 65 keVc.m.

res. = and 183 keV in 17O(p,γ)18F [32, 41].

Ec.m.
res. (keV) Ex (keV) Ef (keV) Iγ (%)

65 5672.57(32) [32] 3133.87(15) 28.5(20)
3061.84(18) 4.0(4)
2100.61(10) 0.4(2)
1700.81(18) 0.8(3)
1080.54(12) 52(3)
1041.55(8) 8.1(7)

0.0 6.2(4)
183 5786(2) [41] 3791.49(22) 4.5(4)

3358.2(10) 2.3(3)
3133.87(15) 4.3(4)
2523.35(18) 5.5(6)
2100.61(10) 11.8(8)
1080.54(12) 40.8(7)
1041.55(8) 3.4(4)
937(6) 24.5(8)
0.0 2.9(4)
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4. A new application of a segmented BGO detector: activation counting

So far we focused on describing the classical application of the BGO summing detector
underground: measurements of radiative capture reactions with high Q-values, exploiting the
ultra-low background in the corresponding region of interest. At lower energies, the BGO
detector does not benefit as much from the deep-underground location, owing to the intrinsic
radioactive background (substantially from 207Bi), as well as the remaining environmental
radioactivity. Exploiting the unique signature following β+ decays, however, we present a
new application of the detector to competitively measure such decays in spite of their low
total γ-ray energy.

Reaction products that are β+-unstable decay by emission of e+ particles, which soon after
annihilate with an e−. Counting the number of nuclei produced in the reaction by detecting
the 511 keV γ-rays created in the e+e− annihilation following their decay is a form of
activation method [43]. The 511 keV γ-rays created in e+e−-annihilation is marked by a very
distinct signature, as they are emitted in opposite directions from the point of annihilation.
Because of the BGO segmentation and 4π geometry, this translates to a coincident detection
of two 511 keV signals in opposite crystals. Compared to off-site counting after irradiation, as
used in the previous LUNA measurements [44, 45], both irradiation and annihilation counting
can be performed in situ.

Figure 7. Upper panel: Add-back spectrum for proton irradiation at Ep = 200 keV of a
17O-enriched target (red) and UPW-target (blue). The two spectra are normalized to the
18O(p,γ)19F sum peak at about 8 MeV. Lower panel: corresponding sum of single
crystal spectra for both measurements after a cut at 5400–6094 keV in the sum
spectrum, selecting the 17O(p,γ)18F signal. Distinct peaks corresponding to the
transitions in 18F are visible in the red spectrum.
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This technique has been applied at LUNA to the 12C(p,γ)13N reaction study [46]. The
emitted (single) prompt γ-ray has an energy of about 2 MeV (Q= 1943 keV), thus sitting in a
region affected by the intrinsic background of the detector. The presented activation technique
is preferable since counting the number of 13N decays (T 9.965 0.004 min1 2 ( )=  [25])
greatly improves the experimental sensitivity with this detector. The study of the afore-
mentioned reaction is still ongoing and will be discussed in a dedicated publication. In the
following, we will focus on the reaction 14N(p,γ)15O (with 15O as unstable against β+ decay,
T 2.037 0.003 min1 2 ( )=  [25]), recently measured via activation technique at ATOMKI
[47, 48]. We use this example to establish the technique, develop analysis procedures
accordingly, and characterize the setup.

4.1. Data acquisition and analysis

Sputtered targets of TiN on Ta disks were used to study the 14N(p,γ)15O reaction. Several
irradiations (beam-on) were alternated with decay counting periods (beam-off). To help the
search for β+ unstable contaminants, distinguished from the nuclide of interest only by their
different half-lives, different lengths of the beam-off periods were used. In any case, no other
such contaminants were observed for the presented case. Accurate knowledge of the beam
current is crucial for this technique, and it is measured by a current integrator connected to the
electrically insulated target chamber. The current as a function of time is recorded by using a
digitizer, registering a pulse every 10−6 C. The number of counts was acquired in time-
stamped list mode, allowing to obtain the charge rate in the offline analysis by counting the
pulses from the integrator. The rates of the 511 keV coincidences were derived from the list
mode data by choosing an energy window of (511± 150) keV and requiring that the coin-
cidence events in opposite crystals were registered at most 0.2 μs apart in time [20].

The data obtained, shown in figure 8, describe the rate of events with an annihilation
signature during irradiation and the subsequent exponential decay, as governed by the fol-
lowing relation:

N

t
Y R N t

d

d
, 1p ( ) ( )h l= ´ ´ - ´

where Y is the reaction yield (reactions per incoming proton), Rp is the incoming proton rate,
which can be derived from the recorded current, η is the detection efficiency, which will be
described in the next section, λ is the decay constant of the decaying nucleus, and N(t) is the
number of nuclei present in the sample at a given time. The quantity that is directly observed
from the data is the activity of the sample, A(t)= λ× N(t).

The observed data were iteratively fitted solving equation (1), and leaving Y as the only
free parameter. In addition, the Poisson likelihood was calculated at each iteration. In this
way, the likelihood was maximized and the best-fit value was found for Y.

As equation (1) is a differential equation, the initial condition N(0) is required and it is
calculated from the first data point, A(0)= λN(0). As residual activity from beam tuning or a
preceding run may be present, N(0) is not necessarily zero. The environmental background
rate was calculated from a background measurement taken for 20 d, and inserted in the fit as a
nuisance parameter. Another potential source of background is random coincidences caused
by pair production or Compton scattering of prompt γ-rays of beam-induced reactions. This
contribution to the 511 keV events is important only during the irradiation and was included
in the final activity through the term Nprompt× Rp, where Nprompt is the number of random
coincidences per unit charge. This parameter is then left free to vary inside the fitting pro-
cedure. As an additional check, for the case of 14N(p,γ)15O, the best-fit Nprompt value was
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compared to the expected counts due to the prompt γ-rays that can mimic the 511 keV signals.
For this purpose, the Geant4 simulation of the 15O γ-ray cascade at the resonance was used.
This permitted to extract the probability of prompt γ-rays creating random coincidence inside
the BGO crystals. Finally, the prompt γ-ray yields were analyzed, and compared to the results
from the activation analysis. In figure 8 the fit for the 14N(p,γ)15O reaction at the 259 keV
resonances are shown. In table 3 the best-fit parameters are reported. An excellent agreement
between prompt γ and activation analysis was found. By taking the calculated background
rate, Rback, the estimated detection limit in terms of yield is 10−18 with a beam current of
400 μA.

4.2. Efficiency

The efficiency of detecting the annihilation signature for the β+ decay of a reaction product
was obtained via Geant4 simulations of the detector setup, modelling the target geometry and

Figure 8. The upper panel shows the rate of the 511 keV coincidences for the 15O
activation on the Ec.m.

res.= 259 keV resonance in 14N(p,γ)15O. The red line is the best-fit.
The shaded areas represents the irradiation time slots. Different irradiation and counting
periods were used to check for consistency and to search for any possible contaminant
with a different half-life. The decaying activity in the first four minutes of the
measurement without beam are the result of beam tuning before the start of data
acquisition. The lower panel shows the current on target.

Table 3. Overview of the results for 14N(p,γ)15O with the BGO detector, using acti-
vation or prompt γ measurements. Rback is the rate of the random coincidences due to
the environment.

Method Yield Rback (s
−1) Nprompt (μC

−1)

Activation (6.64± 0.05)× 10−12 (0.0130± 0.0002) (0.13± 0.02)
Prompt (6.70± 0.04)× 10−12
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tracking the β+ particles. The simulations were validated through comparison with radio-
active source measurements (137Cs and 60Co), as described in section 1.2. The β+ decay of
the 15O was simulated for a slightly off-center beam spot (as observed after dismounting the
target), and at a depth in the target calculated with SRIM-2013 [49]. The detection of two
511 keV γ-rays in coincidence was found to be quite sensitive to both the position of the
beam spot (within 2.4%), and the depth of the decay inside the target (within 1.0%). This is
due to the fact that, in contrast to the prompt γ-rays, the β+ may travel some distance before
annihilating and emitting the 511 keV radiation. The simulated data were convoluted with the
energy resolution of the detector, and the same coincidence energy window was applied to the
simulation as for the measurement since the precise numerical value of the detection effi-
ciency depends on it. Adding these contributions to the 3% agreement between the simulated
and observed spectra resulted in a detection efficiency of (21.4± 0.9)% for the 511 keV
coincidences in opposite BGO crystals.

To verify the validity of the calibration and of the method itself, an independent ex situ
measurement with an HPGe detector was performed using a 12C target initially irradiated
in situ. After irradiation, the activated sample was first counted in situ with the BGO, then
dismounted and installed in front of an HPGe detector (at a distance of about 14 cm, with a Ta
plate in front of the target to ensure positron annihilation), and finally re-mounted back in the
initial position inside of the BGO detector for another counting period. Because of the
different geometry, the HPGe detector counted single 511 keV γ-rays. The HPGe detector
was calibrated in efficiency by the use of radioactive sources, 137Cs, 133Ba and 60Co. The
systematic uncertainty of the efficiency at 511 keV is 3%, obtained from the efficiency curve
minimization against the calibration sources. The decay data from both the HPGe and the
BGO, figure 9, normalized for the respective detection efficiencies were fitted with an
exponential decay with a half-life fixed to the literature value. The good agreement found
between the measurements with both detectors confirms the validity of the efficiency obtained
from the simulations.

Figure 9. Results of the ex situ calibration with an HPGe detector (blue), compared to
in situ measurements with the BGO detector (black) before and after. Only statistical
uncertainty is plotted.
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5. Conclusions

We reported the latest improvements of the detection setup with a BGO summing detector at
LUNA, and their role for two distinct experimental studies: prompt γ-ray detection of
17O(p,γ)18F, and activation counting of 12C(p,γ)13N.

The achieved reduction of high-energy background rates, as well as the increase in
detection efficiency, are crucial ingredients to directly detect the Ec.m.

res. = 65 keV resonance
signal of the 17O(p,γ)18F reaction. Thanks to a three-layered shielding, we achieved a
background rate of 1.8× 10−3 c/(day · keV) in the region of interest, which corresponds to a
reduction of about a factor of 4 with respect to the previous setup employing only a lead
shielding. Regarding the detection efficiency, we reached a value of about 60% for a single γ-
ray of 6MeV, which is the largest efficiency achieved with this detector so far at LUNA. For
a scenario with beam-induced backgrounds we have described an effective analysis based on
time-coincidences to take advantage of the detector segmentation. Combined with the
upgraded setup, the necessary sensitivity to detect 0.09 reactions h−1 for the resonance in the
relevant reaction 17O(p,γ)18F is within reach and leads the way to future measurements at
astrophysical energies.

Moreover, using the 14N(p,γ)15O reaction as a test case, we demonstrated a new mode of
operation for the BGO detector by exploiting its segmentation for in situ activation mea-
surements of β+ unstable reaction products. Whilst the environmental background rate of the
detector in this mode is not optimal (compared to the background level of an HPGe detector
as reported in [41]), the advantage to perform irradiation and counting with the same setup
and configuration allows for a high-efficiency detection of shorter-lived nuclides, most pro-
mising for half-lives of the order of seconds up to few hours. One example is the lifetime of
17F (T1/2= (64.49± 0.16) s), as produced by the 16O(p,γ)17F, currently under study at
LUNA, also via the new in situ activation setup described here.
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