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Abstract

Direct measurements of small nuclear reaction cross sections require a low

background in the signal region of interest to achieve the necessary sensitivity.

We describe two complementary detector setups that have been used for

studies of p, g( ) reactions with solid targets at the Laboratory for Underground

Nuclear Astrophysics (LUNA): a high-purity germanium detector and a bis-

muth germanate (BGO) detector. We present the effect of a customised lead

shielding on the measured background spectra in the two detector setups at

LUNA. We developed a model to describe the contributions of environmental

and intrinsic backgrounds in the BGO detector measurements. Furthermore we

present an upgrade of the data acquisition system for our BGO detector, which

allows us to exploit the features of the segmented detector and overcome some

of the limitations encountered in previous experiments. We conclude with a

discussion on the improved sensitivity of the presented setups, and the benefits

for ongoing and possible future measurements.

Keywords: gamma ray spectroscopy, nuclear astrophysics, background

reduction, shielding, HPGe, BGO, summing detector

(Some figures may appear in colour only in the online journal)

1. Introduction

A vital input for stellar models in nuclear astrophysics is the cross section information for the

nuclear reactions involved, as these cross sections determine the thermonuclear reaction rates
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for a given stellar temperature. However, at energies that correspond to the temperatures of

typical stellar scenarios, the charged particle cross sections can be so small that their direct

measurement is challenging, as the reaction yield in an accelerator-based experiment is

limited. One way to obtain cross section information in absence of a measurement is to

extrapolate from data obtained at higher energies (see for example [1, 2]), but such extra-

polations can introduce significant uncertainties in the cross section which in turn leads to

large uncertainties of the reaction rates in stellar models. Direct measurements of the cross

section at or as close as possible to the relevant energies can help to greatly reduce the

reaction rate uncertainties and improve the precision of stellar models.

A high detection efficiency for the reaction products and a low background rate in the

signal region of interest are crucial to achieve the required sensitivity for the direct mea-

surement of a small cross section. The experiments to measure these small cross sections

apply various techniques in order to successfully measure at low energies, close to the energy

region of stellar scenarios. The approach to conduct such measurements deep underground

has been pioneered by the Laboratory for Underground Nuclear Astrophysics (LUNA) [3, 4],

located at the Gran Sasso National Laboratory (LNGS). The shielding provided by a massive

overburden of rock drastically reduces the background induced by cosmic rays [5], including

the flux of gamma rays and neutrons [6] created by muons. Likewise, detector setups for

charged particles have been observed to benefit from lower background rates at an under-

ground location [7]. Moreover, to reduce environmental background radiation, passive

shielding around the detector becomes more effective than on the surface, where secondary

radiation produced by cosmic ray interactions with the shielding itself acts as a further source

of background [8]. With the reduced background at an underground location, the sensitivity

of various experiments can be greatly enhanced in comparison to measurements on surface.

In this article we present the upgrades of two experimental setups in an underground

environment: a high-purity germanium (HPGe) and a bismuth germanate (BGO) detector.

These complementary detector systems have been used for past cross section measurements at

LUNA, and have recently been upgraded with a lead shielding and an improved data

acquisition (DAQ) system. These upgrades were installed in order to enhance the sensitivity

of the setups for currently ongoing measurements [9], and for future measurements planned at

LUNA and the new LUNAMV.

We introduce the general features of the two detector setups in section 2, and present lead

shielding for the detector setups and the upgraded DAQ system for the BGO detector in

section 3. In section 4 we discuss the improvements due to the upgrades in comparison with

past configurations of the same detectors. The improved sensitivity has facilitated the

development of a model for the background contributions in the BGO detector, as we also

show in the same section. Lastly, in section 5 we discuss the potential of the presented setup

for future experiments and possible further improvements.

2. Measurement of low energy radiative capture cross sections at LUNA

2.1. General considerations

Several gamma-ray detection techniques are employed in experimental nuclear physics,

depending on the specific needs of each experiment and the nuclear properties under

investigation. For cross section measurements of radiative capture reactions at LUNA, two

different setups with complementary strengths are routinely used: a high-resolution but low-

efficiency HPGe detector and a high-efficiency but low-resolution BGO calorimeter. The two

setups offer distinct ways of distinguishing the signal of the studied reaction from background
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caused either by environmental and intrinsic backgrounds or by spurious reactions from

interactions of the bombarding beam with impurities in the target material, as we will discuss

below.

2.2. HPGe detector

HPGe detectors provide excellent energy resolution (e. g. 2.2 keV at a gamma-ray energy of

1.33MeV, corresponding to a relative energy resolution of better than 0.2%). The full energy

peak efficiency of an HPGe detector depends on the size of the germanium crystal and the

distance of the source from the detector. It is often compared to a 3 3 ´  NaI(Tl) scintil-

lation detector at 1.33MeV in a distance of 25 cm, which is then referred to as 100% relative

efficiency. Achievable absolute full energy detection efficiencies are typically on the order of

a few percent for 1 MeV gamma rays, owing to the limited volume of the crystal and the

relatively low interaction probability of gamma rays in germanium. This efficiency decreases

quickly for increasing gamma ray energies.

Multiple gamma rays can be emitted in a single radiative capture reaction. The likelihood

of detecting more than one of these photons in an event, i.e. true coincidence summing, is a

function of detection efficiency for the individual gamma rays. Although small in a typical

HPGe detector setup, coincidence summing effects can be critical for the measurement of

weak direct transitions or in geometries with relatively large detection efficiencies, i.e. small

distances between detector and source. Summing effects have to be accounted for in the

calibration of the HPGe detectors and the analysis of data acquired with them.

HPGe detectors allow for the identification of individual gamma-ray energies, which can

then be attributed to the nuclear reactions under study or to background sources (see e g.

[10]), even with limited prior knowledge of the possible contributions.

The setup we describe uses a coaxial HPGe detector (ORTEC GEM-120225-P-ST) that

has a relative efficiency of 120%.

2.3. BGO detector

BGO (Bi Ge O4 3 12, BGO) is a scintillating material with a very large gamma ray absorption

efficiency (Z 83Bi = , density 7.13 g cm 3- ) that can be manufactured in large sizes. A dis-

advantage of a BGO detector compared to an HPGe detector is the limited energy resolution

of about 11% FWHM at 1.33MeV.

The BGO detector we describe here has been employed in several past measurements of

low yield radiative capture reactions at LUNA [11, 12]. The setup and application of the

detector was first described in [13]. The detector is made of an array of six prismatic crystals,

each 28 cm long and with a trapezoidal base area of 52 cm2. The segments are arranged

around a cylindric borehole, so that the target can be placed at the centre of the detector with a

radial thickness of at least 7 cm of BGO around (see figure 1). With the target at the centre of

the detector, a close to 4p solid angle coverage is achieved. Gamma rays produced in the

target are absorbed very efficiently within the sensitive detector volume, and the efficiency

decreases only slowly with gamma ray energy. Each of the six crystals is optically isolated

and coupled to a 2 diameter photomultiplier tube (Hamamatsu R1847-07) at one end.

Each crystal covers only one sixth of the solid angle of the full detector around the target.

Summing effects are expected, owing to the significant detection efficiency of a single crystal,

but still limited. Considering all crystals as a whole, a sum energy spectrum is obtained, for

which the large solid angle coverage enhances summing effects for gamma ray cascades. The

summing effect is illustrated for the example of a simple two-step cascade in figure 2.
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The region of interest in the sum energy spectrum is given by the peak corresponding to

total absorption of all gamma rays. For a de-excitation of the daughter nucleus to the ground

state in a radiative capture reaction, the total energy released as gamma rays is given by the

Q-value plus the centre of mass energy of the entrance channel. The advantage of the

summing detector for low-energy cross section measurements becomes clear for reactions

with large Q values, where the region of interest is located at higher energies than most

environmental and intrinsic backgrounds. Analysing the distribution of the energy deposition

amongst the individual crystals may yield additional information related to the energy of

single gamma rays in the cascades. Although the identification of unknown gamma rays can

be difficult, owing to the limited energy resolution of the detector, this information from the

Figure 1. Sketch of the segmented BGO detector used at LUNA. Geometry as
implemented in the Geant4 simulation; the PMTs are not shown.

Figure 2. Illustration of single and sum spectra for a simple decay scheme with a
cascade of two gamma rays (that are isotropically emitted and have no angular
correlation) as obtained in a Geant4 simulation. The enhanced efficiency for detection
of the full gamma energy in the full detector (bottom) is evident. Summing, on the other
hand, is limited in the case of an individual crystal, and the peaks at the individual
gamma ray energies are more prominent as the detection of both gamma rays in the
same segment is less likely (top).
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individual segments can be valuable nonetheless. The number of detector segments that

register an energy deposition, for example, is closely related to the gamma ray multiplicity of

an event. If the gamma ray cascades associated with the observed reactions and backgrounds

are known, the segmentation of the detector can therefore be exploited to identify and dis-

criminate background events.

Past measurements at LUNA have used different DAQ setups for this detector. A

measurement of Mg p, Al25 26g( ) [12] used the setup described in [13]: each PMT signal was

capable of generating an acquisition trigger via a constant fraction discriminator, and a trigger

in any of the six channels caused the conversion of the signals in all channels by an ADC

(with a conversion time of 15 μs). The events were saved individually (list mode acquisition).

From this event data, the energy spectra of each individual crystal could be obtained as well

as a sum spectrum of the total energy registered in all crystals in a triggered event. For the

measurements of the N p, O14 15g( ) cross section [11], the analogue sum of the six PMT

signals was recorded with a multichannel analyser. This setup had the advantage of being fast,

at the cost of missing information on the segmentation.

3. Custom shielding and BGO DAQ upgrade

3.1. Lead shielding

To further reduce environmental backgrounds in experiments at the solid target setup at

LUNA, a new shielding has been designed for use with either the BGO or the HPGe detector

on this beam line. The BGO detector can be placed at the centre of the shielding, the HPGe

detector can either be mounted at 0◦ (to place the detector head-on), or at a 55◦ angle (to

reduce the effect of unknown angular distributions as the Legendre polynomial P2 vanishes at

this angle) to the beam axis. The configurations for both detectors are shown in figure 3. The

thickness of the lead shielding is 10 cm for the BGO detector and 15 cm for the HPGe

detector (except for in- and outlet along the beam axis and an inlet in the 55◦ direction when

the HPGe detector is in place). As the targets have to be replaced frequently in a typical solid

target experiment, an important feature of this shielding setup is the easy access to the target,

which is achieved by mounting the lead shielding on rails, so that the upstream and down-

stream parts can be easily separated. The additional lead piece at 55° is also mounted on rails

and can be pulled away from the target, together with the mounted detector.

3.2. Digital BGO DAQ system

As described in section 2.3, the signal acquisition on a single-crystal level is advantageous.

Critical aspects for a DAQ system that define the performance for a summing detector are the

conversion time for a single event (which determines the acquisition dead time) and the

coincidence event time window, i.e. the time period in which two events in different crystals

have to be considered as associated with the same physical event.

We installed a new acquisition setup, with the aim to record event information for the

creation of single and sum spectra, with a shorter event time window and reduced conversion

times in comparison to the previously used setups. The individual PMT signals are pre-

amplified (ORTEC Model 113) and acquired with a digitiser (CAEN V1724, 100MS/s,
14 bit) that is equipped with pulse height analysis firmware (CAEN DPP-PHA), which

implements a trapezoidal shaping algorithm [14]. An input rise time of 3.0 μs and a decay

time of 30 μs were set as parameters for the shaping algorithm, corresponding to the prop-

erties of the preamplified input signals. Each channel is triggered independently and the
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converted individual events with timestamps and energy information are written to disk. In

the offline analysis, PMT signals occurring in a given coincidence time window are used to

obtain a sum energy spectrum.

An advantage of the upgraded DAQ is the absence of digitisation dead time. The acci-

dental pile-up of two events in one crystal can be identified if they are at least separated by the

input rise time [15], which allows for lower accidental pile-up rates. The effect of the

coincidence time-window is studied and optimised offline. On the one hand, this window

needs to be large enough to include all registered events for a given physical signal, but on the

other hand it should not be longer than necessary as this increases the probability for random

summing (i.e. the accidental detection of gamma rays from two or more independent sources

that occur in the time window of one event). Analysing the distribution of the time difference

between consecutive events in any two detector segments (figure 4(a)), two contributions can

be distinguished: true coincidences (dominant in the figure for the first 0.2 μs) and random

coincidences. The former contribution occurs in a short time-window after the first event,

whereas the latter component follows an exponential distribution with a significantly longer

time constant. For the presented measurements with this setup, a coincidence time window of

3.5 μs was chosen (i.e. slightly larger than the input rise time).

The effect of the coincidence event time window on the level of pile-up can be illustrated

by choosing different values for this window to create the sum spectrum. The results for an

unshielded background run are shown in figure 4(b). The reduction of the coincidence event

time reduces the background rate in the energy region between 3 and 6MeV. As the prob-

ability for random summing scales with the event rate to the power of two, the effect would be

less pronounced in a shielded background run.

Figure 3. Sketches of the modular lead shielding for the BGO detector (left) and HPGe
detector at 55◦ (right). The transparent top part is shown lifted to reveal the inside of the
shielding. The beam line enters through the openings that are visible on the front left
sides of the sketches. Beam line and target are omitted for clarity. Left: the BGO
detector rests in the downstream part of the shielding, and can be retracted with this part
of the shielding (A) to access the target, while the upstream part of the shielding
(B) stays in place. Right: an additional cylindrical lead inset (C) and a block of lead
(D) around the detector are used in this HPGe detector configuration (shown at 55◦).
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4. Background measurements and modelling

The presented background measurements of the different setups were taken in the surface

laboratories of LNGS (Assergi, Italy; approximately 1000 m above sea level) and in the

LNGS underground laboratory at the location of the current LUNA accelerator (LUNA400).

4.1. HPGe detector

Different background measurements with the HPGe detector are shown in figure 5: a mea-

surement on surface, the unshielded detector underground, and the detector in the new

shielding.

Thanks to the energy resolution of the HPGe detector, distinct lines in the gamma ray

spectra can be identified by their energy and linked to their sources. The majority of the

background peaks can be attributed to primordial long-lived radioactive nuclides, or their

decay chains [16], as indicated in figure 5. At energies above the highest gamma ray lines

from natural radioactivity, a continuous background caused by cosmic radiation can be

observed on surface, which underlines the motivation for a detector setup underground where

the cosmic ray background is greatly reduced.

Count rates of prominent background lines are summarised in table 1. The strong sup-

pression of background from cosmic rays is evident: the background at energies above

3.3 MeV (i.e. above the visible environmental gamma line with the highest energy) is reduced

by three orders of magnitude underground compared to measurements on the surface. The

strengths of environmental gamma ray backgrounds strongly depend on the surroundings of

the detector, namely the content of radionuclides in the environment (e.g. uranium or thorium

in the rock, or radon in the air), rather than the depth of the location. These background rates

may also be subject to fluctuations in time [17], caused by changes in environmental

Figure 4. Illustration of true coincidences and random pile-up in the distribution of time
differences between consecutive events (a), and influence of the chosen coincidence
time window on the obtained sum spectrum (b). In (a) true coincidence signals, caused
by the same physical event, are clearly visible within the first 0.2 μs ( ). At larger
time differences ( ) random coincidences of independent events dominate the
distribution. In (b) the reduction of the contribution from accidental pile-up with

decreased length of the coincidence event time window ( > > ) is most
pronounced in the energy region between 3 and 6 MeV.

J. Phys. G: Nucl. Part. Phys. 45 (2018) 025203 A Boeltzig et al

8



conditions (such as the radon concentration in the air that depends on the ventilation of the

location).

With this caveat in mind, a comparison of the background measurements underground

with and without the lead shielding yields a substantial reduction of the environmental gamma

Figure 5.Background spectra acquired with the same HPGe detector: unshielded on
surface, unshielded underground, and fully shielded underground with the
presented setup. The colours of the nuclides correspond to the decay chain they belong

to: , , , others.

J. Phys. G: Nucl. Part. Phys. 45 (2018) 025203 A Boeltzig et al
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ray background: by factors of approximately 45, 100 and 150 for the 208Tl, 214Bi and K40

lines, respectively. In massively shielded setups on surface, peaks associated with fast neutron

scattering in the shielding material occur in the background spectrum [8]. No such peaks

are visible in the shielded spectrum underground (as previously noted in [18]). A peak

at 803.3 keV corresponds to the deexcitation of 206Pb*, which can result from the decay of
210Po or from fast neutron scattering on lead. As two other peaks of (n, n¢) on lead (at

569.7 keV and 1063.3 keV from 207Pb (n, nʹ)) that were observed in [8] are not visible in the

background spectrum presented here, we conclude that the 803.3 keV line is at least pre-

dominantly caused by the decay of 210Po. The 7Be decay line that is observed in the spectra

taken underground is attributed to activation of light elements, e.g. 6Li or B10 contaminants in

the targets, by proton beam-induced reactions prior to the background measurements.

4.2. BGO detector

Background sum spectra of previous Mg p, Al25 26g( ) (setup A) and N p, O14 15g( ) (setup B)

experiments, compared to the current upgraded setup (C) are shown in figure 6. The spectra of

A and B are very similar up to 3MeV and above 6MeV. In the intermediate energy region,

the background rates are significantly lower in setup B. This is consistent with the effect of a

longer coincidence event time window in setup A, as demonstrated earlier (figure 4(b)). The

background rates in setup C are consistently lower than for the other two setups, except for a

Figure 6.Background measurements (sum spectra) obtained with the BGO detector and
the different DAQ setups described in section 2. The spectra for setup C was created
using a coincidence time window of 3.5 μs.

Table 1. Comparison of count rates for different locations and shielding configurations
of the same HPGe detector, corresponding to the spectra in figure 5. Entries denoted by
‘n/a’ are omitted, as the ambient radioactivity depends on the level of radioactivity in

the environment of the detector, rather than the depth of the location. Rates are given in
counts h−1 (peaks) and counts keV−1 h−1 (continuum).

Surface Underground

Isotope Eγ/keV Origin Unshielded Unshielded Shielded (this setup)

40K 1461 Primordial n/a 2190(10) 14.8(3)
214Bi 1764 U238 chain n/a 1260(15) 12.9(3)
208Tl 2615 232Th chain n/a 680(15) 15.2(3)

Various 3300–6000 Cosmic 3.30 2 10 1´ -( ) 2.4 4 10 4´ -( ) 1.9 2 10 4´ -( )

J. Phys. G: Nucl. Part. Phys. 45 (2018) 025203 A Boeltzig et al
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small energy region around 4MeV, where the rates of A and C are comparable. The back-

ground reduction of the shielded setup C compared to setups A and B is most pronounced at

low gamma ray energies. The prominent background radiation peaks of K40 and 208Tl are

efficiently suppressed by the shielding, and peaks from the underlying intrinsic background of
207Bi, typical for BGO detectors [19], become visible.

4.3. BGO detector background model

To better understand the differences in the observed background spectra, it is important to

identify and quantify the individual contributions to the background spectrum. Such a

background model can then also serve as a tool to study the potential for further measures to

reduce the background rates.

We recall that, as for the HPGe detector, the main sources of background follow from

natural radioactivity or from cosmic radiation. In both cases the primary radiation can either

directly deposit energy in the detector, or initiate reactions whose secondary particles can lead

to a detectable energy deposition. An important example for secondary radiation are neutrons,

e.g. from (α, n) reactions. Radioactivity can be attributed either to primordial radionuclides

and their decay chains, or nuclides from activation of materials by cosmic rays.

Gamma rays from environmental radioactivity can be detected directly in the sensitive

BGO volume. Intrinsic radioactivity in the BGO can deposit energy from ,a b or γ radiation,

depending on the decay. Due to quenching effects, the light output for α radiation is smaller

than that for electrons (primary electrons from β decay or secondary electrons from the

interaction of γ radiation).

For a quantitative understanding of the background contributions, we developed a model

based on Geant4 (version 4.10.02 [20] with ‘Shielding’ physics list). Environmental back-

grounds were modelled assuming that the primary particles for decays were homogeneously

distributed in the considered volumes. For the radiative capture of thermal neutrons we used

the cross sections from [21], and assumed that the capture events are distributed homo-

geneously within the detector (i.e. that the attenuation of the neutron flux is negligible). For

the gamma rays following these captures we used a customised particle generator that

incorporates the available gamma ray branching information for the daughter nuclides [22,

and references therein].

Energy depositions in the crystals from (primary or secondary) charged particles were

saved for each crystal individually. We applied quenching to the energy deposition of α

particles (from intrinsic radioactivity), characterised by a quenching constant kB following

[23]. Finally we convoluted the resulting spectra with a Gaussian energy resolution function

with a variance that is a linear function of the energy, assuming a quadratic relation between

the (quenched) energy deposited in the crystal and the visible signal in the detector. This

procedure yields response spectra for each radioactive nuclide in the respective volumes and

the capture events from thermal neutrons. Introducing a pile-up time window τ as an addi-

tional parameter, we also calculated the spectra for random summing for the combination of

any two components, as well as pile-up of consecutive radioactive decays (i.e. Bismuth–

Polonium coincidences).

In a maximum-likelihood fit to the background data with setup C (simultaneously fitting

single crystal and sum spectra), we determined the weight of each contribution and the

parameters for the response of each crystal (energy calibration and resolution). We assumed

that the short-lived sections of the decay chains in each material are in equilibrium, but the

equilibrium of the overall chain can be broken at elements with larger half lives. The results of

this fit are shown in figure 7 for the sum spectrum, and figure 8 for a selected single spectra.

J. Phys. G: Nucl. Part. Phys. 45 (2018) 025203 A Boeltzig et al
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The background spectrum of one crystal is visibly different from the other five crystals in the

region around 1.5 MeV, with what appears to be a lower content in 207Bi and an unde-

termined additional intrinsic background contribution at a (quenched) energy deposition of

1.5 MeV (see figure 9). The detector response in this region (tested with the 1.33MeV gamma

line 60Co) was similar among all crystals. The modelled intrinsic activities of 207Bi are about

half as large for this one crystal, compared to the other five crystals. It has to be noted, that the

sensitivity to the location of some of the external backgrounds in this model is limited. For

example, the shape of the signal of 40K in the steel casing of the detector or in the lead around

it is very similar, so that the model parameters for the activities in the two volumes are

strongly anti-correlated and individually have a large uncertainty.

The background in the region between 6 and 12MeV is dominated by thermal neutron

capture on various isotopes of Ge, Fe, Cr and Ni (figure 10). For this fit, the capture cross

sections for each element were allowed to vary slightly (to account for uncertainties in the

description of the involved materials). In the best fit case, the scale factors to Ge, Cr and Ni

were close to unity; enhancing the contribution of the neutron capture on iron by 20%

significantly improved the fit. This may be an indication of an unaccounted contribution of

iron, e.g. in other objects surrounding the detector in this unshielded measurement. A long

Figure 7. Comparison between measured background sum spectrum ( ) and

calculated one ( ) for the BGO detector in the new shielding and with the new DAQ.
Individual contributions from various radioactivity sources in different parts of the
setup are shown by colour lines. Not shown here is the fit result for the thermal neutron
capture background, owing to the limited statistics in this dataset.

Figure 8. Background spectrum ( ) for a single crystal of the BGO detector (new
shielding and new DAQ) and associated fit ( ). Contributions from different volumes
of the detector and its environment are also shown (colour lines).
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background measurement in a configuration for which the materials surrounding the detector

are well known would be required to investigate this further.

Using the thermal neutron capture cross sections, the neutron flux can be estimated from

the fit of the capture gamma ray spectrum. Considering the capture component on germanium,

which dominates at higher energies, one obtains a flux of 7.0 10 cm s7 2 1´ - - - , with a

statistical uncertainty of 6%. Between 8.5 and 11MeV, the discrepancy between fitted and

measured spectrum is on the order of 20%. The capture cross section on 73Ge that dominates

in this energy region (Q 10.2 MeV= ) has a relative uncertainty of only 3% [21]. Considering

the difference between fitted and measured spectrum, we conservatively estimated the sys-

tematic uncertainty of the flux to be 25%, to account also for unknown branching ratios in the

simulation of the spectral shapes. In the simulation, levels with unknown branching ratios

were assumed to directly decay to the ground state. As events with lower gamma-ray mul-

tiplicities have a larger probability to deposit their full energy in the detector, this assumption

may systematically distort the spectrum towards events with larger energy depositions. This is

a possible reason for the discrepancy between the model and the measurement, as the model

Figure 9. Zoomed single spectra models for one typical crystal (left) and a crystal with
an atypical broader feature of unknown origin at 1.5 MeV (right). The feature is too
broad and too low in energy to be fitted with 207Bi ( ). The energy resolution of the
crystals was comparable (see text for details). Legend of components as in figure 8.

Figure 10. Contributions of radiative thermal neutron capture to the sum spectrum of an
unshielded detector, by element on which the capture occurs. The dominating
contributions come from germanium (BGO crystals) and iron (steel casing). The
steeply falling background to the left is caused by intrinsic backgrounds and
environmental gamma rays (not modelled here).
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predicts fewer events at lower deposited energies of the neutron capture region of the

spectrum.

This uncertainty yields a result for the flux of 7.0 0.4 1.8 10 cm sstat. syst. 7 2 1  ´ - - -( ) .

The neutron flux obtained with this method is higher than the result of measurements

with He3 counters at LUNA, close to the BGO detector location: 3.2 0.9 0.4stat. syst.  ´( )

10 cm s7 2 1- - - , but compatible within the set of neutron flux measurements at LNGS [6, and

references therein]. A possible temporal variation of the neutron flux may need to be taken

into account for the comparison. Another contribution to the BGO neutron capture back-

ground may come from non-thermal neutrons that are captured with a lower cross section, or

become thermalised in the detector material and thus increase the number of capture events

(in comparison to the light He3 counters).

A reduction of the rate in the region of neutron-induced backgrounds by about a factor of

2 is observed with the shielded setup, compared to the unshielded setups. This reduction is

compatible with the attenuation of thermal neutrons by the lead shielding as determined in the

Geant4 simulation.

5. Conclusions and outlook

5.1. Results

The effective reduction of environmental backgrounds by the lead shielding has been

demonstrated for both detector types by comparing shielded background measurements with

data from previous experiments.

The environmental background count rates in the HPGe spectrum are reduced over the

full energy range. Compared to other, more complex shielding setups (such as [18] on

LUNA’s gas target line, or [24]) the environmental background levels with this setup are

higher. The rates are nonetheless significantly lower than in previous setups used at LUNA’s

solid target station that provided the necessary frequent access to the target. Following the

principles of the cited setups, the background reduction caused by the shielding presented

here could be further improved by flushing the surroundings of the detector with clean

nitrogen to reduce airborne backgrounds from radon, or by replacing the inner part of the

shielding with selected material of low intrinsic radioactivity.

In the BGO detector spectrum, the lead shielding improved the background count rate in

every part of the spectrum up to 11MeV, except for a small region at 4 MeV, where the

background rates have been shown to be dominated by intrinsic backgrounds, and compar-

able background rates are observed with and without shielding. In the configuration with the

lead shielding, the background spectrum of the BGO detector at low energies is strongly

characterised by intrinsic backgrounds. In particular, the intrinsic background of Bi207 is an

irreducible contribution for detected energies up to approximately 2.5 MeV. Depending on

the requirements of future experiments with this detector setup, measures can be taken to

further reduce at least those non-beam-induced backgrounds that are not intrinsic to the BGO

crystals. An example would be the application of more radiopure materials surrounding the

detector. The precise origin of the backgrounds (e.g. steel casing or lead shielding) would

have to be studied in dedicated measurements, as the BGO energy spectra in the presented

configuration have a low sensitivity to the location/distance of the source for at least some of

the nuclides. In view of the neutron capture background, material surrounding the detector

should also not contain nuclides with large cross sections and Qvalues for radiative thermal

neutron capture.
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Neutron capture as the dominant background contribution at energies above the intrinsic

background motivates the installation of an additional layer of shielding to absorb thermal

neutrons. Such a shielding would be expected to reduce the neutron capture rate in all parts of

the detector and therefore the background rate in the energy range 6–11MeV. Preliminary

tests, covering large parts of the lead shielding with additional 5 cm of borated polyethylene

(5% boron content by mass), showed a promising further reduction of the background in this

energy region of about a factor of 3. The permanent installation of a neutron shield, e.g. sheets

of borated polyethylene, on this setup is under investigation.

5.2. Application in future experiments

With the improvement of the background rates of the presented setups, cross section mea-

surements at lower energies, or the establishment of more stringent upper limits on the

strengths of unobserved nuclear resonances are expected to become feasible. The reduced

environmental gamma ray background was already beneficial for the HPGe experiments to

measure 18O(p, γ) F19 and 23Na(p, γ)24Mg, which will be the subject of forthcoming pub-

lications. As an outlook, we will briefly outline few examples of possible reactions whose

potential to be measured at LUNA is affected by the achieved background reduction.

As an example for the HPGe detector setup, the reaction 12 C+ C12 can be considered a

promising candidate for a measurement at the upcoming LUNA MV accelerator. A previous

measurement [25] with a lead-shielded HPGe detector on surface studied the reactions
12C(12C, p)23Na and 12 C(12C, α)20Ne by observing the transition from the first excited to

ground state of the daughter nuclei (E 440=g and 1634 keV respectively). As described in

this reference, the experimentally accessible energy range can be greatly increased for an

experiment in an underground location. As the regions of interest for these two transitions are

dominated by environmental backgrounds, massive shieldings can reduce these background

rates. A direct comparison of the backups in the surface experiment to the presented new

setup is difficult, as no direct information on the background rates is provided in [25].

However, [25] notes that the background levels near the 1634 keV line is 50 times lower in

the Slanic Prahova mine than in the surface experiment. Compared to the background data for

a germanium detector with a relative efficiency of 22.8% and a 5 cm lead shielding in [26],

the count rate of the 2615 keV line of 208Tl is lower by approximately another factor of 7 and

the rate of the 1461 keV line of 40K lower by a factor of 38 in the setup presented here. The

difference in relative efficiency between the two setups should additionally be taken into

account to compare their sensitivity.

The presented setup offers the possibility for a solid target experiment with a significantly

lower background rate than previously available on surface. Additional improvements of the

shielding as discussed above are expected to further strengthen this advantage.

For the BGO detector we will investigate two examples that benefit from the background

reduction in the high-energy part of the spectrum.

To demonstrate the effect of the reduced background on a cross section measurement

with a significant influence of environmental backgrounds, we consider a measurement of the
14 N(p, γ) O15 cross section obtained with the BGO detector on the gas target setup at LUNA

[11]. Figure 11(a) shows the spectrum as measured with the unshielded detector, whereas

figure 11(b) shows the same data (lab background subtracted from measurement in 11(a)), on

top of a randomly sampled background for a background rate that corresponds to the

shielding test with 10 cm of lead and partial shielding of borated polyethylene. With the lower

background rate, the same statistical uncertainty would be achieved with less accumulated

charge on target (i.e. in a shorter run time, in this example by a factor of 2–3 with the lowest
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measured background rate and assuming beam-induced backgrounds are negligible), or with

the same accumulated charge the cross section could be measured at even lower energies.

Although the measurement in [11] was conducted with an extended gas target and the

presented shielding was designed for a solid target experiment, this example still holds. Solid

targets have been used in other experiments to study reactions on nitrogen, and the general

implications from studying this shielding would apply equally to a gas target.

As an example for a solid target experiment, we evaluate the reaction 17O(p, γ)18F, using

nuclear properties as compiled in [27]: a narrow resonance of this reaction at a (centre of mass)

energy of 66.0(3) keV dominates the reaction rate in the temperature range T = 0.1–0.2 GK.

The strength of this resonance has not been measured directly yet, and is given as

5.9 10 eV1.1
1.9 11wg = ´-

+ - in [27]. This resonance has recently been measured in the alpha

channel [28], yielding an increased proton width (and with that a larger (p, γ) resonance

strength) with respect to the literature value. In order to produce a conservative estimate we

based our simulation on the central value of the older reference. We can calculate the expected

reaction yield for Ta2O5 targets [10], assuming an enrichment of 90% in O17 (as commercially

available). The branching ratios for the resonance level in F18 are known, so that the detector

response can directly be obtained with the Geant4 simulation of the detector. To study the

feasibility of such a measurement, we consider the example of an experiment of 6 weeks—

3 weeks with an average current of 100 μA on target and 3 weeks of background measurement

with beam off. The expected results for such a measurement for the different shielding con-

figurations—randomly sampled from the simulated signal and a flat background—are shown in

figure 12. Whilst the expected signal is hardly distinguishable in the unshielded case, with the

lead shielding, and even more so in combination with the borated polyethylene shielding, a

direct measurement of this resonance strength seems well within reach in terms of non beam-

induced backgrounds. The potential for further background discrimination based on event

topology (i.e. with the knowledge of the gamma ray cascades from the resonant reaction) has

not been explored yet.

Figure 11. Illustration of the hypothetical influence of the improved shielding on the
sum spectrum in the region of interest for a measurement of 14N(p, γ)15O. In (a) the
measurement (with an unshielded detector) is shown as in [11]. The plot in (b) shows
the same signal over a randomly sampled (flat) background with a reduced rate.
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5.3. Summary

The solid target setup at LUNA has been upgraded with a customised lead shielding that can

accommodate a BGO or HPGe detector. The BGO detector setup at LUNA has been

upgraded with a new DAQ for a faster acquisition of the segmented detector signal. The new

system is able to acquire at higher event rates and is less susceptible to accidental summing

(pile-up) than previous setups.

A detailed model of the backgrounds in the shielded BGO detector suggested the pos-

sibility of further improvements of the environmental backgrounds in this detector with a

neutron shielding. Preliminary results from tests adding borated polyethylene to the lead

shielding are encouraging. The upgraded setup presented here will help to further increase the

sensitivity to study weak radiative capture reactions at LUNA.
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Figure 12. Simulated distributions ( / ) and sampled outcome of a possible

experiment ( / ) measuring on top of the 66 keV resonance of 17O(p, γ)18F with

a solid Ta2O5 target (90% enriched in 17O) for 21 days of beam on target and 21 days
beam off, assuming a flat background with background rates obtained in measurements
with different shielding configurations.
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