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Abstrakt 
 

Dizertačná práca bola vypracovaná v rámci projektu APVV-15-576 Zriedkavé jadrové procesy a 

vývoj  metód na ich sledovanie. Predmetom štúdie boli interakcie neutrónov s HPGe detektorom 

uskutočnené experimentálne, ako aj prostredníctvom Monte Carlo simulácií s použitím simulačného 

programu GEANT4. Pružný a nepružný rozptyl rýchlych neutrónov, rovnako ako aj neutrónový 

záchyt na Ge jadrách boli zreteľne pozorovateľné. V nameranom γ-spektre boli dobre viditeľné píky, 

ktoré boli vyvolané nepružným rozptylom neutrónov na 70Ge, 72Ge, 73Ge, 74Ge a 76Ge. Detekované 

boli aj píky viditeľné v dôsledku nepružného rozptylu neutrónov na jadrách olova a medi, vrátane 

dobre známeho píku 208Pb o energii 2614.51 keV. GEANT4 simulácie ukázali, že nasimulované 

spektrum bolo v dobrej zhode s experimentálnym. Pozorované rozdiely medzi nasimulovaným 

a nameraným spektrom boli spôsobené vyššou intenzitou γ-žiarenia neutrónového zdroja, 

implementovanou fyzikou v programe GEANT4 a kontamináciou 241Am-Be neutrónového zdroja. 

Ďalšia časť štúdie bola zameraná na pozadie detektora vyvolaného neutrónmi. Výskum sa 

uskutočnil prostredníctvom skúmania interakcií neutrónov pochádzajúcich z kozmického žiarenia 

s HPGe detektorom. Detektor bol umiestnený v kryte a nachádzal sa na prízemí 3-poschodovej 

budovy. Štúdium sa uskutočnilo experimentálne a prostredníctvom Monte Carlo simulácií s použitím 

GEANT4 simulačného nástroja. Podrobná analýza nameraného pozaďového -spektra ukázala, že 

mnohé -čiary viditeľné v spektre boli vyvolané neutrónmi. Väčšina detegovaného -žiarenia 

pochádzala z germánia, medi, olova a cínu. Časti detektora vyrobené zo železa a hliníka patrili medzi 

menej dôležité zdroje pozadia. Nepružný rozptyl a neutrónový záchyt boli najčastejšie sa vyskytujúce 

procesy neutrónových interakcií s detektorom a jeho tienením. V pozaďovom spektre bola prítomná 

aj kontaminácia spôsobená prírodnými rádionuklidmi, a to 214Pb, 214Bi, 40K a 208Tl. Avšak, približne 

35% z 208Tl píku o energii 2614.51 keV vzniklo v dôsledku nepružného rozptylu neutrónov na 208Pb 

jadrách. Experimentálne získané pozadie bolo porovnané s GEANT4 simuláciami, ktoré boli 

vytvorené bez a vrátane tieniacej vrstvy budovy. Výsledná integrálna početnosť nameraného spektra 

v energetickom rozsahu od 50 keV do 2875 keV bola 1.26  0.07 s-1 a nasimulovaného spektra 1.25 

 0.13 s-1, čo naznačuje dobrú zhodu simulácie s experimentom. 

Následne bolo skúmané pozadie HPGe detektora namerané v podzemnom laboratóriu, a to 

analyticky a prostredníctvom Monte Carlo simulácií, opäť s použitím simulačného nástroja 

GEANT4. Identifikované boli jednotlivé príspevky rôznych zdrojov pozadia k experimentálnemu 

spektru. Jednalo sa o kontamináciu materiálu v detektore a v jeho okolí, neutróny produkované v (α, 

n) reakciách prebiehajúcich kvôli prítomnosti alfa rádionuklidov v betónových stenách a skalách 

laboratória, ako aj v dôsledku spontánneho štiepenia 238U, a kozmické žiarenie produkujúce neutróny. 

Simulácie zahrňujúce kontamináciu materiálu boli v dobrej zhode s experimentálnym spektrom. 

Zároveň boli nasimulované individuálne spektrá vyvolané neutrónmi a kozmickým žiarením. 

Kontaminácia častí detektora a stien laboratória členmi 238U a 232Th rozpadového radu, a 40K tvorí 

takmer 94% kontinua experimentálneho spektra. V súlade so simuláciami je príspevok miónových 

interakcií k experimentálnemu γ-spektru menší ako 1%, pričom sa potvrdilo, že pozaďové spektrá 

vyvolané kozmickým žiarením sú o tri rády nižšie ako experimentálne spektrá. Porovnanie 

integrálnej početnosti experimentálneho spektra a nasimulovaného spektra vyvolaného neutrónmi 

ukázalo, že asi 6% kontinua nameraného pozadia je tvorených neutrónovými reakciami. Rýchle 

neutróny (asi 65%) prispievali k pozadiu viac ako termálne neutróny. Napriek tomu, že neutróny 

tvoria len asi 6% celkového pozadia, prispievajú hlavne k oblasti kontinua pod 250 keV, čo je región 

očakávaného výskytu interakcií slabo interagujúcich masívnych častíc (WIMP) temnej hmoty. 

Neutróny zároveň interagujú s detektorom a tienením nepružným rozptylom a vyvolávajú tak 

neželané γ-žiarenie. Neutrónový záchyt, ako aj pružný a nepružný rozptyl boli nasimulované 

samostatne. Ukázalo sa, že nepružný rozptyl je hlavným prispievateľom k spektru vyvolaného 

neutrónmi. Efekt neutrónov na pozadie HPGe detektora prevádzkovaného v podzemnom laboratóriu, 

ako je Obelix, sa prejavuje najmä príspevkom ku kontinuu do 1 MeV, a to obzvlášť v nižšej časti do 
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500 keV. Neutróny sú teda dôležitým pozaďovým komponentom aj v hlbokých podzemných 

laboratóriách. Diskutovaná bola aj možná optimalizácia detektora. 

Vzhľadom na zámer vybudovať na Slovensku podzemné laboratórium pre astrofyzikálne 

a environmentálne štúdium rádioaktivity, boli vypočítané miónové vertikálne spektrálne toky pre 

hĺbky 50 m w.e. a 1000 m w.e. Nasimulované bolo aj miónmi vyvolané pozadie HPGe detektora 

s relatívnou účinnosťou 100% v oboch hĺbkach. Kompletná geometria HPGe detektora bola zahrnutá 

do GEANT4 simulácie vrátane tienenia. Gamma čiary viditeľné v nasimulovanom pozaďovom 

spektre, ktoré pochádzajú z neutrónových interakcií s detektorom a jeho tienením, boli analyzované 

a vyhodnotené. Ukázalo sa, že v pozaďovom spektre nasimulovanom pre podzemné laboratórium v 

hĺbke 50 m w.e. prevládajú píky medi. V pozaďovom spektre nasimulovanom pre podzemné 

laboratórium v hĺbke 1000 m w.e. prevládajú píky germánia do energie 1500 keV, a od 1500 keV 

dominujú opäť píky medi. Pozaďové spektrá boli porovnané a zistilo sa, že hĺbka 1000 m w.e. je 

dostatočná nato, aby znížila pozadie od miónov o 5 rádov. Množstvo píkov v pozaďovom spektre 

pochádzajúcich od neutrónových interakcií je väčšie v hĺbke 50 m w.e. než v hĺbke 1000 m w.e., tak 

ako sa očakávalo. Porovnali sa aj početnosti jednotlivých píkov v oboch spektrách. Na základe zistení 

sa použitie medi ako konštrukčného materiálu pre tienenie HPGe detektora umiestneného v podzemí 

neodporúča, z hľadiska pozadia vyvolaného kozmickým žiarením. Efekt prírodných rádionuklidov 

v plánovanom podzemnom laboratóriu na Slovensku bol odhadnutý. Príspevok prírodných 

rádionuklidov ku kontinuu pozaďového spektra HPGe detektora s relatívnou účinnosťou 100% by 

tvoril približne 40% v hĺbke 1000 m w.e. a 10% v hĺbke 50 m w.e. Výber ultračistého materiálu pri 

výrobe detektora a tienenia je dôležitý faktor a odporúča sa s dôrazom na minimalizovanie vplyvu γ-

žiarenia od prírodných rádionuklidov na pozadie detektora. Detekčný limit pre 137Cs v hypotetickej 

vzorke bol stanovený pre obe uvažované hĺbky. V laboratóriu umiestnenom v hĺbke 50 m w.e. by bol 

detekčný limit 7.3 mBq a v hĺbke 1000 m w.e. by to bolo 0.54 mBq. Z uvedených hodnôt vyplýva, 

že umiestnením detektora v hĺbke 1000 m w.e. by sa dal detekčný limit znížiť najviac o jeden rád v 

porovnaní s hĺbkou 50 m w.e. 
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Abstract 
 

The Thesis was worked-out within the project APVV-15-576 Rare nuclear processes and 

development of methods for their investigations. Interactions of neutrons with a high-purity 

germanium detector were studied experimentally and by simulations using the GEANT4 tool. Elastic 

and inelastic scattering of fast neutrons as well as neutron capture on Ge nuclei were observed. Peaks 

induced by inelastic scattering of neutrons on 70Ge, 72Ge, 73Ge, 74Ge and 76Ge were well visible in the 

γ-ray spectra. In addition, peaks due to inelastic scattering of neutrons on copper and lead nuclei, 

including the well-known peak of 208Pb at 2614.51 keV, were detected. The GEANT4 simulations 

showed that the simulated spectrum was in a good agreement with the experimental one. Differences 

between the simulated and the measured spectra were due to the high γ-ray intensity of the used 

neutron source, the physics implemented in GEANT4 and contamination of the 241Am-Be neutron 

source. 

Next, investigation of neutron-induced background was carried out by studying interactions of 

cosmic ray neutrons with an HPGe detector inside its shield placed on a ground floor of a 3-storey 

building. The study was conducted experimentally and by Monte Carlo simulations using GEANT4 

simulation tool. Detailed analysis of measured background γ-ray spectra showed that many γ-lines 

visible in the spectra were induced by neutrons. The majority of detected γ-rays originated in 

germanium, copper, lead and tin. Iron and aluminium components were less important background 

sources. Inelastic scattering and neutron capture were the most often occurring processes of neutron 

interactions with the detector and its shielding. The contamination by natural radionuclides, 

particularly by 40K, 214Pb, 214Bi and 208Tl, was also present in the background spectra. Nevertheless, 

approximately 35% of the frequently observed 208Tl peak at the energy of 2614.51 keV was produced 

by inelastic scattering of neutrons on 208Pb nuclei. The experimental background was compared with 

GEANT4 simulations, which were carried out without and with the shielding layer of the building. 

The final integral count rates for the measured spectrum in the energy range from 50 keV to 2875 keV 

was 1.26 ± 0.07 s−1 and for the simulated one 1.25 ± 0.13 s−1, indicating a good agreement of 

simulation with the experiment and validating the tool. 

Finally, the background of an HPGe detector measured in a deep underground laboratory was 

investigated analytically and by Monte Carlo simulations using the GEANT4 toolkit. Contributions 

of different background sources to the experimental γ-ray background were determined. Namely, 

contribution of radionuclides in the materials of the detector and around the detector, neutrons 

produced in (α, n) reactions due to presence of radionuclides in concrete and rock, by spontaneous 

fission of mainly 238U, and finally, cosmic rays with neutron generation. The simulation, including 

radionuclides in the material, was in a good agreement with the experiment. At the same time, 

background spectra induced by neutrons and muons were simulated separately. The radiation coming 

from the presence of members of the 238U, and 232Th decay series, and 40K in the detector parts and 

the laboratory walls contribute to the continuum of the experimental spectrum at the level of around 

94%. According to simulations, the contribution of muon events to the experimental energy spectrum 

was below 1% and it was confirmed that muon induced spectra are about three orders of magnitude 

lower than the experimental one. The comparison of integral count rates of the experimental spectrum 

with the simulated spectrum induced by neutrons showed that about 6% of the measured background 

continuum originated from neutron reactions. Fast neutrons contributed more to the background (at 

around 65%) than thermal neutrons. Despite only a 6% share of neutron contributions in the total -

ray background, they contributed mainly to the lower continuum of the spectrum up to 250 keV, 

which is a region of interest for potential low mass weakly interacting massive particle (WIMP) dark 

matter interactions. In addition, they interact with the detector and the shield by inelastic scattering 

and induce unwanted γ-rays. Neutron capture, elastic and inelastic scattering were simulated 

separately as well. It was found that inelastic scattering is the major contributor to the spectrum 

induced by neutrons. The effect of neutrons on the background of the HPGe detector operating 

underground, such as Obelix, is manifested mainly by their contribution to the continuum up to 1 
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MeV, especially in the lower part up to 500 keV. Thus, neutrons are an important background 

component in deep underground laboratories, too. Possible detector optimization is also discussed. 

In order to build an underground laboratory in Slovakia for astrophysical and environmental 

radioactivity studies, calculations of the muon vertical energy spectrum in 1000 m w.e. and 50 m w.e. 

were carried out. The muon-induced backgrounds of a HPGe detector with a relative efficiency of 

100% were simulated in both depths. The complete geometry of the HPGe detector was coded in 

GEANT4 including the low-level shield. Gamma lines coming from neutron interactions with the 

detector and its shield seen in the simulated background spectra were analysed and evaluated. It was 

found that in the background spectrum simulated in the 50 m w.e. shallow laboratory, the copper 

peaks are prevailing. In the background spectrum simulated in the 1000 m w.e. deep laboratory, the 

germanium peaks are prevailing up to 1500 keV, but above 1500 keV the copper peaks dominate. 

The simulated background spectra were compared and it was found that a depth of 1000 m w.e. is 

sufficient to reduce the cosmic-ray induced background by five orders of magnitude. The number of 

visible peaks coming from neutron interactions in the background spectrum simulated for the shallow 

laboratory in the depth of 50 m w.e. is higher than in the 1000 m w.e. deep laboratory, as expected. 

Comparison of count rates of individual peaks for both spectra were carried out as well. Use of copper 

in the detector shield for HPGe detectors located in underground laboratories is not recommended as 

far as background induction by cosmic rays is concerned. The effect of natural radioactivity in 

planned Slovak laboratory was estimated. The contribution of natural radionuclides to the total 

background continuum would be about 40% at the depth of 1000 m w.e. and 10% at 50 m w.e. using 

HPGe detector with relative efficiency of 100%. Selection of ultra-high purity materials for the 

detector and shield construction was recommended with the aim to minimize the contribution of γ-

rays from natural radionuclides to the background spectrum. The detection limits for 137Cs in a 

hypothetical sample was determined in both depths. It would be 7.3 mBq and 0.54 mBq in the 50 m 

w.e. and 1000 m w.e. laboratory, respectively. The detection limit would decrease by one order of 

magnitude at most if the laboratory would be built in the 1000 m w.e. depth compared to the depth of 

50 m w.e. 
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Preface 
 

This work was inspired by lack of information about neutron induced background, especially in 

underground laboratories, so important for experiments looking for rare processes. In deep 

underground laboratories, neutrons can be produced by natural radioactivity, via spontaneous fission 

or (α, n) reactions and by interactions of cosmic rays. Predicting all background components correctly 

is crucial for designing efficient shielding and applying appropriate event-rejection strategies, while 

neutron induced background was a poorly known background component.  

The aim of this work was to investigate neutron-induced backgrounds and bring valuable 

information about it. The investigation was carried out by study of neutron interactions with shielding 

materials and HPGe detectors located in surface and deep underground laboratories. Within this 

investigation, also simulations of cosmic ray fluxes in surface and in deep underground laboratories 

using the GEANT4 simulation tool were carried out. All background sources of HPGe detectors were 

identified. Effects of cosmic rays, radioactive contamination of construction materials and from the 

natural radioactivity in the underground environment, such as 40K, U and Th decay series, and 

neutrons on the background were studied. Simulations of contributions of all the above-mentioned 

sources to the detector background were carried out, too. Simulated results were compared with 

measurements in surface and deep underground laboratories. Obtained results should contribute to 

better understanding and improvement of low-background detector systems.  

The main method used for investigations was Monte Carlo simulation. The Monte Carlo method 

is often used in complicated physics and mathematics processes where analytical solutions are very 

difficult or are not possible, such as background induction and optimization of a counting system 

considering its background characteristics. The GEANT4 simulation code developed at CERN was 

used for Monte Carlo simulations of interactions of neutrons with a Ge detector as well as for Ge 

detector backgrounds.  

Several studies carried out in the past were dealing with neutron interactions with germanium 

detectors. The energy deposition process of the recoiling Ge nuclei has been studied, as well as elastic 

scattering of neutrons with Ge detectors. The study of neutron induced background of Ge detectors 

was focusing mainly on neutron interactions with Ge nuclei and on investigation of neutron fluxes 

from different underground sources. 

As no study with complex information about neutron background has been available until now, 

interactions of neutrons with an HPGe detector were studied experimentally and by simulations using 

the GEANT4 simulation tool, as well as neutron-induced backgrounds in surface and deep 

underground laboratories. Contributions of different background sources to the experimental γ-ray 

background were determined and analysed. Simulations were compared with the experimental spectra 

and all results were in good agreement with measurements. The obtained results should be beneficial 

for underground experiments looking for rare nuclear processes. 
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Introduction 
 

High-purity germanium detectors are semiconductor detectors primarily used for -ray 

spectrometry. The sensitive part of the detector is formed by a germanium crystal, which is fabricated 

from ultrapure material with a purity of at least of 99.999%. The dimensions of the crystal can reach 

several centimetres, what together with the fact that germanium has a very high photoelectric cross 

section leads to the total absorption of -rays up to a few MeV. The high detection efficiency and the 

high resolution are the main advantages of HPGe detectors in comparison with other types of 

semiconductor detectors. The band gap in germanium is small, therefore the detectors are cooled by 

liquid-nitrogen to a temperature of 77 K to reduce the thermal generation of charge carriers. 

Depending on contacts on the surface of the crystal 2 types of the HPGe detectors are known, p-type 

and n-type, while based on the shape of the crystal the detectors are classed into 3 categories: planar, 

coaxial and well. Every type of HPGe detector has specific geometry and performance characteristics. 

Background of high-purity germanium detectors induced by neutrons is a poorly understood 

component in low-level -spectrometry systems. In surface laboratories with passive shielding, as 

well as in underground laboratories, neutrons can be produced in interactions of high energy cosmic 

rays and by natural radionuclides in spontaneous fission and in (α, n) reactions. Predicting all 

background components correctly is crucial for designing efficient shielding and applying appropriate 

event-rejection strategies. 

The suppression and rejection of background is one of the key issues in experiments looking for 

rare nuclear events, such as neutrinoless ββ decay experiments, dark matter searches or experiments 

with low-energy neutrinos. Monte Carlo simulations of neutron background play a crucial role in 

evaluation of the total background and in optimization of rejection strategies (e.g. [1, 2]). 

No study with complex information about neutron background has been available until now, 

however, several studies were dealing with neutron interactions with germanium detectors. The 

knowledge of germanium peak shapes is important because they could cause systematic errors. Past 

measurements of neutron interactions with Ge detectors were carried out using 252Cf neutron sources 

and environmental neutrons (e.g. [3, 4]). A comparison of the results showed that there is no 

substantial difference between Ge experimental peaks in a wide spectrum of neutron energies. The 

broader germanium peaks were observed for high energy neutrons [4]. 

The energy deposition process of the recoiling Ge nuclei has been studied, as well as elastic scattering 

of neutrons with Ge detectors [4, 5]. Monte Carlo simulations of 252Cf induced -ray spectra in Ge 

detectors were also carried out, and a good agreement of simulated spectra with experimental ones 

was found, especially for the region of elastic neutron scattering up to 50 keV. However, no detailed 

analysis of experimental -ray spectra was carried out until now. As such investigations are crucial 

for determination of all Ge background components (especially in underground laboratories), we 

decided to carry out analysis of 241Am-Be neutron induced -ray spectra both experimentally and by 

Monte Carlo simulations. 

High-purity germanium detectors have been very often used for analysis of radionuclides at very 

low levels, as well as in experiments looking for rare events, especially those operating in deep 

underground laboratories. Success of such experiments depends mainly on the detector background 

that can overlap the useful signal coming from the detector. For this reason, it is very important to 

know all sources of background of HPGe detectors and minimize or eliminate their influence on the 

searched signals. A significant source of the Ge detector background has been due to neutrons. 

Neutrons interacting with HPGe detector materials and the shield produce many γ-rays that can hide 

or imitate the searched signal [6]. Neutrons are present not only in surface laboratories but also in 

deep underground laboratories, either as a result of spontaneous fission of natural long-lived 

radionuclides, (α, n) reactions, or muon interactions with surrounding rocks and detector materials 

[7]. 
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Reliable identification and investigation of neutron-induced background is a challenge due to 

diversity of neutron interactions with detectors and shielding materials. There are several studies 

dealing with neutron induced background of Ge detectors focusing mainly on neutron interactions 

with Ge nuclei (e.g.[8,9]). Neutrons interacting with Ge crystals produce several γ-lines resulting 

from capture of thermal neutrons and inelastic scattering of fast neutrons on individual Ge nuclei. 

These γ-lines can be used for estimation of the flux of thermal and fast neutrons around a detector. 

Different types of Ge detectors and various shielding materials were used for background 

measurements. It has been found that the production of neutrons induced by cosmic muons 

significantly depends on the atomic number Z of the shielding material, as it increases with rising Z. 

Therefore, a shield with high Z, which is commonly used for reduction of γ-rays coming from natural 

radionuclides and from interactions of cosmic rays is a source of neutrons, too [8]. This has to be 

taken into account especially when building large shields for surface laboratories, compromising the 

composition and thickness of the shield. 

Germanium γ-ray peaks were used for identification of neutron sources in the Ge detector 

environments, as well as for calculation of their contribution to detector background. It was found 

that the germanium crystal itself is one of the most intensive sources of neutron-induced γ-rays in an 

HPGe detector [9]. 

However, a study providing complex information on the neutron induced background in Ge 

spectrometers is still missing. In order to bring additional information about the neutron-induced 

background and to contribute to better understanding of low-background detector systems, γ-ray 

background of an HPGe detector operating in a surface laboratory was measured and compared with 

Monte Carlo simulations in the present study. 

Underground experiments looking for rare events such as searching for dark matter interactions, 

rare α and β decays or detection of low energy neutrino interactions are important experiments of 

today. These experiments are based on the detection of rare signals therefore the main research tools 

are detectors with large sensitive volumes, e.g. HPGe detectors with big germanium crystals. These 

detectors are used also for material screening. Shielding against particles coming from muon 

interactions and -rays coming from decay of natural radionuclides is a key issue for such detectors. 

Signals produced by neutrons interacting in a low-background experiment are particularly 

troublesome as they may imitate or mask the very signals that are being searched for [6]. In deep 

underground laboratories cosmic rays are represented only by their hard component, thus only 

cosmic-ray muons and neutrinos are present here, as only they are able to penetrate to such depths. 

Neutrons are produced in interactions of muons with the experimental setup and the surroundings, 

and they may contribute to the background. Another source of neutrons deep underground is 

spontaneous fission of natural radionuclides (such as 232Th and 238U) and (, n) reactions [7]. 

Therefore, the investigation of neutron induced backgrounds in deep underground laboratories is 

crucial for low background experiments. 

Existing background studies in underground experiments deal therefore also with the neutron 

influence on the expected results. They are mainly focused on investigation of neutron fluxes from 

different underground sources and on the neutron energy spectra, when neutrons are originating from 

natural radioactivity (e.g. [8, 9]). An important part of the low energy neutron background comes 

from natural radioactivity. The main contributors are uranium and thorium decay chains via (, n) 

reactions and, to a smaller extent, spontaneous fission. The background from fast neutrons is induced 

by interactions of cosmic-ray muons with detectors and their shielding. The neutron induced spectrum 

formed by muon interactions in deep underground laboratories can range up to several GeV [8]. 

Several Monte Carlo simulations of neutron energy spectra caused by uranium and thorium decay 

chains were carried out in materials considered as potential neutron sources, with the aim to estimate 

the event rate invoked by neutrons. Contributions of spontaneous fission and (α, n) reactions were 

estimated in [9]. 

A thorough analysis of background spectra measured in a deep underground laboratory can bring 

valuable information about the neutron induced background of HPGe detectors and help to identify 
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all background components. Such a study would be beneficial for underground experiments looking 

for rare nuclear processes. 

The aim of this study was to investigate the neutron background in the Obelix HPGe detector 

operating in the Modane deep underground laboratory. The measured background energy spectrum 

of the HPGe detector was studied and compared with Monte Carlo simulations carried out by the 

GEANT4 simulation code for better understanding of neutron contributions to the detector 

background.  

Slovak scientific community is a part of several low-background experiment collaborations, such 

as SuperNEMO or Cobra. These experiments are located in underground laboratories with the aim to 

minimize the detector background that can interfere the searched signal. There is no underground 

laboratory in Slovakia yet and building of such laboratory with a large low-level HPGe detector has 

been considered. Calculations of muon energy spectra and investigation of muon induced background 

spectra were carried out for two localities, at a 50 m w.e. depth and at a 1000 m w.e. depth to 

recommend design principles. The muon induced background energy spectra of an HPGe detector 

were simulated by using the GEANT4 simulation code. The effect of natural radioactivity in planned 

Slovak laboratory was estimated and the detection limits for 137Cs in a hypothetical sample was 

determined in both depths. 
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1. Dissertation goals 
 

• Design and application of suitable software modules for generators of cosmic-ray fluxes in 

surface and in deep underground laboratories. 

• Evaluation of effects of neutrons, cosmic rays, radioactive contamination of construction 

materials and the detector environment in the underground laboratories.  

• Simulations of contribution of the above-mentioned sources to the detector background, 

especially for detectors operating deep underground. 

• Comparison of the results with measurements in surface and deep underground laboratories 

with the aim of better understanding and improvement of low-background detector systems. 

• Design principles for construction of an underground laboratory in Slovakia for astrophysical 

and environmental radioactivity studies. 
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2. Monte Carlo simulations 
 

A Monte Carlo simulation is a set of computer algorithms based on random sampling in order to 

reach relevant results. Input variables are processed by different probability distributions. Monte 

Carlo method is often used in complicated physics and mathematics processes where analytical 

solutions are very difficult or are not possible, such as background induction and optimization of 

counting system considering its background characteristics. Except the possible outcome, it predicts 

also the probability of the outcome occurrence. 

The GEANT4 simulation code developed at CERN was used for Monte Carlo simulations of 

interactions of neutrons with a Ge detector and for Ge detector background spectra. GEANT4 is an 

object-oriented simulation toolkit based on C++ programming language, which provides an extensive 

set of software components for simulation of particle interactions with matter in a wide energy range. 

It is equally suitable for simulations at high energies as at low energies. The code includes all aspects 

of the simulation process, such as the geometry, materials, particles, the tracking, physics processes, 

and the detector response. The software is capable to generate and store events and tracks, to visualize 

the detector and particle trajectories, and to record the simulation data, energy deposition included. 

GEANT4 disposes with extensive databases of cross sections, which are stored in individual data 

files for specific processes [10, 11, 12, 13]. 

 

2.1 Neutron interactions with Ge detectors 

 

For -ray interactions the G4EMLOW 6.5 and for neutron interactions the G4NDL 4.5 data files 

were used, respectively. The experimental neutron spectrum of the 241Am-Be source was taken from 

[14]. The spectrum was digitized and used as the input source for GEANT4 simulations, together 

with -rays emitted by 241Am and those generated in nuclear reactions inside the source. Gaussian 

energy distribution was used for -rays of 241Am and -rays from 9Be(, n)12C reaction with mean 

energies of 59.54 keV and 4438.91 keV, with standard deviations of 0.24 keV and 1.55 keV, 

respectively. Values of mean energies were taken from NuDat 2.6 database [15], and values of 

standard deviations were taken from the energy resolution of the Ge detector, which was measured 

using radioactive standards. The resolution curve was calculated using the least square method and 

approximated up to 5 MeV. The aim was to simulate the instrumental spectrum of the detector used 

in the experiment.  

Real conditions were implemented into the Monte Carlo simulation. The simulated source matches 

the shape and dimensions of the real source and it emits particles isotropically.      

The precise geometry setup was coded including individual material compositions. Special 

attention was paid to impurities in different materials. Investigation of impurities was carried out and 

every known material impurity was incorporated into simulation. The physics list SHIELDING 2.1, 

developed for neutron penetration studies and ion-ion collisions, was used in the simulations. It 

contains the best selection of electromagnetic and hadronic physics processes required to solve 

shielding problems including low background experiments. During simulation, every particle and 

process were tracked including particle’s kinematics. The deposited energy was recorded each time 

a particle hit the detector. 

 

2.2 The background of HPGe detector operating in a surface laboratory 

 

For background simulations in a surface laboratory, the detector and the shield geometry were 

coded in GEANT4, including composition of shielding materials and impurities. Detailed drawings 

of the detector setup were provided by Mirion Technologies / Canberra for the study. Gamma rays of 
241Am in a wide energy range were simulated and compared with experimental ones so that the 

simulated detector response could be validated. 
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The setup was placed into a box with dimensions of 7×4×3 m3 representing the laboratory with 

concrete walls of 32 cm thickness. The laboratory with the HPGe detector is located in a basement of 

a building and the cosmic rays from an open area pass through masonry structures of the building. 

The detailed structure of the overhead material layers was not known but its concrete equivalent was 

estimated to be 1 meter, arranged as a ceiling equivalent to a roof and two floors.  Good results were 

obtained with this realistic assumption while the equivalent thickness was not a free parameter of the 

model. We expect that the nucleonic and soft components of cosmic rays were reduced approximately 

by a factor of 4 [16].  

The cosmic rays at sea level were used as source of particles impinging on the setup, without and 

with the concrete overhead shielding. The source consisted of muons, neutrons, electrons, positrons, 

-rays, protons, and pions. The measured energy spectra of individual cosmic ray particles taken from 

[17] were implemented into GEANT4 simulation. The intensity of particles was coded based on their 

abundances in cosmic rays at sea level as indicated in [18]. The assumed relative abundances of 

different particle types were muons (63%), neutrons (21%), electrons and positrons (7.5%), -rays 

(7.5%), and protons and pions (1%). The fluxes of positive and negative muons, positive and negative 

pions, as well as electrons and positrons were calculated from charge ratios reported in [17]. The 

cosmic-ray particle source was modelled as a plane (10×10 m2) placed above the laboratory. See [17] 

for detail information on spectral fluxes of the different cosmic-ray particle types. 

SHIELDING 2.1 was selected as the most suitable GEANT physics list. The G4NDL 4.5 and 

G4NEUTRONXS 1.4 data files were used for neutron processes and G4EMLOW 6.5 data file for -

ray interactions. G4NEUTRONXS 1.4 is suitable for elements with natural composition, and G4NDL 

4.5 is used especially for thermal neutron cross sections. The correct coding of the given detector and 

shield to GEANT4 and the software setup with the selection of the physics data files were validated 

in the work [7]. 

 

2.3 The background of HPGe detectors operating deep underground 

 

For simulation of the Obelix detector background, the complete geometry of the Obelix detector 

was coded in GEANT4 including the massive lead shield. The detector was placed into a box with 

dimensions of 14×5×3 m3 representing the detector hall in the Modane underground laboratory 

(LSM) and the rock and concrete around were modelled as layers 60 cm and 10 cm thick, respectively. 

The thickness of walls was considered as sufficient, because already 30 cm of the Fréjus rock 

decreases the neutron energy below 1 MeV, below which the probability to emerge from the wall is 

negligible [19]. The compositions of rock and concrete were taken from [19], except the density of 

the Fréjus rock, which was taken from [17]. The rock density of 2.65 g cm-3 reported in [19] is typical 

for standard rock, while the real density of the Fréjus rock is higher. 

The cosmic rays deep underground are represented by muons. The muon vertical energy spectrum 

in LSM was calculated from the equation (4.25) reported in [17]. The fluxes of positive and negative 

muons were calculated from the charge ratio reported in [20]. The values of the energy loss 

parameters (a = 0.217 GeV m.w.e.-1, b = 4.24×10-4 m.w.e.-1) in the Fréjus rock were taken from [17]. 

The spectral index  of muon flux at sea level and the normalization constant A were taken from [21]. 

The average muon energy (Eave = 250 GeV) was calculated from the equation (4.26) reported in [17]. 

The total muon flux of 4.73 m-2d-1 as measured in the laboratory was taken into account. This flux 

does not include muon multiplicities. The cosmic-ray particle source was modelled as a plane (14×5 

m2) placed above the laboratory. 

The contamination of the detector parts and walls was also coded to GEANT4. The 

RadioactiveDecay 4.3.2 data file was used for simulation of decay modes and individual decays of 

radionuclides in selected volumes were processed by the grdm command.  

Neutron processes were treated by G4NEUTRONXS 1.4 and G4NDL 4.5 data files, and -ray 

processes by G4EMLOW 6.5 data file. SHIELDING 2.1. physics list was used for simulation of 

particle interactions with the Obelix detector. 
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2.4 Muon induced background in planned underground laboratory in Slovakia 

 

For simulation of the HPGe detector background induced by muons, the complete geometry of the 

HPGe detector with relative efficiency of 100 % was coded in GEANT4 including the low-level 

shield. The main hall of the laboratory was coded as a box with dimensions of 14×5×3 m3 and walls 

with 60 cm layer of standard rock and 10 cm of concrete. The standard-rock density of 2.65 g cm-3 

and the concrete density of 2.40 g cm-3 were assumed. The muon vertical energy spectrum at the 50 

m w.e. and 1000 m w.e. depths (Fig. 1) were calculated from the equation (4.25) reported in [17] 

taking into account the muon total energy loss given in the equation (4.1) in the same reference. The 

fluxes of positive and negative muons were calculated from the charge ratios reported in [17]. The 

values of the energy loss parameters 𝑎 = 0.217 GeV (m w.e.)-1 and 𝑏 = 4.5×10-4 (m w.e.)-1 in standard 

rock were taken from [17]. The spectral index  of the muon flux at the sea level and the normalization 

constant 𝐴 were taken from [21]. The calculated total muon fluxes are 3.5×108 m-2d-1 (50 m w.e.) and 

3456 m-2d-1 (1000 m w.e.). These values are in good agreement with the measured muon fluxes in 

such depths reported in [17, 38]. The average muon energies at 50 m w.e. (𝐸ave = 6 GeV) and at 1000 

m w.e. (𝐸ave = 98 GeV) were calculated from the equation (4.26) in [17]. Fig. 2 illustrates the muon 

flux attenuation curve while passing through the rock from the depth of 50 m w.e. to the depth of 

1000 m w.e. The muon source was modelled as a plane (14×5 m2) placed above the laboratory. 

Simulation of muon backgrounds were carried out for an equivalent live time of 30 days. However, 

the simulation of background spectrum in the 50 m w.e. laboratory was terminated sooner because of 

long computing time caused by a high muon flux in this depth.  

G4NEUTRONXS 1.4 and G4NDL 4.5 data files were used for the neutron processes, and 

G4EMLOW 6.5 data file for -ray processes. SHIELDING 2.1. physics list was used for simulation 

of underground experiments as in the previous works. 

 

Fig. 1. Calculated muon energy spectra in depths 50 m w.e. and 1000 m w.e. 

 

 

 

 

10-1 100 101 102 103 104

10-1

100

101

102

103

104

105

106

107

108

109

1010  50 m w.e.

 1000 m w.e.

Energy [GeV]

D
if

fe
re

n
ti

al
 i

n
te

n
si

ty
 [

G
eV

-1
 d

-1
 m

-2
 s

r-1
]



 
 

 
20 

3. Results 
 

First, interaction of neutrons from a 241Am-Be source with an HPGe detector were studied 

experimentally and by simulations using the GEANT4 simulation tool. Besides the information about 

neutron interactions, this work stage enabled us to develop and validate the methodology. Second, a 

cosmic ray induced backgrounds of an HPGe detector placed in a surface laboratory were measured, 

simulated, and compared. Third, a background spectrum of an HPGe detector (Obelix) in a deep 

underground laboratory at 4800 m w.e. was simulated and relevant induction processes were 

explored. Fourth, two laboratories in intermediary depths of 50 and 1000 m w.e. were considered as 

candidates for a Slovak underground laboratory. 

 

3.1 Investigation of neutron interactions with Ge detectors 

3.1.1 241Am–Be source 

 

The 241Am–Be source with a nominal activity of 370 MBq was used as a neutron source in the 

experiment. The source was produced in 2009 and its working life is 15 years. It contained compacted 

mixture of powders of 241Am oxide and 9Be. The neutron intensity in 2016 was about 23 000 neutrons 

s−1. The standard neutron spectrum has the average and the maximal neutron energies of 4.2 and 

11 MeV, respectively. Neutrons are produced in 9Be(α, n)12C reactions, which are accompanied by 

emission of 4.44 MeV -rays from excited 12C daughter nuclei. The shape of the neutron source is a 

cylinder with a diameter of 14 mm and a length of 12 mm. The active part was encapsulated in a case 

made of stainless steel and an aluminium shell. 

 

Fig. 2. Attenuation of the muon flux depending on the muon energy from the depth of 50 m w.e. to the depth of 1000 m w.e. 
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3.1.2 Experimental setup 

 

The experimental setup consisted of an 241Am–Be source placed coaxially 161.2 mm above a 

Canberra coaxial p-type Ge detector with a relative efficiency of 50%. The germanium crystal with a 

diameter of 66 mm and a height of 59 mm was enclosed in a thermoplastic foil and in an aluminium 

cryostat with a copper crystal holder. The cavity inside the crystal was 10 mm in diameter and 45 mm 

in height. The energy resolution of the detector was 2.07 keV for 1332.40 keV -rays of 60Co. The 

energy calibration of the detector was done with a 60Co source. The detector efficiency calculation 

was done using LabSOCS software from Canberra. Two circular iron absorbers were placed above 

the detector to absorb abundant but low-energy -rays of 241Am with the aim to reduce the dead time 

of the detector. A plastic beaker was used to place the source at a certain distance from the detector 

to further reduce the dead time and to minimize the energy summation effect. In this way, a dead time 

correction of only about 12.6% could be reached. The source–detector setup was placed in a shield 

consisting of 9.5 mm of carbon steel, 102 mm of lead, 1 mm of tin foil and 1.5 mm of copper cladding 

(from outside to inside). The outer shield dimensions were 508 mm in diameter and 635 mm in height. 

The -energy spectrum ranged from 10 to 3000 keV. Typical measuring time was 25 h. The 

background -spectrum (without 241Am–Be source) was measured as well, and it was subtracted from 

measured neutron induced spectra. A low nominal activity of the neutron source and short measuring 

time did not produce any neutron damage of the detector. 

 

3.1.3 Evaluation of the experimental γ-ray spectrum 

 

A detailed analysis of the experimental spectrum was carried out. Almost all peaks in the spectra 

were identified and explained. A typical feature of neutron interactions with a Ge detector are 

triangular -ray peaks. When a germanium detector is exposed to neutrons at energies of 1 MeV or 

more, triangular peaks may result from summation of the recoil energy of a Ge nucleus deposited 

within the detector itself and the energy of a photon emitted during de-excitation of the nucleus 

previously excited during inelastic scattering [4]. In the experiment, such peaks were observed at the 

energies of 68.80 keV, 562.93 keV, 595.84 keV, 689.60 keV, 834.01 keV, 1039.51 keV, 1108.41 

keV, 1204.20 keV and 1463.75 keV. 

In the case of the 691.43 keV peak, the induction mechanism is slightly different. The excited 

nucleus of 72Ge de-excites by an E0 transition, which is an internal conversion process for this 

nuclide: 72Ge(n, n'e)72Ge*. The total detectable energy of 72Ge includes the energy from the X-ray 

and it is summed with the recoil energy of the 72Ge nucleus to form a triangular shape [22]. The 

shapes of the triangular peaks are sharp at lower energies but lose their sharpness with increasing 

energy. The reason is the difference between angular distributions of the neutron scattering on given 

Ge isotopes at different impacting neutron energy and cross section [4]. 

A large number of other peaks were observed in the spectra, which are caused by neutron 

interactions with other materials in the setup, and particularly with impurities. Most of the peaks, 

which clearly dominate in the spectra are from lead and copper, the most abundant materials around 

the Ge crystal. They originate from inelastic scattering of neutrons on copper and lead nuclei. 

Although various impurities are present in small amounts in the setup, they may be important due to 

large neutron cross-sections for certain isotopes. 

The presence of copper and lead influences the -spectrum strongly. Interactions of neutrons with 

these materials produce many -lines visible in the spectrum, which can hide or imitate the searched 

signals. This is an unwanted effect, especially in experiments looking for rare nuclear processes. For 

example, -rays resulting from neutron inelastic scattering or neutron capture reactions may imitate 

signatures of the neutrinoless ββ decay [6]. Possible replacement of copper and lead as shielding 

materials in underground experiments would require, however, further investigations.  
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Aluminium causes only a few strong -lines in the spectrum, and they form a significant 

background component. To avoid its contribution is, however, very difficult, because aluminium is 

the most commonly used material for cryostats and entrance windows. Nevertheless, the problem can 

be solved by elaboration of appropriate event-rejection strategy. 

Similarly, -lines from tin parts of the setup are important potential sources of background. 

However, tin layers are usually not present in shields of Ge detectors located deep underground. As 

it was shown previously, descending-Z shields consisting of lead, tin and copper are superior as far 

as the muon background is concerned [23]. Once it is supressed, passively and/or actively, other 

materials remain for consideration. 

To minimize the background induced by neutron interactions with impurities in the materials, it is 

necessary to use ultra-pure materials for experimental setups, and to know the identity and the amount 

of the residual elements. 

In shallow as well as in deep underground laboratories fast neutrons are always present. They are 

produced by cosmic-ray interactions generating hadron showers as well as by capture of negative 

muons, predominantly on heavy nuclei like lead. Hence, inelastic scattering will always contribute to 

the background of Ge detectors in the energy region of interest manifesting itself by Ge peaks 

observed experimentally. If the spectrum statistics is sufficient to recognise such peaks, the 

contribution of neutrons to the total background can be unfolded. However, validated Monte Carlo 

simulations should be always carried out for estimation of the neutron background component.  

 

3.1.4 Comparison of experimental and simulated -spectra 

 

The experimental spectrum was compared with the GEANT4 simulation of neutron and -ray 

interactions with the detector and the shield. The simulated spectrum reproduces the main features of 

the measured spectrum fairly well considering the complexity of the interactions. Integral count rates 

were compared for the experimental and the simulated spectra for the energy region from 115 keV to 

2880 keV. This energy range was chosen due to a difference between experimental and simulated 

data for a lower continuum below 115 keV due to a higher -ray intensity of the neutron source, and 

the end of the measured spectrum at 2880 keV. The integral count rate of the measured spectrum (378 

 3 s-1) was in reasonable agreement with the calculated one (369  11 s-1). For detailed information 

including all figures, see Chapter Author’s publications, the article Investigation of neutron 

interactions with Ge detectors. 

 

3.2 The neutron component of background of an HPGe detector operating in a surface 

laboratory 

3.2.1 Experimental setup 

 

A Mirion Technologies (Canberra) coaxial low-level p-type HPGe detector GC-5019 with a 

relative efficiency of 50% was used for background measurement. The germanium crystal was a 

cylinder with a cavity inside the crystal. The dimensions of the crystal were 66 mm in diameter and 

59 mm in height. The cavity was 10 mm in diameter and 45 mm in height. The crystal was placed in 

a thermoplastic foil and in a copper crystal holder, which was enclosed in an aluminium “swan-neck” 

cryostat. The detector was placed in a low-level shield consisting of (from outside to inside) 9.5 mm 

of carbon steel, 92 mm of common lead, 10 mm of old low-activity lead, 1 mm of tin foil, and 1.5 mm 

of copper cladding. The outer dimensions of the shield were 508 mm in diameter and 635 mm in 

height. The preamplifier was placed outside the shield. The “swan-neck” prevented a direct sight of 

the crystal on a Dewar vessel and the floor below. The energy resolution of the detector was 2.07 keV 

for 1332.40 keV γ-rays of 60Co. The Canberra GENIE 2000 software was used for γ-ray spectrum 

analysis. The spectrum was acquired in the energy range from 10 to 3000 keV during 84 h of live 

time. The measurement was carried out after an experiment with an Am–Be neutron source [7], in 
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which two circular iron absorbers and one plastic beaker were placed above the detector with the aim 

of reducing the dead time by increasing the source-detector distance and absorbing the 241Am gamma 

rays. As the same background spectrum was used in this work, the iron absorbers and the plastic 

beaker were left inside the shield. 

 

3.2.2 Evaluation of the experimental background γ-ray spectrum 

 

The measured background -spectrum of the HPGe detector was analysed and evaluated in detail. 

Many peaks were identified and explained also using information from the previous experiment with 

Am-Be neutron source [7]. Triangular -ray peaks, which are typical for interactions of fast neutrons 

with individual Ge nuclei, are present in the spectra.  

The experimental -spectra also contain many other peaks produced by neutron interactions with 

materials used in the setup, especially with shielding materials. The majority belongs to copper and 

lead peaks, as both materials with large neutron cross sections are the most abundant in the setup. 

Several well visible peaks originating in natural radioactivity are present in the spectra. They come 

from contamination of the detector, the shield and the surrounding materials, such as the laboratory 

walls and objects. 

 

3.2.3 Comparison of Monte Carlo simulations with the experiment 

 

Two simulations of the background spectrum were carried out without considering the 

contamination by natural radionuclides. First, a simulation without the concrete building was carried 

out and the resulting spectrum was compared with the measured background. There is a significant 

difference between the experimental and simulated spectra in the continuum below 500 keV. The 

main reason is that penetration of cosmic rays through the building was not in this case taken into 

account. Next, contamination lines visible in the experimental spectrum and stemming from natural 

contamination by 40K, 208Tl, 214Pb, and 214Bi were not coded, so Compton continuum from the 

corresponding peaks did not contribute to count rates up to 500 keV. Several other differences were 

observed. The γ-ray emission for a few peaks in the energy range from 450 keV to 1 MeV is higher 

than in the experimental background spectrum. This effect is visible due to missing concrete layer of 

the building. Absorption in the concrete layer reduces the γ-ray intensity in this energy range. 

The triangular shape of Ge peaks coming from summation of the recoil energy in Ge nucleus and 

the energy of emitted γ-rays, is not simulated correctly by GEANT4, as they are lower, less sharp, 

and their tails do not fit the real ones. The peak at the energy of 477.61 keV coming from 10B (n, α)7Li 

reaction is overestimated. The count rate of the simulated peak was approximately 5-times higher 

than the experimental one. The main reason is that the boron content in the doped Ge dead layer was 

not known exactly. As the cross section for boron for this reaction is very high, the simulation could 

be affected considerably. 

Special attention was paid to the lead γ-rays in the simulated spectrum. The 208Pb peaks known as 

originating in β-decay of 208Tl, usually present in detector systems as a contaminant, are clearly visible 

also in the simulated spectrum, although no contamination was assumed. The γ-lines come from the 

inelastic scattering of neutrons on 208Pb nuclei. The count rates of the main 208Pb peak (2614.51 keV) 

were compared. It is 0.00048 ± 0.00014 s−1 for the experimental peak and 0.00024 ± 0.00007 s−1 for 

the simulated one. The count rate is higher in the measured than in the simulated background, 

indicating that there is also a direct contribution from 208Tl decay, as expected. It can be concluded 

that, approximately 50% of the peak in the measured background spectrum is formed by neutron 

interactions with 208Pb nuclei. Therefore, as long as lead will be present in the experimental setup, 

these peaks will be present in the background spectrum, even if the contamination with 208Tl would 

be eliminated. 

The experimental and the simulated spectra were compared by integral count rates for the energy 

range from 500 keV to 2875 keV where the spectra match each other. The integral count rate 
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measured in the experiment 0.56 ± 0.03 s−1 was in a very good agreement with the calculated value 

0.53 ± 0.05 s−1. However, omission of the roof shielding in the simulation results in a considerable 

difference between the measured and simulated spectra below 500 keV. 

Another simulation of background γ-ray spectrum was carried out, this time considering the 

building. The shape of the simulated spectrum replicates the experimental one much better than when 

the building effect was omitted. The typical wide hump in the continuum around 200 keV is predicted 

well. However, there is still a slight difference in the continuum heights up to 350 keV, probably 

caused by omission of radionuclide contamination of construction materials in the simulations. The 

simulated continuum is slightly lower, especially in the part below the 214Bi peaks. The simulated 

peak of 7Li at the energy of 477.61 keV is again overestimated, but the count rate of the simulated 

peak decreased by about a factor of two. The count rates of the 208Pb peaks at the energy of 

2614.51 keV were compared again. The experimental one is 0.00048 ± 0.00014 s−1, while the 

simulated one is 0.00017 ± 0.00005 s−1, what means that approximately 35% of the experimental 

peak originate in inelastic scattering of neutrons on lead nuclei. The count rate of the simulated peak 

is lower than in the previous simulation (without the concrete) by 30%, what can be explained by 

changed neutron spectral fluxes after passing the concrete layer. Due to the same reason, the triangular 

shape of Ge peaks is less visible as it was in the simulation without the concrete layer. 

Integral count rates of the experimental and simulated spectra were compared for the energy region 

from 50 to 2875 keV taking into account the concrete shielding. Below the energy of 50 keV, the 

count rate is strongly influenced even by small changes in the thicknesses and material composition 

of various layers. Therefore, it is difficult to achieve a quantitative agreement of count rates below 

this energy. The integral count rate of the measured spectrum of 1.26 ± 0.07 s−1 matches the simulated 

one of 1.25 ± 0.13 s−1, indicating a very satisfactory agreement. The numerical difference of less than 

1% is rather a random coincidence than a precise result match. It may seem that, in the region above 

2000 keV, the simulated count rate is higher than the measured one. Therefore, the integral count 

rates (continuum and peaks) were calculated for both spectra in the energy range from 2000 keV to 

the end of the measured spectrum at 2875 keV. The obtained count rates were 0.07 ± 0.005 s−1 for 

the experimental spectrum and 0.08 ± 0.009 s−1 for the simulated one (only statistical uncertainties at 

the 1σ level). The experimental spectrum shows greater statistical fluctuations, which are more 

pronounced at lower values in the logarithmic y scale. 

The continuum in the HPGe background spectrum is formed mainly by muon and neutron 

interactions. Neutrons interacting with the detector materials, especially with lead, produce many 

photons contributing to the continuum, while muons contribute via bremsstrahlung of delta electrons. 

A continuum is, however, not induced only by cosmic ray particles. A part of it is formed by 

radioactive contaminants present in the system. Further contributors are, therefore, β-rays originating 

from decaying radionuclides and Compton scattering coming from interactions of high-energy 

photons [25]. In particular, commercial lead used for shielding of HPGe detectors is contaminated 

with 210Pb. In surface laboratories, this background component is not distinguishable from the low-

energy part of continuum induced mainly by muons [26]. 

For detailed information including all figures, see Chapter Author’s publications, the article The 

neutron component of background of an HPGe detector operating in a surface laboratory. 

 

3.3 The effect of neutrons on the background of HPGe detectors operating deep 

underground 

3.3.1 Modane underground laboratory 

 

The deepest European underground laboratory hosting experiments related to rare nuclear 

processes and decays is the Modane underground laboratory (Laboratoire Souterrain de Modane, 

LSM). It hosts experiments such as EDELWEISS for direct detection of dark matter particles and 

SuperNEMO for neutrinoless double-beta decay. The laboratory is located in Auvergne-Rhône-Alpes 

region under the Cottian Alpes mountains. It is situated in the middle of the 12.6 km long Fréjus road 
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tunnel connecting France and Italy at 1700 m under the Fréjus Peak, equivalent to a depth of 4800 m 

w.e. Thanks to this depth, LSM is very well shielded against cosmic rays, therefore the muon flux 

there is very low (4.73 ± 0.09) m-2d-1 [27]. The flux was measured through a horizontal plane [28].  

Natural radionuclides such as 40K and members of the 238U and 232Th decay series are present in the 

laboratory walls consisting of Fréjus rock and concrete, in surrounding materials and, in construction 

parts of the detectors. The concentrations of 238U in the rock and in the concrete are (11.8 ± 6) Bq kg-

1 and (10.2 ± 5) Bq kg-1. The concentrations of 232Th in the rock and in the concrete are (22.8 ± 7) Bq 

kg-1 and (6.7 ± 2) Bq kg-1, respectively. The concentration of 40K is (182 ± 4) Bq kg-1 in rock and (91 

± 3) Bq kg-1 in concrete [8]. Further, the LSM operates a ventilation system removing the inert and 

noble gases Radon (222Rn) and Thoron (220Rn), and so reduces also their progenies in the ambient air 

to negligible levels. The -ray flux in LSM is relatively very high (5.4 ± 0.4)×108 m-2d-1 (measured in 

the power supply room) when compared with the muon flux, and therefore it significantly contributes 

to the background. However, most of the detectors operating in LSM are located in the detector hall, 

where the count rate of measured -rays is higher almost by about a factor of 3 than in the mentioned 

power supply room [30]. 

Another source of background in the LSM laboratory is due to neutrons. The measured neutron flux 

in LSM is (1381 ± 860) m-2d-1 for neutron energies above 2 MeV [31] and (1382 ± 864) m-2d-1 for 

thermal neutrons [32] measured before the installation of large experiments. After these installations, 

the flux of thermal neutrons was measured again and it was found that it increased to (3084 ± 280) 

m-2d-1 [33]. However, the flux of thermal neutrons may vary as much as by a factor of 3, depending 

on the location. A table of thermal neutron fluxes for different locations at LSM is given in [34]. The 

flux of thermal neutrons in the detector hall is (3888 ± 432) m-2d-1. Fast neutrons in LSM are produced 

by (, n) reactions of alpha particles emitted by members of the 238U and 232Th decay series on light 

elements such as C, O, Mg, Na, Al, Si and Fe, present mainly in the walls, and by spontaneous fission 

of natural radionuclides, present mostly in the walls, especially of 238U. The (α, n) reactions contribute 

to the fast neutron flux by 1930 y-1kg-1, while spontaneous fission adds 470 y-1kg-1 [32]. Neutrons 

originating in muon interactions with walls contribute to fast neutron flux by (2.3 ± 0.5)×10-5 y-1kg-

1, while neutrons resulting from muon interactions with the lead shield of the detector by (3.2 ± 

0.2)×10-4 y-1kg-1 [32]. We can conclude that, neutrons from (, n) reactions are the major contributor 

to the total fast neutron flux in LSM, while the contribution from muon-induced neutrons is minimal. 

  

3.3.2 HPGe detector 

 

Several HPGe detectors with large germanium crystals are located in the detector hall in LSM. 

One of them is the detector called Obelix, primarily used for radiopurity measurements and for 

investigations of rare decays [29]. Obelix is a p-type coaxial HPGe detector (Canberra) with a relative 

efficiency of 160%, which is the efficiency relative to a 60Co source (using the 1332 keV peak) 

measured with a NaI(Tl) detector at a distance of 25 cm from the detector. The volume of the crystal 

is 600 cm3, which corresponds to about 3 kg of ultra-pure germanium. The crystal is placed in a 

thermoplastic foil, embedded in the crystal holder made of an Al-Si alloy (4% of Si) and enclosed in 

aluminium U-type cryostat made of the same alloy. The cryostat is connected with a cooled Field 

Effect Transistor (FET). The entrance window of the end-cap is made of the same material as the 

crystal holder. The thickness of the entrance window is 1.6 mm. The distance between the entrance 

window and the crystal is 4 mm. The end cap is fixed to the bottom part of the cryostat by an O-ring 

made of synthetic rubber. The detector is placed in ultra-low level shield consisting of (from outside 

to inside) radiopure normal lead with a thickness of 20 cm and a roman low-activity lead with a 

thickness of 12 cm. The lead shield is secured by a stainless steel frame. All screws in the detector 

are made from leadless brass. The energy resolution of the detector is 1.2 keV at 122.06 keV -rays 

of 57Co and 2 keV at 1332.40 keV -rays of 60Co. The detector can be operated either with 8192 

channels or 16384 channels ADCs. 
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The detector parts were produced from ultra-pure materials with the aim to reduce the 

concentration of natural radionuclides to a minimum. Al-Si alloy contains cosmogenic 26Al and it 

also contains 226Ra, 228Ra, 228Th and 40K. Radionuclides 226Ra, 228Ra, 228Th and 40K are present in 

other construction parts of the detector, such as leadless brass, O-ring and FET, as well. Even if the 

brass is classified as leadless, it still contains 210Pb at measurable levels. The concentration of these 

radionuclides in the O-ring is high, but the O-ring is small and it is placed far enough from the crystal. 

The FET is one of the most radioactive parts of the detector and it contributes to the detector 

background. In order, to reduce the background from the FET, a disk made of roman lead with a 

thickness of 10 mm is placed at the bottom part of the crystal holder. The radioactivity concentration 

in this lead is minimal. Normal lead contains a high concentration of 210Pb in comparison with roman 

lead. Besides 210Pb, roman lead contains also 226Ra and 228Ra. All values of the various radionuclide 

concentrations were taken from [29]. 

 

3.3.3 Experimental background spectrum 

 

In order to determine neutron contributions to the Obelix background energy spectrum measured 

in the Modane underground laboratory, investigations of impacts of cosmic ray interactions with the 

HPGe detector materials, as well as the influence of present radionuclides on the resulting background 

were carried out. The experimental background spectrum was analysed and reproduced using a Monte 

Carlo simulation. The spectrum of 34.2 days shown in [29] was used for analysis. 

Gamma lines in the background spectrum measured deep underground were analysed. 

Contribution of radionuclides dominates in the energy spectrum, as seen by the presence of peaks 

from the daughter isotopes of 238U, 232Th decay series and by 40K. Natural radionuclides are present 

in the detector construction materials, in the shield and its surroundings, especially in the walls. 

The Monte Carlo simulation of the experimental background energy spectrum was carried out 

including the concentration of radionuclides in the detector parts and the laboratory walls, reported 

in [27]. Specific activities of 12 Bq kg-1 of 238U, 12 Bq kg-1 of 232Th and 182 Bq kg-1 of 40K were 

coded into the Fréjus rock. The concentration of these contaminants in concrete was 10 Bq kg-1, 23 

Bq kg-1 and 91 Bq kg-1, respectively. Into crystal holder, cryostat and entrance window, 0.4 mBq kg-

1 of 26Al was coded, as well as 0.3 mBq kg-1 of 226Ra, 0.1 mBq kg-1 of 228Ra, 1.4 mBq kg-1 of 228Th 

and 1.1 mBq kg-1 of 40K. O-ring contamination was included, too. The concentration of 910 mBq kg-

1 of 226Ra, 320 mBq kg-1 of 228Ra, 350 mBq kg-1 of 228Th and 1360 mBq kg-1 of 40K was coded in 

GEANT4 simulation. Contamination of FET was involved per unit, specifically 1.6 mBq of 226Ra, 

2.9 mBq of 228Ra, 0.4 mBq of 228Th, 4.9 mBq of 40K and 1.7 mBq of 207Bi. Lead shield is contaminated 

as well, therefore 20 Bq kg-1 of 210Pb was coded into normal lead and 60 mBq kg-1 of the same 

radionuclide into roman lead. Additional amount of 0.2 mBq kg-1 of 226Ra and 0.2 mBq kg-1 of 228Ra 

was added to the roman lead. The concentration level of cosmogenic radionuclides (except of 26Al) 

was not known therefore it was not coded into the simulation (i.e. 22Na, 54Mn, 57Co and 65Zn). 

 

3.3.4 Comparison of Monte Carlo simulations with experimental spectrum 

 

The experimental spectrum was compared with the simulated one. Integral count rates were 

calculated in the energy range from 40 keV to 3000 keV. The value of the integral count rate for the 

experimental spectrum was 345  18 d-1 and 320  31 d-1 for the simulated one. The simulation 

reproduces the main features of the measured spectrum fairly well, considering the poor statistics of 

the experimental spectrum and missing peaks from the cosmogenic radionuclides. We can conclude, 

that the simulation is in a good agreement with the experiment. The count rates of individual peaks 

were compared, too. The count rates of the simulated peaks agree with the experimental ones well, 

except for the 84.21 keV peak of double origin. However, the difference is still within a factor of two.  
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Muons are survivors of cosmic-rays passing underground, therefore background spectra induced 

only by muons were simulated. The muon flux in LSM is very low, therefore muons only make a 

small contribution to the detector background. Simulation of muon background with a live time of 

34.2 days was carried out and subsequently, the contribution of muon events to the experimental 

spectrum was calculated. It was found, that only 0.20  0.02 d-1 of them deposited energy in the 

detector, which is much less than 1% of the total count rate 345  18 d-1. Therefore, the role of muons 

in the background energy spectrum of the HPGe detector measured underground is negligible. 

Nevertheless, if the background induced by radionuclides would be suppressed, then it would gain 

significance, especially for experiments looking for rare processes. In order to investigate and 

demonstrate the contribution of muons to the long-time measured spectrum, the next simulation of 

background induced by muons were carried out with the number of events corresponding to 

measuring time of 220 years. The long measuring time was chosen in order to show a relevant energy 

spectrum induced by muon interactions with a sufficient number of counts due to the very low muon 

flux. The simulated spectrum was analysed and it was found, that besides the annihilation peak, also 

neutron induced peaks are rising from the continuum. Peaks were identified and explained also using 

information from the previously measured background energy spectrum [35]. Although the statistics 

are still very low, these peaks indicate, that muon induced neutrons indeed contribute to the spectrum. 

We can see rising 208Pb peaks at energies of 583.19 keV and 2614.51 keV, as well as indication of 
74Ge and 72Ge peaks at energies of 595.84 keV and 691.43 keV, respectively. It means, that neutron 

induced peaks from cosmic-rays contribute to the total background but might be visible only in 

spectra measured over a long time. Hence, peaks originating in neutron interactions with the lead 

shield also contribute to the total count rate of 208Pb peaks coming from 208Tl decay. The measured 

spectrum was compared with the simulated muon-induced spectrum. It was confirmed, that the 

simulated spectrum is about three orders of magnitude lower than the experimental one as it was 

stated in [36]. 

Since neutrons from (α, n) reactions and spontaneous fission form a critical background source in 

underground laboratories, their effect on the Obelix detector was simulated as the next step. Neutron 

fluxes in LSM reported in [31] and [32] were used for the simulations. A total energy spectrum 

induced by neutrons was simulated, as well as individual contributions from thermal and fast neutrons 

for measuring times 34.2 and 900 days. The integral count rate of the total spectrum induced by 

neutrons with a live time of 34.2 days was compared with the count rate of the experimental spectrum. 

The simulated one was 19  2 d-1 and the experimental one of 345  18 d-1, which indicates, that 

about 6% of the measured background continuum is formed by neutron interactions. A comparison 

of the integral count rates of the spectra induced by thermal and fast neutrons with the total spectrum 

showed that fast neutrons contribute to the total spectrum of neutrons more than thermal neutrons. 

The integral count rate of the spectrum induced by fast neutrons was 12.5  1.3 d-1, indicating that 

about 65% of the total spectrum (19  2 d-1) was invoked by fast neutrons.  Thermal neutrons typically 

give rise to a boron peak at the energy of 477.61 keV coming from 10B(n, 𝛼)7Li reaction due to boron 

present in the contact layer of the crystal, while fast neutrons significantly contribute to the continuum 

up to 250 keV, and induce lead and germanium peaks coming from inelastic scattering of neutrons 

on Pb and Ge nuclei. Rising 206Pb, 207Pb and 208Pb peaks are visible in the spectrum induced by fast 

neutrons at the energies of 803.06 keV, 569.70 and 1770.23 keV, and 2614.51 keV, respectively. A 

peak of 72Ge at the energy of 691.43 keV is indicated as well. The contribution of fast neutrons up to 

250 keV energy region is important for dark matter particle search in the low mass range of WIMPs 

(<1 GeV), and 𝛾-rays resulting from neutron interactions can imitate signatures of such events [6]. 

The boron peak clearly dominates in the spectra induced by thermal neutrons. The inner electrode of 

the detector is made of boron and the 10B cross section for thermal neutrons is very high, especially 

for (n, 𝛼) reaction, therefore the boron peak is well visible in these spectra. Similarly, 10B, 72Ge and 
208Pb peaks are also visible in the total spectra induced by neutrons. In addition, a peak due to inelastic 

scattering of neutrons on 74Ge nuclei is seen there as well. The statistics are again very low, therefore 

only the boron peak is identified reliably. The rest of the peaks were predicted based on the 
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information from the measured energy spectrum induced by a neutron source [7]. All neutron induced 

peaks contribute to the total measured background, too. Nevertheless, the contribution of neutron 

induced γ-rays to the total count rate of these peaks is only about 2%. 

 

3.3.5 Neutrons and their effect 

 

The continuum of background spectrum obtained underground with the Obelix γ-ray spectrometer 

is formed mainly by contribution of radionuclides and only a small part can be assigned to neutron 

interactions. Concentration of the natural radionuclides in the detector parts and the laboratory walls 

forms almost 94% of the continuum, which raises a question of the importance of radiopure material 

usage. The contribution from muons is much less than 1% and is therefore negligible. Nevertheless, 

neutrons are still an important background component even if their contribution to the continuum is 

only about 6%. In order to further investigate the effect of neutrons on the background spectrum of 

the Obelix detector, simulations of individual physics processes of neutron interactions were carried 

out. Neutron capture, elastic and inelastic scattering were simulated separately. Simulations were 

carried out for a measuring time of 900 days, as the total neutron induced spectrum. It was found that 

inelastic scattering is the major contributor to the spectrum induced by neutrons. The second most 

frequent process was neutron capture. Elastic scattering occurred infrequently. In comparison with 

inelastic scattering, it is about 70% less. Neutron capture is about 30% less occurring than inelastic 

scattering. Inelastic scattering significantly contributes to the lower continuum of the spectrum 

induced by neutrons up to 500 keV and contributes less to the part up to 1 MeV. Neutron capture 

contributes to the total neutron induced energy spectrum almost evenly. Elastic scattering contributes 

only to the first part of the total neutron induced energy spectrum up to 300 keV. We can conclude 

that the effect of neutrons on the background of the HPGe detector operating underground, such as 

the Obelix, is manifested mainly by their contribution to the continuum up to 1 MeV, and especially 

below 500 keV. 

Investigation of neutron production in the lead shield was carried out as well. Simulations of 

neutron interactions with the lead shield were carried out with the generation of secondary particles 

in the shield and without. Simulations showed that particles generated in the shield contribute only 

about 1% to the total count rate of the resulting spectrum. It indicates that neutrons coming from 

outside of the detector are more important than neutrons generated inside the lead shield. For detailed 

information including all figures, see Chapter Author’s publications, the article The effect of neutrons 

on the background of HPGe detectors operating deep underground. 

 

3.4 Simulation of muon induced background in a proposed underground laboratory in 

Slovakia 

3.4.1 Design of underground laboratories 

 

A shallow laboratory at a depth of 50 m w.e. and a deep underground laboratory at a depth of 1000 

m w.e. have been considered for environmental radioactivity and astrophysical studies. Several halls 

for experiments including the main hall where an HPGe detector should be located have been 

foreseen. The main hall for operation of the HPGe detector was modelled as a box with dimensions 

of 14×5×3 m3. Standard rock and concrete were considered as potential construction materials of the 

walls. The rock and concrete were modelled as 60 cm and 10 cm thick layers. The detector was placed 

in the middle of the hall and approximately 80 cm from the rear wall. Only this one detector was 

considered to be present in the hall for the purpose of simulations. The same laboratory design was 

used for both the depths. The calculated muon vertical energy spectra at the 50 m w.e. and 1000 m 

w.e. depths are shown in Fig. 3. 

The detector selected for low-background experiments is a p-type coaxial HPGe detector with a 

relative efficiency of 100%. The volume of the crystal is 375 cm3, which corresponds to about 2 kg 

of ultra-pure germanium. The crystal is placed in a thermoplastic foil, embedded in the crystal holder 
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made of an Al-Si alloy (4% of Si) and enclosed in aluminium cryostat made of the same material as 

the crystal holder. The entrance window of the end-cap is made of the same material as the crystal 

holder. The detector is placed in a low-level shield consisting of (from outside to inside) radiopure 

normal lead with a thickness of 15 cm, carbon steel with a thickness of 30 cm and copper with a 

thickness of 1 cm. The energy resolution of the detector is expected to be 2 keV at 1332.40 keV -

rays of 60Co. 

 

3.4.2 Peak analysis 

 

Gamma lines in the simulated background spectra were analysed (Fig. 4) and their count rates 

were evaluated. In the case of the 1000 m w.e. laboratory, some peaks are hardly distinguishable from 

the continuum. Very short-lived radionuclides (half-lives of less than 1 ms), usually excited states, 

are marked with the asterisk character. Nuclear data were taken from NuDat 3.0. 

Several peaks coming from neutron interactions with the detector and its shield are visible in the 

simulated spectra. These neutrons are produced mostly in capture of negative muons by heavier 

nuclei. 

Shallow laboratory – 50 m w.e. 

In the background spectrum simulated in the 50 m w.e. shallow laboratory, the copper peaks are 

prevailing. Copper is used as the inner part of the shield and such peaks are resulting from neutron 

capture or inelastic scattering of neutrons on copper nuclei. Peaks induced by neutron capture on 63Cu 

nuclei resulting in a compound nucleus 64Cu are visible at the energies of 212.39 keV, 259.30 keV, 

343,94 keV, 711.94 keV, 1232.13 keV, 1293.92 keV and 2291.42 keV. Similarly, peaks of 66Cu 

originating in neutron capture on 65Cu nuclei were found at the energies of 315.71 keV, 385.78 keV, 

622.69 keV, 2144.22 keV and 2448.70 keV. Peaks corresponding to inelastic scattering of neutrons 

on 63Cu are observable at energies of 955.0 keV, 1668.90 keV, 1861.30 keV, 2512.0 keV and 2562.0 

keV. The same reaction on 65Cu generates peaks at energies of 924.5 keV and 1724.92 keV. 

The middle part of the shield is made of carbon steel with a thickness of 30 cm, and inelastic scattering 

of neutrons on the iron nuclei on iron nuclei takes place. The scattering on 56Fe gives rise to -lines 

at the energies of 846.76 keV and 2763.0 keV. Also -lines at the energies of 1153.10 keV, 1408.10 

keV and 1936.50 keV belonging to 54Fe were found in the spectrum. The 2922.50 keV -line of 57Fe 

originates in neutron capture on 56Fe. 

Gamma lines resulting from inelastic scattering of neutrons on lead nuclei were observed at the 

energies of 583.19 keV, 1380.89 keV, 2614.51 keV and 2720.57 keV for 208Pb, at the energies of 

1063.66 keV and 1770.23 keV for 207Pb, and at the energy of 683.50 keV for 204Pb. 

As far as the HPGe detector is concerned, inelastic scattering of neutrons on 76Ge gives rise to the 

peak at 431.0 keV. Neutron capture on 70Ge and 76Ge induces peaks at 174.96 keV and 1457.84 keV.  

The crystal holder and the cryostat are made of aluminium and silicon. The 2108.24 keV 28Al peak 

originates in neutron capture on 27Al. Two 30Si peaks induced by the same reaction on 29Si are seen 

at the energies of 1534.12 keV and 2235.23 keV.  

The 477.61 keV peak of 7Li is coming from the 10B(n, α)7Li reaction that has a high cross section for 

thermal neutrons. The inner electrode of the crystal contains boron as a semiconductor dopant. 

Deep laboratory – 1000 m w.e. 

In the background spectrum simulated in 1000 m w.e. deep laboratory, the germanium peaks are 

prevailing up to 1500 keV, from 1500 keV the copper peaks dominate. Germanium peaks at the 

energies of 297.30 keV and 430.30 keV are induced by the neutron capture on 72Ge. The inelastic 

scattering of neutrons on 74Ge results in peaks at 595.85 keV, 1105.56 keV, 1489.35 keV, and 2260.0 

keV. The 691.43 keV peak of 72Ge is induced by the internal conversion process. 

Peaks due to the neutron capture on 63Cu are at 343.94 keV, 1799.48 keV, 1852.40 keV, while this 

reaction on 65Cu generates peaks at 1212.52 keV, 1944.97 keV, 2448.70 keV, 2457.66 keV and 
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2952.64 keV. Peaks originating in inelastic scattering of neutrons were identified as well: 63Cu 962.06 

keV and 2857.60 keV; 65Cu: 550.0 keV and 1724.92 keV. 

Lead peaks are coming only from inelastic scattering of neutrons on 208Pb (722.25 keV, 860.56 keV 

and 1380.89 keV) and 204Pb (2666.2 keV). 

There is only one -line resulting from neutron capture on 54Fe at the energy of 1640.40 keV. Two -

line originate in inelastic scattering on 56Fe: 1303.40 keV and 2034.79 keV. 

In this spectrum the peak coming from the 10B(n, α)7Li reaction at the energy of 477.61 keV is visible 

as well. 

The peak at 511 keV results from annihilation of electron–positron pairs generated by photon 

interactions with the detector and shield material and the summation peak at 1022 keV can be also 

observed. The annihilation can be summed with 510.74 keV -rays of 208Pb emitted after inelastic 

scattering of neutrons on 208Pb. 

 

3.4.3 Evaluation of the simulated results 

 

The simulated background spectra are compared in Fig. 5. It was found that the spectrum simulated 

for the underground laboratory in the depth of 1000 m w.e. is about five orders of magnitude lower 

than the one simulated for the shallow laboratory. The background spectrum simulated in the shallow 

laboratory reflects the neutron production in such depth. The interactions of neutrons with the detector 

and the shield are more often occurring there than in 1000 m w.e. deep laboratory, therefore the 

number of peaks coming from neutron interactions visible in the background spectrum simulated for 

the shallow laboratory in depth of 50 m w.e. is higher. The count rates of identified peaks are listed 

in Table 1. Two peaks are occurring in both spectra, i.e., the 7Li peak at the energy of 477.61 keV 

and the 208Pb peak at the energy of 1380.89 keV. Expectedly, the intensity of peaks in the spectrum 

simulated for shallow laboratory is higher than in the spectrum simulated for 1000 m w.e. depth. 

Generally, the laboratory located in the depth of 1000 m w.e. is more suitable for low-background 

physics experiments. However, the shallow laboratory is still suitable for environmental radioactivity 

studies. The background of an HPGe detector with anticosmic shielding (e.g. made of plastic 

scintillators) placed in a shallow laboratory can be decreased by 2 orders of magnitude in comparison 

with a standard surface laboratory [1]. It is expected that the muon induced background spectra 

simulated in 50 m w.e. laboratory could be decreased by a factor of 3 using the anticosmic shielding 

as it is indicated in [1].  

As copper peaks are prevailing in the 50 m w.e. background spectrum, the use of copper in the 

detector shielding for HPGe detectors located in shallow laboratories should be reconsidered. Copper 

due to interactions with neutrons forms a strong source of the background covering a wide part of the 

energy range of the HPGe detector. Reduction of copper thickness can decrease the background from 

this component as the background increases with the shield dimensions [24]. Ideally, copper should 

be replaced by other material or, at least, combined with neutron absorbing materials [35]. Copper is 

a significant contributor also to the background spectrum simulated in the deep underground 

laboratory therefore it is not recommended to use copper as shielding material from the point of view 

of the background induced by cosmic rays. On the other hand, from the point of view of radioactive 

contamination, the copper is still the best material [23]. 
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Fig. 3. Calculated muon vertical energy spectra in depths 50 m w.e. and 1000 m w.e. 

 

10-1 100 101 102 103 104

10-1

100

101

102

103

104

105

106

107

108

109

1010

50 m w. e.
D

if
fe

re
n

ti
al

 i
n

te
n

si
ty

 [
G

eV
-1

 d
-1

 m
-2

 s
r-1

]

Energy [GeV]

10-1 100 101 102 103 104

10-2

10-1

100

101

102

103

104

105

Energy [GeV]

D
if

fe
re

n
ti

al
 i

n
te

n
si

ty
 [

G
eV

-1
 d

-1
 m

-2
 s

r-1
]

1000 m w. e.



 
 

 
32 

  

 

 

0 500 1000 1500 2000 2500 3000

100

101

102

103

6
3
C

u
(n

,n
'

)6
3
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

6
3
C

u
(n

,n
'

)6
3
C

u
*

6
3
C

u
(n

,n
'

)6
3
C

u
*

5
4
F

e(
n

,n
'

)5
4
F

e*

6
3
C

u
(n

,
)6

4
C

u
*

5
4
F

e(
n

,n
'

)5
4
F

e*

6
3
C

u
(n

,n
'

)6
3
C

u
*

6
3
C

u
(n

,
)6

4
C

u
*

7
0
G

e(
n

,
)7

1
G

e*
6

3
C

u
(n

,
)6

4
C

u
*

6
3
C

u
(n

,
)6

4
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

6
3
C

u
(n

,
)6

4
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

7
6
G

e(
n

,n
'

)7
6
G

e*
1

0
B

(n
,

)7
L

i

2
0

7
P

b
(n

,n
'

)2
0

7
P

b
*

5
6
F

e(
n

,
)5

7
F

e*

5
6
F

e(
n

,n
'

)5
6
F

e*

2
0

8
P

b
(n

,n
'

)2
0
8
P

b
*

6
3
C

u
(n

,
)6

4
C

u
*

6
3
C

u
(n

,n
'

)6
3
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

2
9
S

i(
n

,
)3

0
S

i*

2
7
A

l(
n

,
)2

8
A

l*

5
4
F

e(
n

,n
'

)5
4
F

e*

2
0

7
P

b
(n

,n
'

)2
0

7
P

b
*

6
5
C

u
(n

,n
'

)6
5
C

u
*

2
9
S

i(
n

,
)3

0
S

i*

7
6
G

e(
n

,
)7

7
G

e

2
0

8
P

b
(n

,n
'

)2
0
8
P

b
*

6
3
C

u
(n

,
)6

4
C

u
*

6
5
C

u
(n

,n
'

)6
5
C

u
*

2
0

8
P

b
(n

,n
'

)2
0
8
P

b
*

2
0

4
P

b
(n

,n
'

)2
0
4
P

b
*

2
0

8
P

b
(n

,n
'

)2
0
8
P

b
*

6
5
C

u
(n

,
)6

6
C

u
*

5
6
F

e(
n

,n
'

)5
6
F

e*

A
n

n
ih

il
at

io
n

 p
ea

k

C
o

u
n

t 
ra

te
 [

k
eV

-1
 s

-1
]

Energy [keV]

50 m w.e.

0 500 1000 1500 2000 2500 3000

10-6

10-5

10-4

10-3

10-2

6
5
C

u
(n

,
)6

6
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

6
3
C

u
(n

,n
'

)6
3
C

u
*

2
0

4
P

b
(n

,n
'

)2
0

4
P

b
*

7
4
G

e(
n
,n

'
)7

4
G

e*

5
6
F

e(
n

,n
'

)5
6
F

e*

6
5
C

u
(n

,
)6

6
C

u
*

6
3
C

u
(n

,
)6

4
C

u
*

6
5
C

u
(n

,
)6

6
C

u
*

2
0

8
P

b
(n

,n
'

)2
0

8
P

b
*

6
3
C

u
(n

,
)6

4
C

u
*

6
5
C

u
(n

,n
'

)6
5
C

u
*

5
4
F

e(
n

,
)5

5
F

e*

7
4
G

e(
n
,n

'
)7

4
G

e*

5
6
F

e(
n

,n
'

)5
6
F

e*

7
4
G

e(
n
,n

'
)7

4
G

e*

A
n

n
ih

il
at

io
n

 p
ea

k

6
3
C

u
(n

,n
'

)6
3
C

u
*

2
0

8
P

b
(n

,n
'

)2
0

8
P

b
*

2
0

8
P

b
(n

,n
'

)2
0

8
P

b
*

7
2
G

e(
n
,n

'
)7

2
G

e*

A
n

n
ih

il
at

io
n

 p
ea

k
1

0
B

(n
,

)7
L

i

7
2
G

e(
n

,
)7

3
G

e

6
3
C

u
(n

,
)6

4
C

u
*

7
2
G

e(
n

,
)7

3
G

e

6
5
C

u
(n

,n
'

)6
5
C

u
*

7
4
G

e(
n
,n

'
)7

4
G

e*

C
o

u
n

t 
ra

te
 [

k
eV

-1
 s

-1
]

Energy [keV]

1000 m w.e.

Fig. 4. Simulated HPGe detector background spectra for the energy range from 0-3 MeV in depths 50 m w.e. and 1000 m w.e. 
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Table 1 

Calculated count rates in the simulated background γ-ray spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

50 m w.e. 1000 m w.e. 

Energy 

peaks [keV] 

Nuclides and 

Reactions 

Count rates 

[s-1] 

Energy 

peaks [keV] 

Nuclides and 

Reactions 

Count rates 

×10-5 [s-1] 

10-3000 Continuum 8504  732 10-3000 Continuum 8498  684 

174.96 70Ge(n, )71Ge* 11.8  3.0 297.30 72Ge(n, )73Ge 2.0  1.0 

212.39 63Cu(n, )64Cu* 7.5  1.8 343.94 63Cu(n, )64Cu* 3.0  1.0 

259.3 63Cu(n, )64Cu* 5.8  1.7 430.30 72Ge(n, )73Ge 3.0  0.8 

315.71 65Cu(n, )66Cu* 5.7  1.4 477.61 10B (n, α)7Li 1.0  0.4 

343.94 63Cu(n, )64Cu* 7.1  1.1 511.0 Annihilation 99.3  2.1 

385.78 65Cu(n, )66Cu* 3.1  1.2 550.0 65Cu(n, n')65Cu* 1.4  0.4 

431.0 76Ge(n, n')76Ge* 3.3  1.0 595.85 74Ge(n, n')74Ge* 1.6  0.3 

477.61 10B (n, α)7Li 3.2  1.0 691.43 72Ge(n, n')72Ge* 4.6  1.0 

511 Annihilation 96.7  2.8 722.25 208Pb(n, n')208Pb* 2.0  0.6 

583.19 208Pb(n, n')208Pb* 2.0  0.9 860.56 208Pb(n, n')208Pb* 1.7  0.4 

622.69 65Cu(n, )66Cu* 1.7  0.5 962.06 63Cu(n, n')63Cu* 2.8  0.6 

683.50 204Pb(n, n')204Pb* 2.4  0.6 1022 Annihilation 1.7  0.4 

711.94 63Cu(n, )64Cu* 2.0  0.5 1105.56 74Ge(n, n')74Ge* 1.7  0.4 

846.76 56Fe(n, n')56Fe* 1.9  0.6 1212.52 65Cu(n, )66Cu* 2.0  0.4 

924.50 65Cu(n, n')65Cu* 1.7  0.6 1303.40 56Fe(n, n')56Fe* 1.3  0.3 

955.0 63Cu(n, n')63Cu* 2.2  0.5 1380.89 208Pb(n, n')208Pb* 1.2  0.3 

1063.66 207Pb(n, n')207Pb* 2.3  0.5 1489.35 74Ge(n, n')74Ge* 1.4  0.3 

1153.10 54Fe(n, n')54Fe* 2.0  0.5 1640.40 54Fe(n, )55Fe* 1.5  0.3 

1232.13 63Cu(n, )64Cu* 2.2  0.4 1724.92 65Cu(n, n')65Cu* 1.8  0.3 

1293.92 63Cu(n, )64Cu* 1.7  0.4 1799.48 63Cu(n, )64Cu* 1.4  0.3 

1380.89 208Pb(n, n')208Pb* 1.9  0.5 1852.40 63Cu(n, )64Cu* 0.5  0.3 

1408.10 54Fe(n, n')54Fe* 1.9  0.5 1944.97 65Cu(n, )66Cu* 1.3  0.3 

1457.84 76Ge(n, )77Ge 1.4  0.4 2034.79 56Fe(n, n')56Fe* 1.6  0.3 

1534.12 29Si(n, )30Si* 1.5  0.5 2260.0 74Ge(n, n')74Ge* 0.3  0.2 

1668.90 63Cu(n, n')63Cu* 1.0  0.4 2448.70 65Cu(n, )66Cu* 0.8  0.2 

1724.92 65Cu(n, n')65Cu* 1.4  0.4 2457.66 65Cu(n, )66Cu* 0.9  0.3 

1770.23 207Pb(n, n')207Pb* 1.3  0.4 2666.20 204Pb(n, n')204Pb* 0.5  0.3 

1861.30 63Cu(n, n')63Cu* 1.1  0.4 2857.60 63Cu(n, n')63Cu* 0.7  0.2 

1936.50 54Fe(n, n')54Fe* 1.2  0.3 2952.64 65Cu(n, )66Cu* 0.7  0.2 

2108.24 27Al(n, )28Al* 1.3  0.3    

2144.22 65Cu(n, )66Cu* 1.0  0.4    

2235.23 29Si(n, )30Si* 1.3  0.4    

2291.42 63Cu(n, )64Cu* 1.2  0.3    

2448.70 65Cu(n, )66Cu* 1.2  0.4    

2512.0 63Cu(n, n')63Cu* 1.4  0.4    

2562.0 63Cu(n, n')63Cu* 1.7  0.4    

2614.51 208Pb(n, n')208Pb* 1.1  0.4    

2720.57 208Pb(n, n')208Pb* 1.2  0.3    

2763.0 56Fe(n, n')56Fe* 1.4  0.4    

2922.50 56Fe(n, )57Fe* 1.8  0.4    
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4. Effect of the natural radioactivity 
 

One of the factors limiting low background counting rates of a HPGe detector is the natural 

radioactivity present in the construction materials of the detector and the shield, as well as radon in 

the air. 

Peaks originating from natural radionuclides are well visible in the spectra obtained in the surface 

laboratory (Fig. 6. – 8.). Namely, 214Bi resulting from β-decay of 214Pb at energies of 295.22 keV and 

351.93 keV and peaks of 214Po coming from subsequent β-decay of 214Bi at energies of 609.32 keV, 

1120.29 keV and 1764.49 keV. Both of them belong to the 238U decay chain. The peak at 2614.51 

keV has origin in β-decay of 208Tl from the 232Th decay series. The 1460.80 keV peak comes from 

the electron-capture decay of 40K to de-exciting 40Ar. Potassium is present as the main contamination 

from natural radionuclides in the material surrounding the detector and in the detector itself. 
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Fig. 6. Experimental HPGe detector background spectrum for energy range from 0-1 MeV. 
 (Ge peaks-blue, Cu peaks-green, Pb peaks-red, natural radionuclides-brown) 
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 As information about radionuclide contamination of various parts of the setup was not available, 

no rigorous simulation of the background spectrum due to the contamination was possible. Moreover, 

a large part of the measured count rates except for 40K may be caused by presence of radon (222Rn) 

and thoron (220Rn) in air which may diffuse inside the shield and decay close to the detector [24]. The 

activities of radon and thoron in the shield may vary with time if the laboratory does not have a 

ventilation system removing these inert gases and their progeny from the ambient air. Reliable 

quantification of radon and thoron concentrations inside the shield is difficult because of variable 

radon and thoron emanation and their diffusion to the shield cavity.  

To estimate the contribution of radioactive contamination to the detector continuum, several 

simulations with 238U, 232Th, and 40K in the setup materials, and 222Rn in air inside the shield cavity 

were run. The resulting simulation spectra were normalized so that the simulated and the experimental 

count rates of the contamination peaks agreed while assuming that 35% of the 208Tl peak at 

2614.5 keV was induced by neutrons. It was found in the case of the surface laboratory that the 

simulated integral count rate of 0.033 ± 0.006 s−1 (50–2875 keV) due to radioactive contamination of 

the simulated spectrum made only 2.6% of the total experimental integral count rate of 1.26 ± 0.07 

s−1. This number agrees well with the fraction of integral count rate of 2.4% obtained by subtracting 

the simulated spectrum from the experimental one. Indeed, continua observed in the experimental 

spectra of low-level HPGe spectrometers operating in surface or shallow laboratories are mostly 

induced by cosmic rays. 
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Fig. 7. Experimental HPGe detector background spectrum for energy range from 1-2 MeV. 
(Ge peaks-blue, Cu peaks-green, Pb peaks-red, natural radionuclides-brown) 
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Natural radionuclides are present also in the background spectrum measured in underground 

laboratory in Modane with Obelix detector (Fig. 9.). Peaks caused by the natural radionuclides in the 

system were detected and traced to the primordial 40K and a few members of the 238U and 232Th decay 

series (212Bi, 214Bi, 212Pb, 214Pb, 228Ac, 208Tl). They are present in the detector construction materials, 

the shield and its surroundings, especially in the walls. The list of radionuclides and their 

concentrations is given in Chapter 3.3 and [37]. The Monte Carlo simulation of the experimental 

background energy spectrum was conducted assuming these concentrations. It was found that the 

natural radionuclides in the detector parts and the laboratory walls form almost 94% of the continuum. 

Therefore, the major contributors to the Obelix detector background are the radionuclides present in 

the detector construction parts and laboratory walls. The most abundant are the daughter products of 

the 238U, 232Th decay series and 40K as it is usually the case. It is impossible to remove the natural 

radioactivity in the laboratory walls consisting mainly of Fréjus rock present everywhere in LSM but 

effort should be made to optimize the detector shield. The concentration of radionuclides in the 

detector construction materials should be minimised by using even more radiopure materials. 

Significant reduction of long-lived radionuclides in these materials is a key issue. It is recommended 

to process the materials and assemble the detector parts in a place with a very low level of these 

radionuclides, as these radionuclides come to the detector parts from primary materials and the 

assembly rooms shall be very clean. Special attention should be paid to electronics, as the FET was 

one of the most radioactive parts. In underground laboratories is the reduction of -rays coming from 

decay of natural radionuclides one of key issues.  
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Fig. 8. Experimental HPGe detector background spectrum for energy range from 2-3 MeV. 

(Ge peaks-blue, Cu peaks-green, Pb peaks-red, natural radionuclides-brown) 
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The effect of the natural radionuclides was not simulated for the planned underground laboratory 

in Slovakia, as their concentrations in the detector parts, shield and walls were not known yet. 

Nevertheless, they are present everywhere including the deep underground laboratories [37]. 

Therefore, it was estimated based on the information from the previous studies [7, 35, 37]. If one 

considers the same concentrations of radionuclides in the detector as listed in Table 1 in [37] but in a 

100% relative efficiency detector, one can estimate that the contribution of natural radionuclides to 

the total background continuum would be about 40% at the depth of 1000 m w.e. (Fig. 10.). It 

indicates that γ-rays from decay of natural radionuclides contribute significantly to the background 

spectrum in that depth. To minimize the influence of natural radionuclides, it is recommended to use 

ultra-high purity materials for the experimental setup. For the second considered locality in the depth 

of 50 m w.e. the effect would remain very similar as for the surface laboratory with 50% relative 

efficiency HPGe detector. The natural radionuclides would form about 10% of the continuum (Fig. 

10.), which corresponds to results published in [39]. 

The detector will also be used for radiopurity measurements. In such cases information on 

detection limits plays a crucial role. As an example, detection limits of 137Cs in a hypothetical sample 

were determined in both depths.  

Peak analysis algorithms used in data evaluation software at present are complex so rigorous 

evaluations of detection limits are complex as well, using computer algorithms instead of analytical 

formulae. But a simple formula following the method described in [40] is sufficient for estimates 
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Fig. 9. Experimental HPGe detector background spectrum for the energy range from 0=3 MeV. Data from [29]. 
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needed in this study. The detection limit 𝐴# [Bq] according to the standard ISO 11929-3:2010 can be 

approximated by the following formula 

𝐴# =
𝑘2 + 2𝑘√2𝐵

𝜀𝑌𝑡
 

if the variance of the counting efficiency 𝜀 is negligible, which is usually the case when a 

radionuclide-specific standard is used for the efficiency calibration.  

In this formula: 

𝑘  = 1.645 for the confidence level of 0.95 

𝑌  = gamma-ray yield; in the case of 137Cs, 𝑌 = 0.851 

𝑡  = measuring time [s] 

𝐵  = number of counts in the region of interest around the 662 keV peak of 137Cs defined as 

𝐵 =∑𝑛𝑖

𝑁

𝑖=1

 

where 𝑛𝑖 is the number of counts in the channel 𝑖 from the region of interest comprising 𝑁 channels. 

The region of interest for calculating 𝐵 typically includes 𝑁 = 2 + 4 × FWHM+ 2 channels, where 

the FWHM is expressed in the number of channels. If the FWHM expressed in energy is 2.0 keV for 

1.33 MeV of 60Co, the FWHM expressed in energy for 0.662 MeV will be roughly 1.4 keV. The 

FWHM expressed in the number of channels is obtained by using the inverse energy calibration 

equation. 

A typical measuring efficiency of 0.01 (1%) and a reasonable measuring time 7 days were 

assumed. Under these assumptions, the detection limits would be 7.3 mBq and 0.54 mBq in the 50 m 

w.e. and 1000 m w.e. laboratory, respectively. Increasing the laboratory depth from 50 m w.e. to 1000 

m w.e. would result in a detection limit decrease by a factor of 13 at most. The presence of the 

background due to the material contamination will increase the detection limits and reduce the gain 

resulting from placing the laboratory to the depth of 1000 m w.e. 

For illustration, count rates of peaks coming from natural radionuclides were listed in Table 2. 

Count rates for background spectrum of detector with relative efficiency of 100% located in depth of 

1000 m w.e. were estimated based on information obtained during previous investigations, especially 

for the Obelix detector background. The same concentrations of radionuclides were assumed as in 

the Obelix detector and count rates were normalized to a 100% relative efficiency detector and to 

depth of 1000 m w.e. Integral count rates of individual continua formed by decay of natural 

radionuclides were calculated as well. The effect of natural radioactivity is negligible in background 

spectrum measured in surface laboratory as only 2.6% of continuum is formed by decay of natural 

radionuclides. However, in underground laboratories it gains significance. In deep underground 

laboratory in Modane it forms 94% of continuum and in planned Slovak laboratory in depth of 1000 

m w.e. it is estimated to be 40%. 

At this stage, only limited information on the planned underground laboratory was available, 

therefore it was not possible to provide more detailed design principles for the laboratory and shield 

design. 
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Fig. 10. Estimated HPGe detector background spectra with natural radionuclides in depths 50 m w.e. and 1000 m w.e. 
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Table 2 

Measured and estimated count rates of peaks coming from natural radionuclides. 

 

 

 

 

 

 

 

 

 

 

 

Energy peaks 

[keV] 
Natural Radionuclides and Reactions 

Count rates [d-1] 

HPGe 

detector in 

surface 

laboratory 

 

Obelix in 

4800 m w.e 

 

100% HPGe 

detector in 

50 m w.e 

(estimated) 

×105 

100% HPGe 

detector in 

1000 m w.e 

(estimated) 

40-3000 Continuum formed by natural radionuclides 2850  520 324  17 1194  92 5180  410 

72.81 X-rays of 208Pb 9  5 0.3  0.1 3  1 14  4 

74.97 X-rays of 208Pb +  X-rays of 212Pb and 214Pb 23  11 3.0  0.6 9  2 64  8 

84.21   X-rays of  208Pb + γ-rays of 228Th - 2.8  0.6 - 28  4 

238.63 212Pb(β decay)212Bi* - 1.6  0.3 33  6 55  6 

295.22 214Pb( decay)214Bi* 87  17 - 14  3 - 

351.93 214Pb( decay)214Bi* 126  16 0.6  0.3 22  6 11  4 

511.0 Annihilation 700  40 2.5  0.6 86  9 90  9 

583.19 208Pb(n, n')208Pb* + 208Tl(β decay)208Pb* 10  7 0.3  0.1 8  2 9  3 

609.32 214Bi( decay)214Po* 180  20 0.5  0.2 16  4 13  4 

911.40 228Ac(β decay)228Th - 0.8  0.2 6  2 13  4 

968.97 228Ac(β decay)228Th - 0.5  0.1 - 7  2 

1120.29 214Bi( decay)214Po* 15  6 0.3  0.1 4  1 43  6 

1460.80 40K( decay)40Ar* 99  14 1.1  0.3 11  2 15  4 

1509.21 214Bi( decay)214Po* - 0.2  0.1 - 2  1 

1588.20 228Ac(β decay)228Th - 0.2  0.1 - 2  1 

1677.10 
214Bi(β decay)214Po* + 228Ac(β decay)228Th + 

212Bi(β decay)212Po* 
- 0.3  0.1 - 2  1 

1764.49 214Bi( decay)214Po* 22  8 0.3  0.1 3  1 5  1 

2614.51 208Pb(n, n')208Pb* + 208Tl(β decay)208Pb* 41  12 0.3  0.1 4  1 9  2 
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Conclusions 
 

The main results obtained in this work may be summarised as follows: 

i. Within the study Investigation of neutron interactions with Ge detectors, investigations of 

interactions of neutrons (produced in the 241Am–Be source) with Ge detector placed in low-

level shielding were carried out experimentally and compared with Monte Carlo simulation 

using GEANT4 tool. Precise geometry of the setup was coded into the program, including 

individual material impurities. Reactions of elastic and inelastic scattering of fast neutrons were 

observed, as well as their capture by Ge and other nuclei present in the set up. Typical triangular 

shape -peaks of 70Ge, 72Ge, 73Ge, 74Ge and 76Ge induced by inelastic scattering of neutrons were 

detected. A large number of other peaks induced by neutron interactions with all materials in 

the setup (including impurities) were observed. Gamma-lines resulting from neutron 

interactions with lead and copper parts of the setup (e.g. the peak at 2614.51 keV originating 

from the reaction of 208Pb(n, n)208Pb*), dominated in the spectra. The peak of 40K (1466.11 

keV) was detected only as an excited state resulting from neutron capture by 39K. Impurities in 

materials are important targets for neutron interactions and their inclusion into simulation 

provide a better agreement with the experiment, also important for deep underground 

installations. Simulated background -spectra were in good agreement with the experimental 

ones, except for the lower-energy region below 250 keV. 

This work provides a thorough analysis of peaks observed in -spectra measured by Ge 

spectrometers exposed to fast neutrons, and demonstrates GEANT4 as a useful tool for 

simulating neutron-induced background of Ge spectrometers. 

ii. The work The neutron component of background of an HPGe detector operating in a surface 

laboratory deals with experimental and theoretical (GEANT4) investigations of background 

induction mechanisms of a low-level 50% p-type HPGe gamma spectrometer placed in a 

descending-Z lead shield (Pb–Sn–Cu). The whole system is located on the surface, on the 

ground floor of a 3-storey building providing approximately 1 m of concrete bulk shielding. 

Particular attention is given to clarifying the role of secondary and tertiary cosmic-ray neutrons.  

A very good agreement, qualitative as well as quantitative, between the measured and simulated 

spectra was achieved, confirming that GEANT4 is a suitable detector simulation tool for this 

type of studies, even if very complex neutron interactions with matter are involved. 

Nevertheless, triangular peaks, which are characteristic of neutron interactions with Ge crystals, 

cannot be reproduced correctly at present. The shapes of these peaks reflect particularities of 

the detection mechanism such as the recoil dynamics and plasma effects in charge collection.  

The background continuum in an HPGe system of this class (low-level in a surface building 

with a moderate overhead shielding) is generated mostly by cosmic-ray muons and tertiary 

cosmic-ray neutrons. The latter are responsible for almost all γ-ray lines of cosmic-ray origin 

in the background spectrum. The main sources of neutron-induced γ-rays, except the Ge crystal, 

are lead, copper and tin present in the construction materials of the HPGe detector and in the 

shield. An extensive list of γ-lines potentially visible in a background spectrum was compiled 

and the main nuclear reactions generating them were identified. It was found, that the source of 

the well-known 2614.51 keV peak is not exclusively the β-decay of 208Tl from the 232Th decay 

series to an excited state of the stable daughter nuclide 208Pb. The inelastic neutron scattering 

on 208Pb nuclei abundantly present in the lead shield contributes by about 35% to this peak.  

Below about 500 keV, the shape of the background continuum predominantly generated by 

cosmic rays (mainly by muons and neutrons) in our case depends considerably on the thickness 

of the overhead concrete bulk shielding associated with the building in which the system is 

located. Generally, there has been reasonable agreement between the measured and simulated 

background γ-ray spectra. The integral counting rates in the energy range from 50 keV to 

2875 keV were 1.26 ± 0.07 s−1 in the measured spectrum and 1.25 ± 0.13 s−1 in the simulated 

one, indicating a good agreement with the experiment.  
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Peaks caused by radioactive contamination of the system were detected and traced to the 

primordial 40K and a few members of the 238U and 232Th decay series (214Bi, 214Pb, 208Tl). Yet, 

in the case of the present system, the lack of knowledge about the contamination of the 

construction materials and interference of Radon and Thoron entering the shield cavity did not 

allow us to investigate this background source theoretically. To estimate the contribution of 

radioactive contamination to the detector continuum, a number of simulations with 238U, 232Th, 

and 40K in the setup materials, and 222Rn in air inside the shield cavity were run. It was found 

that only about 2.6% of the continuum is formed by decay of natural radionuclides.  

Although Pb and Cu are very popular materials for construction of low-level HPGe detector 

systems thanks to their costs and achievable purity, they are not the ideal choice as far as the 

neutron background is concerned. Interaction cross-sections are large and too many γ-rays are 

produced in nuclear reactions of various types. Tin should be also avoided as a construction 

material. 

iii. The study The effect of neutrons on the background of HPGe detectors operating deep 

underground deals with investigation of a background spectrum of a 160% relative efficiency 

HPGe detector located in the deep underground laboratory (LSM) in Modane (4800 m w.e.). 

Special attention was paid to the neutron induced background and to the contribution of the 

radionuclides in the detector parts to the measured background. The experimental spectrum was 

reproduced by a GEANT4 simulation with a good agreement. Separate simulations of spectra 

induced by cosmic-ray muons and neutron were carried out, too. It was found that the 

contribution of muon events to the experimental spectrum is much less than 1%, and it was 

confirmed that the muon induced spectra are about three orders of magnitude lower than the 

experimental ones.  

The contribution of radionuclides to the background measured underground is dominating. 

Almost 94% of the continuum of the experimental spectrum is formed by radiation coming 

from members of the 238U, 232Th decay series and 40K. Hence, even more radiopure materials 

should be used to decrease the detector background significantly.  

The detector background induced by neutrons coming mainly from (α, n) reactions and fission 

reactions due to Uranium and Thorium present in the Fréjus rock and in the wall concrete in 

LSM was investigated by Monte Carlo simulations. The total neutron invoked energy spectrum 

as well as individual contributions from thermal and fast neutrons were simulated. The 

comparison of integral count rates of the experimental spectrum and the simulated total neutron 

invoked energy spectrum showed that only about 6% of the measured background continuum 

is formed by interactions of neutrons. Fast neutrons contribute to the total spectrum induced by 

neutrons more than thermal neutrons, specifically about 65% of the total spectrum was induced 

by them. Furthermore, they contribute mainly to the lower continuum up to 250 keV, which is 

the region of interest for potential low mass WIMPs occurrence. Such events resulting from 

neutron interactions can imitate the searched signals. This gives this background source more 

importance. In addition, neutron interactions with the detector materials, especially with lead, 

copper and germanium, induce unwanted -rays contributing to the background spectrum. 

Peaks resulting from 208Tl decay are superimposed with 208Pb peaks coming from the inelastic 

neutron scattering. Similarly, the 57Fe γ-rays at the energy of 692.41 keV coming from the 

electron-capture decay of 57Co are combined with γ-rays of 72Ge originating in neutron 

interactions with the germanium crystal. Nevertheless, the contribution of neutron induced γ-

rays to the total count rates of these peaks is only about 2%. Neutron capture, elastic and 

inelastic scattering were simulated separately as well. It was found that inelastic scattering is 

the major contributor to the spectrum induced by neutrons. The effect of neutrons on the 

background of the HPGe detector operating underground, such as the Obelix, is manifested 

mainly by their contribution to the continuum up to 1 MeV, especially in the lower part up to 

500 keV. Simulations of neutron interactions in the lead shield showed, that particles generated 

in the shield contribute only about 1% to the total count rate of the resulting spectrum.  
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In general, we can conclude that the background continuum of the Obelix detector obtained 

underground is generated mostly by concentration of radionuclides and only a small part of it 

is formed by neutron interactions. Contribution of muons is minimal and thus, negligible.  

Lead and copper are very common materials used in the construction of low-level HPGe 

spectrometers, mainly due to their relatively low cost and high achievable radiopurity; however, 

they are not the best choice for underground experiments where neutron induced backgrounds 

play an important role. Their neutron cross-sections are large and many -rays are generated in 

neutron capture and inelastic scattering, which affects the measured spectrum. The most 

efficient way of avoiding the creation of neutron induced -rays from lead and copper, is to 

replace them by other types of materials or at least combine them with effective neutron 

suppressing materials. Another way of neutron background suppression is the use of neutron 

absorbing layers covering the walls and floor of the detector room. Further study of this subject 

is necessary.  

iv. The work Simulation of muon induced background in an underground laboratory in Slovakia 

is focused on calculations of muon energy spectra and investigation of muon induced 

backgrounds in two proposed underground laboratories, one in a depth of 50 m w.e. and the 

second one in a depth of 1000 m w.e. GEANT4 toolkit was used for the Monte Carlo 

simulations of the HPGe detector background induced by muons. The simulated background 

spectra were analysed and evaluated. It was found that the spectrum simulated for the 

underground laboratory in the depth of 1000 m w.e. is about five orders of magnitude lower 

than the one simulated for the shallow laboratory (50 m w.e.). The interactions of neutrons with 

the detector and the shield are more frequent at the depth of 50 m w.e. than in the depth 1000 

m w.e., as it was expected. The number of peaks coming from neutron interactions visible in 

the background spectrum simulated for the shallow laboratory at the depth of 50 m w.e. is 

higher. The count rates of identified peaks were calculated. Expectedly, the intensity of peaks 

in the spectrum simulated for shallow laboratory is higher than in the spectrum simulated for 

1000 m w.e. depth. In the background spectrum simulated at the 50 m w.e. shallow laboratory, 

the copper peaks are prevailing. In the background spectrum simulated in the 1000 m w.e. deep 

laboratory, the germanium peaks are prevailing up to 1500 keV, and the copper peaks dominate 

above 1500 keV. It was confirmed that the laboratory located at the depth of 1000 m w.e. is 

more suitable for low-background physics experiments but the laboratory at the depth of 50 m 

w.e. would be still suitable for environmental studies. Copper is a significant contributor to the 

detector background induced by cosmic rays in underground laboratories therefore it is not 

recommended using it as shielding material. The selection of ultra-high purity materials for the 

experimental setup is a key issue for underground experiments. The effect of natural 

radioactivity in planned Slovak laboratory was estimated. The contribution of natural 

radionuclides to the total background continuum would be about 40% at the depth of 1000 m 

w.e. and 10% at 50 m w.e. using HPGe detector with relative efficiency of 100%. The detection 

limits for 137Cs in a hypothetical sample was determined in both depths. It would be 7.3 mBq 

and 0.54 mBq in the 50 m w.e. and 1000 m w.e. laboratory, respectively. The detection limit 

would decrease by one order of magnitude at most if the laboratory would be built in the 1000 m 

w.e. depth compared to the depth of 50 m w.e. Due to the limited information about the planned 

underground laboratory and the used detector, it was not possible to provide more detailed 

design principles. 
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