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Научном већу Института за физику Универзитета у Београду 

 

ПРЕДМЕТ: Мишљење руководиоца пројекта о избору др Николе Веселиновића у 

звање научни сарадник 

 

Др Никола Веселиновић запослен је у Институту за физику у Београду од 2011. године. 

Ангажован је на пројекту основних истраживања Министарства просвете, науке и 

технолошког развоја Републике Србије ОИ171002, под називом Нуклеарне методе 

истраживања ретких догађаја и космичког зрачења. У оквиру пројекта бави се 

истраживањима у физици космичког зрачења и физици високих енергија, као и 

нискофонском гама спектроскопијом. С обзиром да испуњава све предвиђене услове за 

избор у звање вишег научног сарадника, у складу са Правилником о поступку, начину 

вредновања и квантитативном исказивању научноистраживачких резултата 

истраживача Министарства просвете, науке и технолошког развоја Републике Србије, 

сагласан сам са покретањем поступка за избор др Николе Веселиновића у звање научни 

сарадник. 

 

За састав комисије за избор др Николе Веселиновића у звање научни сарадник 

предлажем: 

1. др Владимир Удовичић, виши научни сарадник, Институт за физику у Београду 

2. др Александар Драгић, виши научни сарадник, Институт за физику у Београду 

3. проф. др Јован Пузовић, редовни професор, Физички факултет Универзитета у 

Београду 

 

 

Руководилац пројекта 

 

проф. др Иштван Бикит 

 

 



 

Стручна биографија- Никола Веселиновић 

 

Контакт: 

Кућна адреса: Булевар Михаила Пупина 3, Београд 

Телефон: 0642468288 

e-mail: veselinovic@ipb.ac.rs 

 

Никола Веселиновић  је рођен  10.11.1976. у Београду, где је завршио основну школу и 

гимназију.  

Завршио је Физички факултет, експериментални смер 2008. године. Дипломски рад на тему: 

“Скалирање приноса неутрона и максималне струје пражњења у деутеријумском плазма 

фокусу“ одбранио је на Физичком факултету са оценом 10 под менторством др. Владимира 

Удовичића. Од јесени 2008. јестудент  докторских студија на Физичком факултету на смеру 

Физика честица и језгара под менторством др Александра Драгића. 

Радио је у Хидрометеоролошком заводу Србије од 2007. године, а од априла 2011. је запослен 

на Институту за физику у Земуну у оквиру Нискофонске лабораторије за нуклеарну физику, 

прво као истраживач приправник, а од 2012. године као истраживач сарадник. Ангажован је 

на пројекту Министарства просвете, науке и технолошког развоја Републике Србије 

ОИ171002 “Нуклеарне методе истраживања ретких догађаја и космичког зрачења“  

Никола Веселиновић је радио на проблемима  из  области  космичког зрачења (Соларна 

модулација космичких зрака различите енергије, утицај атмосферских параметара на мерење 

флукса космичког зрачења), ниских активности и фона (космогени радионуклеиди-утицај 

космичког зрачења на фон, допринос радона фону) и експерименту на уређају Плазма фокус 

(скалирање приноса неутрона). Био је  део је тима из Србије  у оквиру SHINE колаборације у  

CERN-у (2011-2013). Докторску дисертацију под називом: “Реализација детекторског система 

у подземној лабораторији за изучавање соларне модулације космичког зрачења у 

хелиосфери“ је одбранио јуна 2018. на Физичком факултету у Београду. 

Поред овог, Никола Веселиновић је предавао физику по IGCSE програму и IBDP програму у 

две интернационалне школе. Био је програмски координатор Фестивала науке 2014. године и 

координатор издања  „Српски научници у реци и слици“. 

Живи са женом и сином у Београду. 

 

 

 



Елементе за квалитативну анализу рада 

 

1.1. Значај научног рада кандидата 
 

 Главна научна активност Николе Веселиновића,као члана Нискофонске лабораторије 

за нуклеарну физику Института за физику у Земуну,  је у области космичког зрачења, 

поглавито мионске компоненте секундарног космичког зрачења које се детектује на 

површини и испод површине Земље. Ови резултати су од значаја за изучавање процеса 

соларне модулације космичког зрачења. 

У оквиру овог истраживања, радио је на инсталацији асиметричног мионског 

телескопа у подземном делу НФ, чиме су значајно проширене могућности НФ за студирање 

поменутог процеса. Резултати тих активности су објављени у  Nucl.Instrum.Meth. A875 (2017) 

10-15, као и у Nucl.Instrum.Meth. A745 (2014) 7-11 и Nuclear Technology & Radiation Protection 

(2011), Vol. 26, No. 3, све часописи са импакт фактором преко 1 од који су два М21 а један 

М22 категорије. Никола Веселиновић је представио резултате ових активности на неколико 

међународних конференција из области астро-честичне физике и физике космичких зрака 

као и на неколико домаћих конференција. Поред главног правца истраживања Никола 

Веселиновић је дао допринос и у другим областима истраживања која се одвијају у оквиру 

Нискофонске лабораторије за нуклеарну физику Института за физику у Земуну и то у 

нуклеарној спектроскопији, изради радонске мапе Србије и нуклеарне фузије помоћу уређаја 

Плазма фокуса. Из ових области учествовао је у изради и дао  допринос у чланцима 

објављеним у Nukleonika,(2016), vol.61, br.3, str.357-360, M23; Radiation protection dosimetry, 

(2014), vol. 162 br. 1-2, str. 148-151,M22; Radiation protection dosimetry, (2014), vol. 160 br. 1-3, 

str. 62-64,М22; Applied radiation and isotopes, (2014), vol. 87 br. , str. 70-72,М22; Nuclear 

technology & radiation protection, (2014), vol. 29 br. 1, str. 17-23, М22;Romanian journal of 

physics, (2013), vol. 58 br. , suppl. s, str. s14-s21,М23; Journal of fusion energy, (2011), vol. 30 br. 

6, str. 487-489,М21; Radiation protection dosimetry, (2011), vol. 145 br. 2-3, str. 155-158, М22.  

 

1.2.Параметри квалитета часописа 
 

Кандидат др Никола Веселиновић је објавио укупно 11 радова у међународним часописима 

( http://kobson.nb.rs/nauka_u_srbiji.132.html?autor=Veselinovic%20Nikola%20B&samoar=&offse

t=0#.W5EHB8IyWUl ) и то : 

 2 рада у  врхунском међународном часопису NUCLEAR INSTRUMENTS & METHODS 

IN PHYSICS RESEARCH SECTION A-ACCELERATORS SPECTROMETERS 

DETECTORS AND ASSOCIATED EQUIPMENT  (импакт фактор:1,336;1,216) 

 1 рад у врхунском међународном часопису APPLIED RADIATION AND ISOTOPES 

(импакт фактор: 1,231) 

 1 рад  у врхунском међународном часопису JOURNAL OF FUSION ENERGY (импакт 

фактор: 0,517) 

 3 рада у  истакнутом међународном часопису RADIATION PROTECTION DOSIMETRY 

( импакт фактор: 0,913;0,913;0,822 ) 

 2 рада у истакнутом међународном часопису NUCLEAR TECHNOLOGY & RADIATION 

PROTECTION (импакт фактор: 0,560;1,159) 

 1 рад  у  међународном часопису  ROMANIAN JOURNAL OF PHYSICS (импакт фактор: 

0,745) 

 1 рад  у  међународном часопису  NUKLEONIKA (импакт фактор: 0,760) 

Укупан импакт фактор је 10,169 

 

1.3. Подаци о цитираности 

http://kobson.nb.rs/nauka_u_srbiji.132.html?autor=Veselinovic%20Nikola%20B&samoar=&offset=0#.W5EHB8IyWUl
http://kobson.nb.rs/nauka_u_srbiji.132.html?autor=Veselinovic%20Nikola%20B&samoar=&offset=0#.W5EHB8IyWUl


 Према бази Scopus радови др Николе Веселиновића су цитирани 37 пута од чега 21 

пут изузимајући аутоцитате. 

Прилог: Цитираност радова према бази  Scopus. 

 

2. Нормирање броја коауторских радова. 
 Сви радови кандидата спадају у екперименталне радове у природно-математичким 

наукама тако да се радови са 7 коаутора узимају са пуном тежином а радови са више ( 2 

чланка из међународних часописа са 8 и један чланак са 9 аутора, као и радови са 

конференција)  се нормирају по формули датој у Правилнику о поступку и начину 

вредновања, и квантитативном исказивању научноистраживачких резултата истраживача. 

 

 

3. Учешће у пројктима, потпројектима и пројектним задацима 
 Кандидат је од  од 1.11.2012. ангажован је на пројекту  ОИ171002 “Нуклеарне методе 

истраживања ретких догађаја и космичког зрачења“ Министарства просвете, науке и 

технолошког развоја Републике Србије, чији руководилац је др Иштван Бикит. 

 

4. Активност у научним и научно-стручним друштвима 
 

4.1. Организација научних скупова 

 Др Никола Веселиновић био је члан организационог одбора  два 

међународна научна скупа:  
 - 48th MICE Collaboration Meeting (2017.), 

 - NA61/NA49 Collaboration Meeting (2013.) 
 

4.2. Педагошки рад 
 -наставник физике у Гимназији Руђер Бошковић, на Програму међународне 

матуре (IB Diploma Programme) за ученике III и IV и  на Међународном Кембриџ програму за 

ученике I и II разреда гиманзије (Cambridge IGCSE) од школске године 

2013/2014. 

 - наставник физике у British International school  на Међународном Кембриџ програму 

заученике I и II разреда гиманзије (Cambridge IGCSE) од школске године 

2009/2010 до 2016/2017. 

 - ментор ученика полазника Регионалног центра за таленте Београд 1 
 

5. Утицај научних резултата 
 Списак радова и цитата дат је у прилогу. 
 

6. Конкретан допринос кандидата у реализацији радова у научним 

центрима у земљи и иностранству 

 Кандидат је све своје научне активности реализовао у Институту за Физику Београд. 

Значајно је допринео сваком раду у ком је учествовао. Његов допринос је пре свега 

у  нумеричком симулирању  интеракције секундарних космичких зрака са атмосфером, 

земњиштем и детекторским системима и анализи утицаја космичког зрачења на фон као и на 

прикупљању и анализи експерименталних података  и у писању радова. 

 

 

 

 



Елементи за квантитативну оцену 

научног доприноса 
 

 

Остварени М-бодови по категоријама публикација 

 

Категорија  

Укупно М-

бодова 

М-бодова по 

публикацији 

 

Број 

публикација 

 

Број 

публикација 

за 

нормирање 

Укупно 

М-бодова 

М21 8 4 1 30,67 

М22 5 5 2 22,49 

М23 2 2 0 4 

М33 1 6 4 5,1 

М70 6 1 0 6 

М10+М20+М30  17  62,26 
 

 

 



Списак радова др Николе Веселиновића 

Радови у врхунским међународним часописима (М21): 

1. Veselinovic Nikola B,Dragic Aleksandar L,Savic Mihailo R,Maletic Dimitrije M,Jokovic 

Dejan R,Banjanac Radomir M,Udovicic Vladimir I (2017) An underground laboratory as a 

facility for studies of cosmic-ray solar modulation, NUCLEAR INSTRUMENTS & 

METHODS IN PHYSICS RESEARCH SECTION A-ACCELERATORS 

SPECTROMETERS DETECTORS AND ASSOCIATED EQUIPMENT, vol. 875, br. , str. 

10-15  

2. Banjanac Radomir M,Dragic Aleksandar L,Udovicic Vladimir I,Jokovic Dejan R,Maletic 

Dimitrije M,Veselinovic Nikola B,Savic Mihailo R (2014) Variations of gamma-ray 

background in the Belgrade shallow underground low-level laboratory, APPLIED 

RADIATION AND ISOTOPES, vol. 87, br. , str. 70-72 

3. Banjanac Radomir M,Maletic Dimitrije M,Jokovic Dejan R,Veselinovic Nikola B,Dragic 

Aleksandar L,Udovicic Vladimir I,Anicin Ivan V (2014) On the omnipresent background 

gamma radiation of the continuous spectrum, NUCLEAR INSTRUMENTS & METHODS IN 

PHYSICS RESEARCH SECTION A-ACCELERATORS SPECTROMETERS DETECTORS 

AND ASSOCIATED EQUIPMENT, vol. 745, br. , str. 7-11 

4. Udovicic Vladimir I,Dragic Aleksandar L,Banjanac Radomir M,Jokovic Dejan R,Veselinovic 

Nikola B,Anicin Ivan V,Savic Mihailo R,Puzovic Jovan M (2011) Yield from Proton-Induced 

Reaction on Light Element Isotopes in the Hydrogen Plasma Focus, JOURNAL OF FUSION 

ENERGY, vol. 30, br. 6, str. 487-489 

Радови у  истакнутом међународном часопису (М22) 

1. Maletic Dimitrije M,Udovicic Vladimir I,Banjanac Radomir M,Jokovic Dejan R,Dragic 

Aleksandar L,Veselinovic Nikola B,Filipovic Jelena Z (2014) Correlative and Multivariate 

Analysis of Increased Radon Concentration in Underground Laboratory, RADIATION 

PROTECTION DOSIMETRY, vol. 162, br. 1-2, str. 148-151 

2. Udovicic Vladimir I,Filipovic Jelena Z,Dragic Aleksandar L,Banjanac Radomir M,Jokovic 

Dejan R,Maletic Dimitrije M,Grabez Bojana S,Veselinovic Nikola B (2014) Daily and 

seasonal radon variability in the underground low-background laboratory in Belgrade, 

Serbia, RADIATION PROTECTION DOSIMETRY, vol. 160, br. 1-3, str. 62-64 

3. Maletic Dimitrije M,Udovicic Vladimir I,Banjanac Radomir M,Jokovic Dejan R,Dragic 

Aleksandar L,Veselinovic Nikola B,Filipovic Jelena Z (2014) Comparison of Multivariate 

Classification and Regression Methods for the Indoor Radon Measurements, NUCLEAR 

TECHNOLOGY & RADIATION PROTECTION, vol. 29, br. 1, str. 17-23 

4. Dragic Aleksandar L,Udovicic Vladimir I,Banjanac Radomir M,Jokovic Dejan R,Maletic 

Dimitrije M,Veselinovic Nikola B,Savic Mihailo R,Puzovic Jovan M,Anicin Ivan V (2011) 

The New Set-Up in the Belgrade Low-Level and Cosmic-Ray Laboratory, NUCLEAR 

TECHNOLOGY & RADIATION PROTECTION, vol. 26, br. 3, str. 181-192 

5. Udovicic Vladimir I,Anicin Ivan V,Jokovic Dejan R,Dragic Aleksandar L,Banjanac Radomir 

M,Grabez Bojana S,Veselinovic Nikola B (2011) Radon Time-series Analysis in the 

Underground Low-level Laboratory in Belgrade, Serbia, RADIATION PROTECTION 

DOSIMETRY, vol. 145, br. 2-3, str. 155-158 



Радови у међународним часописима (М23): 

1. Filipovic Jelena Z,Maletic Dimitrije M,Udovicic Vladimir I,Banjanac Radomir M,Jokovic 

Dejan R,Savic Mihailo R,Veselinovic Nikola B (2016) The use of multivariate analysis of the 

radon variability in the underground laboratory and indoor environment, NUKLEONIKA, 

vol. 61, br. 3, str. 357-360  

2. Banjanac Radomir M,Udovicic Vladimir I,Dragic Aleksandar L,Jokovic Dejan R,Maletic 

Dimitrije M,Veselinovic Nikola B,Grabez Bojana S (2013) Daily Variations of Gamma-Ray 

Background and Radon Concentration, ROMANIAN JOURNAL OF PHYSICS, vol. 58, br. , 

str. S14-S21 

Саопштење са међународног скупа штампано у целини (М33): 

1. Banjanac Radomir M,Udovicic Vladimir I,Jokovic Dejan R,Maletic Dimitrije M,Veselinovic 

Nikola B,Savic Mihailo R,Dragic Aleksandar L,Anicin Ivan V (2015) Background Spectrum 

Characteristics of the HPGE Detector Long-Term Measurement in the Belgrade Low-

Background Laboratory, RAD 2015: THE THIRD INTERNATIONAL CONFERENCE ON 

RADIATION AND APPLICATIONS IN VARIOUS FIELDS OF RESEARCH, vol. , br. , str. 

151-153  

2. Maletic Dimitrije M,Banjanac Radomir M,Jokovic Dejan R,Udovicic Vladimir I,Dragic 

Aleksandar L,Savic Mihailo R,Veselinovic Nikola B (2015) Correlative and Periodogram 

Analysis of Dependence of Continuous Gamma Spectrum in the Shallow Underground 

Laboratory on Cosmic Ray and Climate Variables, RAD 2015: THE THIRD 

INTERNATIONAL CONFERENCE ON RADIATION AND APPLICATIONS IN 

VARIOUS FIELDS OF RESEARCH, vol. , br. , str. 47-50  

3. Savic Mihailo R,Maletic Dimitrije M,Jokovic Dejan R,Veselinovic Nikola B,Banjanac 

Radomir M,Udovicic Vladimir I,Dragic Aleksandar L (2015) Pressure and temperature effect 

corrections of atmospheric muon data in the Belgrade cosmic-ray station, 24TH EUROPEAN 

COSMIC RAY SYMPOSIUM (ECRS), vol. 632 

4. Veselinovic Nikola B,Dragic Aleksandar L,Maletic Dimitrije M,Jokovic Dejan R,Savic 

Mihailo R,Banjanac Radomir M,Udovicic Vladimir I,Anicin Ivan V (2015) Cosmic Rays 

Muon Flux Measurements at Belgrade Shallow Underground Laboratory, EXOTIC NUCLEI 

AND NUCLEAR/PARTICLE ASTROPHYSICS (V). FROM NUCLEI TO STARS, vol. 

1645, br. , str. 421-425 

5. Maletic Dimitrije M,Dragic Aleksandar L,Banjanac Radomir M,Jokovic Dejan R,Veselinovic 

Nikola B,Udovicic Vladimir I,Savic Mihailo R,Puzovic Jovan M,Anicin Ivan V (2013) 

Stopped cosmic-ray muons in plastic scintillators on the surface and at the depth of 25 m.w.e., 

23RD EUROPEAN COSMIC RAY SYMPOSIUM (AND 32ND RUSSIAN COSMIC RAY 

CONFERENCE), vol. 409 
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RADON TIME-SERIES ANALYSIS IN THE UNDERGROUND
LOW-LEVEL LABORATORY IN BELGRADE, SERBIA
V. Udovičić*, I. Aničin, D. Joković, A. Dragić, R. Banjanac, B. Grabež and N. Veselinović
Low-Background Laboratory for Nuclear Physics, Institute of Physics, Pregrevica 118, Belgrade 11080,
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Measurements of radon concentration in the underground low-level laboratory in Belgrade, Serbia with a discrete sampling
(T52 h) have been performed. From July 2008 to July 2010, the time-series analysis was carried out. Also, the simultaneous
measurements of meteorological parameters (temperature, atmospheric pressure and relative humidity) in the laboratory were
done. The simultaneous monitoring of these parameters shows the correlation between temporal variations of radon concen-
tration and meteorological parameters. Also, the radon time-series analysis has been used to study the possible correlation
between the anomalous behaviour of the radon concentration and the local seismicity.

INTRODUCTION

Radon is a unique natural element since it is a gas,
noble and radioactive in all of its isotopes. As gases,
the radon isotopes are mobile and can travel signifi-
cant distances within the earth and through the
atmosphere. The fact that radon is a noble gas
means that it is not immobilised by chemically react-
ing with the medium that it permeates. The only
way that radon diminishes is the radioactive decay.
Its radioactivity allows radon to be measured with
high sensitivity. Unfortunately, the high radon con-
centrations are a health risk, a cause of lung cancer.
The detection and the concentration measurements
of radon are one of the most important procedures
in the environment protection.

Indoor radon concentration varies daily and sea-
sonally, mainly due to the changes of the atmos-
pheric parameters (temperature, atmospheric
pressure and relative humidity) and the exchange
rate between indoor and outdoor air. For this
reason, it is important to investigate short-term vari-
ations of the indoor radon concentrations because
the short-term variation during the day may be
extreme. The short-term radon measurements were
performed in the underground low-level laboratory
in Belgrade, Serbia. The laboratory has the system
for radon reduction, which provides conditions for
the experiments and routine measurements, which
require low levels of radon concentration with
minimum temporal variations. Also, the simul-
taneous measurements of meteorological parameters
(temperature, atmospheric pressure and relative
humidity) in the laboratory were done. In this paper,
the radon data obtained with a discrete sampling
period of 2 h were spectrally analysed. Short-term
radon measurements during 2 y were performed.
The radon monitor was set to record, at the same

time, the radon concentration, temperature, atmos-
pheric pressure and relative humidity in the labora-
tory. The seasonal variation can be noticed in the
monthly averaged radon data. In the long term a
clear correlation occurs between indoor radon con-
centration and the relative humidity and temperature.

The time-series analysis of the obtained radon
data may be used as a possible tool for earthquake
prediction. The anomalies in radon time series that
are discovered in the past are expected to result from
the fluid flow in the ground. This motion can cause
a different radon concentration in the measuring
place than it would be in the absence of the flow.
The famous example of the correlation between
radon and earthquake prediction was Kobe earth-
quake in the Japan in 1995(1). Also, radon has been
recognised for a long time as a detectable com-
ponent of fluids associated with volcanoes (fumaroles,

Figure 1. Lomb-Scargle periodogram for a measurement
period of 2 y.
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groundwaters or soil gas)(2). In Durrani and Ilić(3)

one can find detailed survey about the applications of
the radon measurements in the soil, groundwater and

air, and in the earth sciences. During the 2 y (from
July 2008 to July 2010) of the short-term radon
measurements, the authors have tried to find possible

Figure 2. Monthly average radon concentration, temperature, relative humidity and atmospheric pressure in the
underground laboratory during a period of 2 y.
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correlation between the anomalous behaviour of the
radon concentration and the local seismicity in the
region of the south-east Europe.

EXPERIMENT

The indoor radon measurements were performed in
the underground low-level laboratory in Belgrade,
Serbia. The laboratory is a shallow underground lab-
oratory (25 m.w.e., a shielding thickness of the over-
burden soil expressed as water equivalent thickness).
Description of the laboratory is presented in more
detail elsewhere(4). The system for the reduction of
radon concentration in the laboratory is described in
Udovičić et al.(5) The radon monitor is used to
investigate the temporal variations in the radon con-
centrations. For this type of short-term measure-
ments, the SN1029 radon monitor was used
(manufactured by the Sun Nuclear Corporation).
The device consists of two diffused junction photo-
diodes as a radon detector, and is furnished with
sensors for temperature, barometric pressure and
relative humidity. The user can set the measurement
intervals from 30 min to 24 h. The radon monitor
device records radon and atmospheric parameters
readings every 2 h in the underground laboratory.
The data are stored in the internal memory of the
device and then transferred to the personal compu-
ter. The data obtained from the radon monitor for
the temporal variations of the radon concentrations
over a long period of time enable the study of the
short-term periodical variations. The series taken
during the period of 2 y were spectrally analysed by
the Lomb-Scargle periodogram method. This
method of analysis because it is specially designed
for the treatment of unevenly sampled data was
chosen, and it is better suited for the case here where

some of the data are missing than the common
Fourier transformation analysis. Another advantage
of the Lomb-Scargle method is a well-defined stat-
istical interpretation of the periodogram.

RESULTS AND DISCUSSION

The Lomb-Scargle periodogram for a measurement
period of 2 y is presented in Figure 1.

It is obvious that the Lomb-Scargle periodogram
shows very clean peak at 1 d and 1 y period.
Average radon concentration in the underground
laboratory for 2 y of measurement is found to be a
satisfactory low 13.48 Bq m23, with a standard devi-
ation of 10.07 Bq m23. The two periodicity of the
indoor radon behaviour are correlated with daily
and seasonal variations. The maximum radon levels
occurred each day in the early morning and the
minimum radon concentration was reached in the
afternoon hours. In the long term, a clear correlation
between monthly average radon concentration and
humidity and temperature in the laboratory is
obtained (Figure 2.)

Concerning the radon daughters, the relative
humidity indoors contributes to the aerosol density
and keeps the radon daughters in the indoor air.

During the measurement period, the data about
seismic activity in the region from the official site of
the seismological survey of Serbia were collected.
Fortunately, there was no earthquake with the mag-
nitude higher than ML¼4. The most intense earth-
quake in the neighbourhood happened in L’Aquila,
Italy (6 April at 03:30 a.m., NL¼6.3, depth¼8.8
km). Variations of the radon concentration in the
period when eartquake occurred are presented in
Figure 3. Any anomalous behaviour of radon con-
centration in that period of time was not observed.

CONCLUSIONS

Indoor radon concentration was measured under
controlled experimental conditions (indoor–outdoor
air exchange rate was constant; the influence of the
behaviour of the people, for example opening and
closing the door of the laboratory, was minimised).
The short-term measurements have shown that there
are temporal variations on daily basis, although the
reduction system is in operation. In the long term, a
clear seasonal variations of the radon concentration
are presented. Since the indoor–outdoor air
exchange rate was constant, only relative humidity
and the temperature variations in the laboratory are
correlated with the daily and seasonal variations of
the radon concentration. Also, there were no irregu-
larities in the radon time series, which may be corre-
lated with the earthquakes.

Figure 3. Variations of the radon concentration in the
period when the earthquake occured in L’Aquila, Italy

(6 April at 03:30 a.m., NL¼6.3, depth¼8.8 km).
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The reduction of the gamma-ray background contributes to the reduction of statistical 
errors of low activity measurements, while reduction of time variations of the 
background leads to lower systematic errors, especially in measurements of activities 
that coexist in the background. The sources of time variation of the background in a 
typical measurement of low activity are daily variations of radon concentration and 
aperiodic variations of cosmic-rays intensity. In this study we investigated the 
conditions that contribute to variations of radon and background by analyzing their time 
series in our ground level and shallow underground laboratories.  

Key words: Low-level gamma spectroscopy, time-series of radon measurements, time 
variation of the background, shallow underground laboratory. 

1. INTRODUCTION 

The most of the low background laboratories that deal with low activity 
measurements have developed routine measurements of background. The duration 
of these measurements may be from one day to even a month and they are designed 
to produce results with sufficiently low statistical errors for the envisaged 
measurements. These measurements, however, yield only average values of 
background, what in principle may lead to systematic errors in later measurements 
of NORM samples. The reason is the time variability of gamma-ray background 
spectra due to the changes of cosmic-rays intensity and radon concentration. 
Changes in cosmic ray intensity can usually be neglected since contributions to 
background, apart from the annihilation line, lie in the continuum.  

 
* Paper presented at the First East European Radon Symposium – FERAS 2012, September 2–5, 

2012, Cluj-Napoca, Romania. 
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Radon concentrations, on the other hand, are known to vary considerably, 
depending on many parameters that determine this concentration in every particular 
case. This includes the deposition of radon progenies on the walls of lead castles, 
what makes even the traditional radon suppression method by flushing the interior 
of the sample chamber with liquid nitrogen vapor potentially ineffective. It is thus 
most desirable to know the properties of every particular laboratory regarding the 
variability of radon concentration. In this case the optimum method for the 
minimization of this variation could be developed and applied, and the 
measurement strategy adjusted to these conditions. With this in mind we performed 
a series of measurements of radon concentration time series in our surface based 
and in our underground laboratory, where rather special conditions concerning 
radon concentration exist.  

In this paper we present only briefly some results of these measurements, 
which might be of wider interest. The most informative measurements in this 
respect are the measurements by the germanium spectrometers. There is a number 
of studies concerning the long-term stability of the background of gamma-ray 
spectrometers, [1]. The results of the measurements of radon concentrations for a 
short and long periods of time for our underground laboratory were already 
reported, [2]. The aim of the present work was to perform simultaneous 
measurements of radon concentration and air parameters (temperature, pressure 
and relative humidity) as well as the gamma-ray background. 

2. DESCRIPTION OF THE LABORATORIES 

Our Underground Laboratory (UL) is presented in more detail elsewhere, 
[3], and the system for the radon reduction in the laboratory is described in [4]. 
This system consists of passive and active “radon shield”. The passive shield 
consists of the 1 mm aluminum sheet which completely covers all the wall surfaces 
inside the laboratory. It is hermetically sealed with a silicon sealant to prevent 
diffusion of radon from surrounding soil and concrete walls of the laboratory. As 
an active radon shield the laboratory is continuously ventilated with fresh air, 
filtered through one rough filter for dust elimination followed by the active 
charcoal filters for radon adsorption.  

The long-term mean value of temperature inside the UL is 19(4) oC. The UL 
has area of 45 m2 and volume of 135 m3 that required the rate of air inlet was 
adjusted to 800 m3/h. This huge amount of fresh air contributes to greater 
temperature variability. On the other side the rate of air outlet (700 m3/h) was 
adjusted to get the overpressure of about 2 mbar over the atmospheric pressure, 
what prevents radon diffusion through eventual imperfections in the aluminum 
layer. The pressure buffer corridor to the laboratory (18 m2) ensures almost 
constant value of this overpressure. Relative humidity is controlled by the 
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dehumidifier device what provides that the relative humidity in the underground 
laboratory does not exceed 60%.  

All the measurements presented in this work performed in the underground 
laboratory were repeated in the Ground Level Laboratory (GLL), which is only air-
conditioned. This laboratory is situated in two joined standard transportation 
containers with iron sheet walls, but furnished with quality thermal insulation. The 
GLL has area of 30 m2 and volume of 75 m3. 

3. EXPERIMENTAL TECHNIQUES 

The radon monitor model SN1029 (manufactured by the Sun Nuclear 
Corporation, USA) provides the radon concentration together with atmospheric 
parameters by readings on every two hours. Measuring cycle of two hours duration 
of data sampling is limited to forty days by the device memory capacity.  

Gamma-ray background spectra of two HPGe detectors (of 18% and 35% 
relative efficiencies) in their 10 and 12 cm thick cylindrical lead castles were 
recorded at the same time with radon monitor, in the GLL and the UL, 
respectively. Analyzing devices for both HPGe detectors are flash analog to digital 
converters (FADC), made by C.A.E.N (type N1728B), which sample at 10 ns 
intervals into 214 channels. User-friendly software was developed and dedicated to 
C.A.E.N analyzer data with the possibility to choose integration time for further 
time-series analysis corresponding to time of readings of radon monitor. The 
details about digital setup and developed software are described in [5]. The results 
of digital time spectrometry analyzed by this software are time-series of the 
selected data, for example of the entire background spectrum or of the prominent 
peak net areas of radon daughters (214Pb and 214Bi). Time variations of these peaks 
should follow the changes of radon concentration as well as the fluctuations of 
ambient temperature and relative humidity but depend on many other parameters 
(aerosol kind and concentration, rate of surface deposition, etc.). 

4. THE RESULTS AND DISCUSSION 

The results are separated in two parts. The first one is related to investigation 
of connection between the measured ambient parameters and the measured daily 
radon variability inside the different measuring locations. Two hours of data 
sampling by radon monitor was optimally chosen in order to clearly see daily radon 
variation and not to have big statistical errors. For each day of all the runs, the 
difference of maximum to minimum value was calculated, [6]. The Table 1 
summarized the most important of these results. 
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Table 1 

The mean values of radon concentration and the averaged difference of its maximum to minimum 
values with corresponding standard deviations (sd), measured at listed locations (not simultaneously). 

(*)Averaged values of 3 measuring cycles. 

 Outdoor 
(near the GLL) 

GLL 
No air-con 

GLL 
Air-con(*) 

SR 
Air-con UL 

<Rn> (sd) 
[Bq/m3] 14(8) 34(22) 54(44) 33(14) 15(9) 

<Max-Min> (sd) 
[Bq/m3] 13(6) 28(20) 100(60) 39(11) 10(5) 

 
The Pearson correlation coefficient (Pcc) was calculated for all pairs of 

measured values. All presented results for the Pcc values have statistically 
significance at the confidence level of 95%.  

In absence of air-conditioning inside the GLL, behavior of indoor air 
parameters is similar to the behavior of the outdoor air with characteristic 
anticorrelation between relative humidity and temperature. The Pcc(RH,T) is –0.84 
and –0.67 for outdoor and „no air-con“ GLL measurement, respectively. In spite of 
quality wall insulation of the GLL, influence of radon through the ground floor is 
intensive. We tested the effects of air-conditioning on radon concentration in the 
GLL, under the conditions of stabilized temperature by one air-conditioning unit. 
The air-conditioner (12 kBTU) is adjusted to automatically provide temperature of 
20 oC, 23 oC and 25 oC, during a full measuring cycle of radon monitor, 
respectively. For all of these 3 measuring cycles the most significant and 
surprisingly difference in radon behavior is almost doubled the <Max-Min> value 
related to the radon mean value and compared to the radon behavior inside the „no 
air-con“ GLL, Table 1. Radon monitoring inside the GLL demonstrates that one 
air-conditioner alone cannot stabilize the radon content sufficiently to make the 
space suitable for any low-level NORM gamma-ray measurements, Figure 1. 
Otherwise, there is no strong correlation between relative humidity and 
temperature, the Pcc (RH,T) = +0.18. 

In order to decrease daily radon variability we also tested the fluctuation of 
radon concentration inside the smaller well-insulated and thoroughly air-
conditioned room with almost constant temperature. This small room (SR) is 
situated on the second floor inside the building of the Institute of Physics, has area 
of 10 m2 and 12 kBTU air-conditioning unit installed inside was adjusted to 23 oC. 
Figure 2 shows that even when the temperature is almost constant (T=23.6(2) oC), 
there is a considerable radon fluctuation, but the daily periodical variation is not so 
visualy obvious compared to „air-con“ GLL, Table 1. The Pcc(RH,T) is +0.53. 

As already shown only relative humidity and temperature have statistically 
significant correlation but no pressure. The Pearson correlation coefficients 
between radon concentration and ambient parameters (temperature, relative 
humidity and atmospheric pressure) are negligible except for Pcc(Rn,T) = –0.5 in 
„air-con“ GLL and Pcc(Rn,RH) = +0.35 in „no air-con“ GLL. 
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Fig. 1 – Typical radon concentration variability inside the air-conditioned GLL. 

 
Fig. 2 – Indoor radon concentration in the small air-conditioned room SR. 

Stability of radon concentration was also tested in the UL. The mean value of 
radon concentration averaged for two years of continuous measurement is 13(5) 
Bqm-3. Due to the huge quantity of fresh air pumped into the UL (800m3/h), daily 
variability of radon concentration follows a similar pattern as that in the GLL, 
though with much smaller amplitude, Table 1. Figure 3 shows this daily periodicity 
over an averaged day after 2 years of measurement by a radon monitor. 
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Fig. 3 – Variation of radon concentration in the UL over an averaged day after 2 years of continuous 

monitoring at two hours intervals. 

Relative humidity and temperature show a positive correlation, Pcc(RH,T) = 
= 0.77 for 2 years of continuous measurement. 

The second part of the results is related to simultaneously measurements of 
radon concentration by radon monitor and gamma-ray background by HPGe 
detectors. Inside of the sample chamber (SC) of a HPGe gamma-ray detector, 
radon concentration is influenced, also, by the radon distribution outside the SC, 
when the SC is not hermetically sealed. The HPGe detector sees the radon 
daughters (214Pb and 214Bi) not only from the air inside SC but also from surface 
depositions on detector and passive shield. Figure 4 presents how the summed 
intensity of the 4 most prominent radon daughter lines varies with time, as viewed 
by a small shielded HPGe detector (18% relative efficiency) in the „air-con“ GLL. 
This varies almost simultaneously with radon changes, as viewed by the radon 
monitor positioned inside the SC (air volume of 1 dm3) following the big <Max-
Min> radon value, Table 1. 

The Pcc between the summed intensity of the 4 most prominent radon 
daughter lines and simultaneously measured radon concentration is +0.39. The 
further investigations must be done in most controlled ambient conditions 
including the knowledge about many other parameters (aerosol kind and 
concentration, radon diffusion rates and rate of surface deposition of radon 
daughters) in order to optimize measuring parameters. This is important especially 
when deal with NORM low-level measurements of 226Ra in ground level laboratories.  

The background measurement in the UL by the HPGe detector (35% relative 
efficiency), as well as radon monitoring inside the SC, do not show obvious neither 
radon daughters nor radon daily periodicity. 
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Fig. 4 – Variability of radon daughters inside the GLL viewed by a small HPGe detector. 

5. CONCLUSION 

The issue of stability of the gamma-ray background requires special attention 
when low-level 226Ra measurements are performed by HPGe detectors. Main 
source of systematic error in these measurements is the daily radon concentration 
variability, which causes daily concentration variability of its daughters inside the 
sample chamber. Even a small HPGe detector sees significant changes of 
background, if the mean radon concentration in ambient air is of the order or above 
10 Bqm-3 and some kind of radon suppression method inside a sample chamber 
must be applied, [7]. 
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The Bel grade un der ground lab o ra tory con sists of two in ter con nected spaces, a ground level
lab o ra tory and a shal low un der ground one, at 25 me ters of wa ter equivalent. The lab o ra tory
hosts a low-back ground gamma spec tros copy sys tem and cos mic-ray muon de tec tors. With
the re cently adopted dig i tal data ac qui si tion sys tem it is pos si ble to si mul ta neously study in -
de pend ent op er a tions of the two de tec tor sys tems, as well as pro cesses in duced by cos mic-ray
muons in ger ma nium spec trom e ters. Char ac ter is tics and po ten tials of the pres ent ex per i men -
tal setup, to gether with some pre lim i nary re sults for the flux of fast neu trons and stopped
muons, are re ported here.

Key words: un der ground lab o ra tory, gamma-ray spec tros copy, low-level mea sure ments, cos mic rays

IN TRO DUC TION

The low-level and cos mic-ray lab o ra tory in Bel -
grade is ded i cated to the mea sure ment of low ac tiv i ties 
and cos mic-ray (CR) muon com po nents. At the in ter -
sec tion of the two re search sub jects, the study of
muon-in duced back ground in gamma spec tros copy is
of par tic u lar in ter est. The lab o ra tory adds to the list of
rel a tively shal low un der ground lab o ra to ries world -
wide (see the re cent re view [1]). It is lo cated on the
right bank of the river Dan ube in the Bel grade bor ough 
of Zemun, on the grounds of the In sti tute of Phys ics.
The ground level por tion of the lab o ra tory (GLL), at
75 me ters above sea level (m.a.s.l), is sit u ated at the
foot of a ver ti cal loess cliff, about 10 me ters high. The
un der ground part of the lab o ra tory (UL), use ful area
45 m2, is dug into the foot of the cliff and is ac ces si ble
from the GLL via a 10 me ters long hor i zon tal cor ri dor
which also serves as a pres sure buffer for a slight
overpressure that is con stantly main tained in the UL
(fig. 1). The over bur den of the UL is about 12 me ters
of loess soil, equiv a lent to 25 me ters of wa ter. The con -
tainer, which is to ac com mo date the top lab o ra tory
(TL), is sit u ated at the top of the cliff, just above the
UL. The GLL and UL have been in some use for a

num ber of years now, while the TL is still not func -
tional.

Con tin u ous mea sure ments of the cos mic-ray
muon flux by means of a pair of small plas tic scin til la -
tors 50 cm ´ 23 cm ´ 5 cm started in the GLL and UL
back in 2002 and lasted for about 5 years. These mea -
sure ments yielded the pre cise val ues of the in te gral CR 
muon flux at ground level and at the depth of 25 m.w.e.
[2]. Dif fer ent anal y ses of the time se ries of these mea -
sure ments have also been per formed [3, 4]. 

Sig nif i cant ef forts are be ing made to con tain
the low ra don con cen tra tion within the lab o ra tory.
The UL is com pletely lined with a her met i cally
sealed, 1 mm thick alu mi num foil. The ven ti la tion
sys tem main tains the overpressure of 2 mbar, so as to
pre vent ra don dif fu sion from the soil. Fresh air en ter -
ing the lab o ra tory is passed through a two-stage fil -
ter ing sys tem. The first stage is a me chan i cal fil ter for 
dust re moval. The sec ond one is a bat tery of coarse
and fine char coal ac tive fil ters. The con cen tra tion of
ra don is kept at an av er age value of about 10 Bq/m3.
Through out the years, cer tain in ter est ing be hav iors
of the said con cen tra tion have also been re ported [5,
6]. 

The two lab o ra tory spaces have re cently been
fur nished with a new ex per i men tal set-up which is
now ready for rou tine mea sure ments. Here pre sented
are some pre lim i nary re sults of wider in ter est, ob -
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tained dur ing the test ing pe riod of the new equip ment 
and the de vel op ment of the needed soft ware.

EX PER I MEN TAL SET-UP

The equip ment now con sists of two al most iden -
ti cal sets of de tec tors and an a lyz ing elec tron ics, one
set sit u ated in the GLL, the other in the UL. Each set is
com posed of muon de tec tors and a gamma spec trom e -
ter.

A pair of plas tic scintillator de tec tors is used for
CR  muon  mea sure ments.  One  of  them  is  a  larger
100 cm ´ 100 cm ´ 5 cm de tec tor, equipped with four
PMT di rectly cou pled to the cor ners bev eled at 45°,
made by Amcrys-H, Kharkov, Ukraine. The other, a
small 50 cm ´ 23 cm ´ 5 cm plas tic scintillator de tec -
tor, with a sin gle PMT look ing at its lon gest side via a
Perspex light guide ta per ing to the di am e ter of a PMT,
made by JINR, Dubna, Rus sia, and as sem bled lo cally.
The smaller de tec tor may serve as a check of sta bil ity
of the muon time se ries ob tained from the larger de tec -
tor, which is im por tant for long term mea sure ments. It
can also be used (in co in ci dence with the larger de tec -
tor) for mea sure ments of the lat eral spread of par ti cles
in CR show ers. Plas tic scin til la tion de tec tors are also
em ployed for ac tive shield ing of gamma spec trom e -
ters.

In the UL, a 35% ef fi ciency ra dio-pure p-type
HPGe de tec tor, made by ORTEC, in its 12 cm thick cy -
lin dri cal lead cas tle, is de ployed. An other HPGe de -

tec tor, of 10% ef fi ciency, is put to use in the GLL. It is
shielded with lead of the same or i gin, parts of a plumb -
ing sys tem col lected at a de mo li tion site of an old
hous ing es tate. The ex act his tory of this lead is not
known, but all the com po nents are known to be older
than two half-lives of Pb-210.

At the heart of the data ac qui si tion sys tem are
two flash: an a log to dig i tal con verter (ADC), flash an -
a log to dig i tal con verter (FADC), one in each lab o ra -
tory, made by CAEN (type N1728B). These are ver sa -
tile in stru ments, ca pa ble of work ing in the so-called
en ergy his to gram mode when per form ing as dig i tal
spec trom e ters or, in the oscillogram mode, when they
per form as dig i tal stor age os cil lo scopes. In both
modes, they sam ple at 10 ns in ter vals into 214 chan nels
in four in de pend ent in puts. The full volt age range is
±1.1 V.

They are ca pa ble of op er at ing in the list mode,
when ev ery an a lyzed event is fully re corded by the
time of its oc cur rence and its am pli tude. This en ables
the cor re la tion of events, both prompt and ar bi trarily
de layed, at all four in puts with the time res o lu tion of
10 ns. Sin gle and co in ci dent data can be or ga nized into 
time se ries within any in te gra tion pe riod from 10 ns
up. The two N1728B units are syn chro nized, en abling
co in ci dence/cor re la tion of the events re corded in both
of them. The flex i ble soft ware en com pass ing all above 
said off-line analyses is user-friendly and entirely
homemade. 

The usual dis po si tion of FADC in puts is de -
scribed next. The preamplifier out puts of the PMT of
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           Fig ure 1. Cross-sec tion of the low-level and CR lab o ra tory at IOP, Bel grade, 44°49'N, 20°28'E,
           ver ti cal ri gid ity cut off 5.3 GV



the larger de tec tors are paired di ag o nally, the en tire de -
tec tor thus en gag ing these two in puts of the FADC.
Sig nals from these in puts are later co in cided off-line
and their am pli tudes added to pro duce the sin gle spec -
tra of these de tec tors. This pro ce dure re sults in a prac -
ti cally com plete sup pres sion of the un in ter est ing
low-en ergy por tion of the back ground spec trum (up to
some 3 MeV), mostly due to en vi ron men tal ra di a tion,
leav ing only high-en ergy loss events due to CR muons
and EM show ers that peak at about 10 MeV. The out -
put of the PMT of the smaller de tec tor is fed to the third 
in put. The fourth in put is re served for the HPGe de tec -
tors.

In some in stances, aux il iary mea sure ments are
per formed with a dif fer ent def i ni tion of the in puts of
the data ac qui si tion sys tem. For ex am ple, a  (3 ´ 3)”
NaI de tec tor is used in the GLL to scan the re sponse of
the larger de tec tor to CR as a func tion of the po si tion of 
the in ter ac tion point.  

In the UL, the HPGe de tec tor is po si tioned be -
neath the cen ter of the larger de tec tor (fig. 2). For the
pur pose of mea sur ing low ac tiv i ties, the large plas tic
de tec tor is used in anti co inci dence, as a cos mic-ray
muon veto de tec tor. In or der to study the ef fects of cos -

mic rays on the spec tra in low-level high-res o lu tion
gamma-ray spec tros copy, it is used in co in ci dence as
the trig ger for the CR-in duced pro cesses. These two
func tions of the sys tem are per formed si mul ta neously
and do not in ter fere, as they are re al ized by dif fer ent
off-line anal y ses of the same set of data.

TEST ING THE SYS TEM AND
DE VEL OP ING THE SOFT WARE

In or der to test the per for mance of the dig i tal
spec tros copy sys tem, a se ries of test mea sure ments
with dif fer ent count rates and dif fer ent types of ra di a -
tion de tec tors at the in put of the FADC are per formed. 

One of the tests is de signed to cor re spond to the
real sit u a tions where neu trons cre ated by CR muons in
the lead shield pro duce cer tain ef fects in HPGe de tec -
tors. Neu trons pro duced by muons in the vi cin ity of
the de tec tor or the sur round ing rock mass rep re sent a
sig nif i cant source of back ground in ul tra-low back -
ground ex per i ments car ried out deep un der ground,
such as those search ing for dark mat ter or dou ble beta
de cay. In the test, done at the GLL, Cf-252 was used as
a neu tron source and the small plas tic scintillator as a
trig ger for neu trons. To dis tin guish be tween the ef fects 
of fast and slow neu trons, some ma te ri als com mon in
neu tron work, such as rub ber ized B4C,  Cd sheets, par -
af fin, lead and iron slabs, were placed around and in
be tween the source and the de tec tors. In ad di tion to the 
en vi ron men tal back ground, the HPGe spectra con sists 
of dif fer ent fea tures in duced by slow and fast neu trons
in the HPGe de tec tor and sur round ing ma te ri als.

Re sults of mea sure ments are stored as a list of
events rep re sented with their am pli tudes, time tags,
des ig na tion of in put chan nels and some ad di tional in -
for ma tion (pile-up event or not, etc.). The time tag for
ev ery event is de ter mined by the mo ment of cross ing
the set-trig ger ing level. In or der to min i mize the am -
pli tude walk, there is a pos si bil ity to choose be tween
dif fer ent types of trig gers, termed here as sim ple, dig i -
tal or CFD. We have stuck to the dig i tal trig ger which
was found to work re li ably and, if nec es sary, to the
off-line cor rec tion of the am pli tude walk [7].

The dis tri bu tion of time in ter vals be tween
events in the trig ger de tec tor and the HPGe is de duced
from the re corded data in off-line anal y sis. There is no
need to im ple ment the hard ware tome-to-am pli tude
con verter (TAC). For con ve nience, in what fol lows we 
will re fer to this dis tri bu tion as the TAC spec trum.

As an il lus tra tion, the TAC spec trum be tween
events in the plas tic scintillator and HPGe is pre sented
here (fig. 3).The prompt-time dis tri bu tion is seen to be
about 90 ns wide, while the tail of de layed co in ci -
dences is discernable be yond approx. 100 ns upon the
prompt peak. The same time spec trum, off-line cor -
rected for the am pli tude walk, ac cord ing to the pro ce -
dure de scribed in [7], is pre sented in fig. 3(b). The full
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Fig ure 2. De tec tors in the un der ground lab o ra tory (UL).
The big plas tic scintillator is po si tioned over the HPGe
de tec tor, seen in its lead shield ing. The small plas tic
scintillator is in the front up per right cor ner. A her met i -
cally sealed, 1 mm Al lin ing cov er ing the en tire UL,
which en ables the dou bly fil trated ven ti la tion sys tem to
sus tain an overpressure of 2 mbar and keeps the ra don
con cen tra tion at an av er age level of some 10 Bq/m3, is
also shown



with at half max i mum (FWHM) is now only 15 ns and
de layed co in ci dences, per haps, start as early as at ap -
prox i mately 20 ns af ter the prompt peak. Mind ing the
ge om e try of our set-up, we ex pect the ef fects in duced
by fast neu trons, both in the en vi ron ment and the
HPGe de tec tor it self, to be within the prompt peak,
while those in duced by thermalized neu trons should
be found in the tail of de layed co in ci dences.

To il lus trate the com plete sep a ra tion of the ef -
fects due to fast and slow neu trons, here pre sented (fig. 
4) are the por tions of the co in ci dent HPGe spec trum
around the spec tral lines orig i nat ing from dif fer ent
pro cesses in duced by neu trons in dif fer ent ma te ri als,
gated with dif fer ent por tions of the time spec trum –
with the prompt peak, tail of de layed events up to one
mi cro sec ond and the flat por tion of ran dom co in ci -
dences. Short com ments can be found in the cap tion
un der fig. 4.

We will now briefly com ment on the two
well-known struc tures in duced by neu trons in the
HPGe de tec tor it self, the struc tures at 596 keV and 692
keV. Their ap pear ance in the co in ci dence spec tra is de -
picted in fig. 5. The tri an gu lar dis tri bu tions re sult from
the sum ming of the ra di a tions de pop u lat ing the state ex -

cited in in elas tic neu tron scat ter ing with the en ergy of
the re coil ing nu cleus. The one at 596 keV ap pears in the
prompt spec trum, since the state at 596 keV in Ge-74 is
short-lived. The reg u lar peak of this en ergy in the de -
layed spec trum re sults from the ther mal neu tron cap ture 
by Ge-7, as is the case with the neigh bor ing 609 keV
line stem ming from the same cap ture re ac tion. If the
neu tron flux at the de tec tor is high, some of the in ten sity 
of the ubiq ui tous back ground line of 609 keV, usu ally
en tirely at trib uted to 214Bi, is due to this pro cess. 
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Fig ure  3. (a) The time spec trum be tween events in the
plas tic scintillator and the HPGe; (b) the same time spec -
trum, but with off-line time cor rected for the am pli tude
walk

Fig ure 4. The prompt, de layed (up to 1 ms), and ran dom
co in ci dence spec tra of: (a) the 478  keV Dopp ler-wid ened 
line from the (n, a) re ac tion on 10B which ap pears only in
the de layed spec trum; (b) the 847 keV line from the (n,
n') in elas tic scat ter ing on 56Fe which ap pears only in the
prompt spec trum; (c) the 558 keV line which ap pears in
both the prompt and de layed spec tra, prov ing that this
line orig i nates partly from the usu ally as sumed ther mal
neu tron cap ture by 113Cd and, de pend ing on the hard -
ness of the neu tron spec trum, in part, from the fast neu -
tron (n, n') re ac tion on 114Cd



The struc ture at 692 keV, how ever, ap pears in
the de layed spec trum since the ex cited state of this en -
ergy in Ge-72 is com par a tively long-lived, with a
half-life of 444 ns, which is long in com par i son to the
time res o lu tion of our sys tem. As a dem on stra tion of
the ca pa bil i ties of the sys tem, we de ter mined this
half-life by setting the soft ware gate to en com pass the
whole tri an gu lar struc ture in the co in ci dent Ge spec -
trum, thus pro duc ing a time spec trum cor re spond ing
to this con di tion, thanks to which the fit pro duced a
sat is fac tory value of 447(25) ns for the said half-life. 

This par tic u lar struc ture has been stud ied in de -
tail many times in the past, since 692 keV ra di a tion is
pure E0, de tect able with 100% ef fi ciency, which is
why the in te gral of the tri an gu lar struc ture is a re li able
mea sure of the fast neu tron flux at the po si tion of the
de tec tor [8-12]. These stud ies were per formed with
an a log spec tros copy sys tems where the in te gra tion
con stants are long and the re coils in vari ably sum up
with the 692 keV pulses. In dig i tal spec tros copy sys -
tems, how ever, there is one im por tant ca veat to keep in 

mind when us ing the in te gral of this struc ture for fast
neu tron flux de ter mi na tion. It ap pears that here the
shape and the in ten sity of the dis tri bu tion strongly de -
pend on the height of the trig ger ing level. The re coil
pulse is prompt, while the cor re spond ing 692 keV
pulse fol lows the re coil with de lay dis trib uted ac cord -
ing to the de cay law with the half-life of 444 ns. When
the trig ger is higher than the height of the re coil pulse,
692 keV pulse sums prac ti cally com pletely with the
re coil. When the trig ger is lower than the re coil, it will
trig ger the ADC, and this pulse, to gether with the fol -
low ing 692 keV pulse, will be re jected by the pile-up
re ject ing al go rithm. This is il lus trated in fig. 6 where
the same por tion of the di rect HPGe spec trum is pre -
sented, with two dif fer ent trig ger ing lev els. The width
of the tri an gu lar struc ture ap pears pro por tional to the
height of the trig ger ing level. If this struc ture is to be
used for quan ti ta tive pur poses, the safe height of the
trig ger ing level that may be rec om mended is, thus,

per haps about 50 keV, when the loss of the counts
within the struc ture is ex pected to be neg li gi ble.

Af ter the sys tem sat is fac to rily passed all the
tests, we started some pre lim i nary mea sure ments of
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Fig ure  5.  The spec trum of prompt, de layed, and ran dom 
co in ci dences (prac ti cally neg li gi ble) con tain ing: (a) the
struc ture at 596 keV from in elas tic fast neu tron scat ter -
ing on Ge-74 in the prompt spec trum, and the line of the
same en ergy from slow neu tron cap ture on Ge-73, in the
de layed spec trum; (b) the struc ture at 692 keV from the
in elas tic scat ter ing of fast neu trons on Ge-72, this time in
the de layed spec trum, due to the fi nite life time of 444 ns
at the ex cited state of 692 keV

Fig ure 6. The 692 keV dis tri bu tion in the di rect spec trum 
with the trig ger ing level set at 50 keV (a) and at 20 keV
(b)



the type that we plan to per form in the long run in the
fu ture, and it is of these re sults that we re port in what
fol lows.

PLANNED MEA SURE MENTS

We plan to con tin u ously col lect the back ground
spec tra of all de tec tors in both lab o ra to ries, even tu ally
chang ing only their mu tual spa tial ar range ments. The
spec tra of the large scin til la tors will stretch up to a cou -
ple of hun dreds of MeV, so as to in clude all mul ti ple
CR and shower events, while the one cor re spond ing to
the HPGe de tec tor will go up to about 30 MeV, in or der 
to in clude all pos si ble nu clear ra di a tions in duced by
CR ra di a tions. Each event is to be re corded in a sep a -
rate list, in ac cor dance with the time of the oc cur rence
of its trig ger (with the res o lu tion of 10 ns) and by its
am pli tude (in 32 k chan nels). By off-line anal y ses of
this data we ex pect to di rectly ob tain:
– the con tin u ous time se ries of cos mic-ray in ten sity

(muon plus elec tro mag netic – EM, com po nents)
in large and small plas tic scin til la tors at ground
level, as well as those gen er ated un der ground,

– decoherence curves of cos mic-ray co in ci dence
counts and co in ci dence spec tra at dif fer ent sep a -
ra tions of the said de tec tors, be it at ground level or 
the un der ground one, the idea be ing to first de fine
and, af ter wards, sep a rate muon from EM com po -
nents,

– the spec trum of the HPGe de tec tor in co in ci dence
and anti co inci dence with the large plas tic
scintillator po si tioned right above it, in the un der -
ground, and

– as well as the sig na tures of the soft com po nent of
EM show ers in the spec trum of the un shielded NaI 
de tec tor, taken in co in ci dence with the plas tic
detectors.

Since all above men tioned mea sure ments are
spec tral, we hope to ex ploit this fea ture to some ad van -
tage, even in the case of rather fea ture less spec tra of
plas tic scin til la tors. With the help of MC sim u la tion
pro grams (mainly CORSIKA and GEANT4), we ex -
pect to dis crim i nate the sig na tures of CR muons from
those of elec tro mag netic show ers to some de gree.

If all the mea sure ments are per formed con tin u -
ously, we es ti mate that, to gether, both set-ups will pro -
duce about 1 TB of data per year, all of which would be 
kept per ma nently for later anal y ses. 

To il lus trate the po ten tial of these mea sure -
ments, we will now briefly re port on some pre lim i nary
re sults ob tained dur ing a test ing pe riod, ap prox i -
mately year long. We will first briefly dis cuss the per -
for mance of low-level mea sure ments and then those
per tain ing to CR mea sure ments. 

LOW-LEVEL MEA SURE MENTS

Fu ture ap pli ca tions of the low-back ground
gamma spec tro scopic sys tem in clude the study of rare
nu clear pro cesses, mea sure ments of en vi ron men tal ra -
dio ac tiv ity and radiopurity of ma te ri als.

The cy lin dri cal lead shield ing of the 35% ef fi -
ciency ra dio-pure HPGe ORTEC de tec tor, with a wall
thick ness of 12 cm and an over all weight of 900 kg, was
cast lo cally out of scratch plumb ing re trieved af ter the
de mo li tion of some old hous ing. The in te gral back -
ground rate in the re gion from 50 keV to 3 MeV is about
0.5 cps. The lines of Co-60 are ab sent in the back ground 
spec trum, while the line of Cs-137 with the rate of
1×10–4 cps starts to ap pear sig nif i cantly only if the mea -
sure ment time ap proaches one month. Fukushima ac -
tiv i ties, though strongly pres ent in our in let air fil ter
sam ples, did not en ter the back ground at ob serv able
lev els, in spite of the great quan ti ties of air that we pump 
into the UL to main tain the overpressure, and it seems
that the dou ble air fil ter ing and dou ble buffer door sys -
tem, along with strin gent ra di a tion hy giene mea sures, is 
ca pa ble of keep ing the UL clean in cases of global ac ci -
den tal con tam i na tions (see e. g. [13]). 

No sig na tures of en vi ron men tal neu trons, nei -
ther slow nor fast, are pres ent in di rect back ground
spec tra. The rates of some char ac ter is tic back ground
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Ta ble 1. Count rates in some back ground lines. Rotes are
given in counts per sec ond (cps)

Energy [keV] Count rate [cps]

186.2 (Ra-226) 2.4×10–4

351.9 (Pb-214 1.1×10–3

583.1 (Tl-208) 6.6×10–4

609.3 (Bi-214) 1.1×10–3

911.1 (Ac-228) 4.5×10–4

1460.8 (K-40) 3.5×10–3

2614.5 (Tl-208) 1.1×10–3

Fig ure  7.  The back ground spec trum of the HPGe de tec -
tor in its lead cas tle in the UL and the part of the spec -
trum co in ci dent with the large scintillator po si tioned
right above it



lines are listed in tab. 1. With the large plas tic
scintillator cur rently po si tioned rather high over the
de tec tor top, at a ver ti cal dis tance of 60 cm from the
top of the lead cas tle, in or der to al low for the plac ing
of vo lu mi nous sources in front of the ver ti cally ori -
ented de tec tor, the off-line re duc tion of this in te gral
count by the CR veto con di tion is about 18% (see fig.
7). Up to a fac tor of two might be gained if the veto de -
tec tor were to be po si tioned at the clos est pos si ble dis -
tance over the HPGe de tec tor. This agrees well with
sim ple es ti mates of the rate of events sus cep ti ble to the  
veto con di tion [14]. The veto spec trum con tains all
events, prompt as well as those with de lays of up to 10
ms, which is why be sides the con tin uum it con tains
only the lead X-rays and the an ni hi la tion line. As we
shall see, the se lec tion of de layed events only re veals
some other de tails in this spec trum. Since for the time
be ing we are not able to im prove on the in trin sic back -
ground of our de tec tor, when an a lyz ing the an a lyt i cal
pow ers of our sys tem, at pres ent, we do not in sist on
the low er ing of sta tis ti cal er rors which de pend on
back ground lev els solely and are dif fi cult to re duce
fur ther with avail able means, but rather em pha size its
sta bil ity due to the low and con trolled ra don con cen -
tra tion in the lab o ra tory. This is es sen tial, es pe cially in
NORM mea sure ments, and makes our sys tem vir tu -
ally free of sys tem atic er rors as com pared to sys tems
which op er ate in en vi ron ments where ra don is not con -
trolled and where the re duc tion of post-ra don back -
ground ac tiv i ties is achieved by flush ing the de tec tor
cav ity with liq uid nitrogen va por, where the tran sient
regimes during sample changes and possible
deposition of radon progenies [15] may introduce
systematic uncertainties which are difficult to
estimate.

COS MIC-RAY MEA SURE MENTS

Muon spec tra and the time se ries

Dur ing the com mis sion ing of the large plas tic
de tec tors, we tested the re sponse of these de tec tors to
CR muons and their sta bil ity over a pro longed pe riod
of time. Cer tain re sults of these pre lim i nary stud ies are 
pre sented here.

In fig. 8, we pres ent the spec tra of the two di ag o -
nals of the large plas tic scintillator in the UL. Con trary
to the sit u a tion in the GLL, the peak of charged par ti cle 
en ergy losses sit u ated at about 10 MeV (due to both
muons and elec trons from EM show ers), is not fully
sep a rated from the low-en ergy tail of Compton elec -
trons in the UL, be cause of gamma-ray in ter ac tions
(both en vi ron men tal and from EM showers).

Fig ure 9 pres ents the co in ci dent sum spec tra of
the two di ag o nals. En ergy spec tra now con tain only
the well-de fined peak of charged par ti cles en ergy
losses. The off sets are not im posed and oc cur sim ply
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Fig ure 8.  The spec tra of two di ag o nals of the large plas tic 
de tec tor in the UL. Note that the peak of charged par ti cle
en ergy losses of 10 MeV, which cor re sponds to chan nel
320, is not sep a rated from the low-en ergy tail of
Compton scat tered en vi ron men tal gamma ra di a tions.
When summed, in co in ci dence they pro duce the spec -
trum from fig. 9

Fig ure 9. The sum spec tra of two di ag o nals of the large
plas tic de tec tors in the UL and GLL. For com par i son,
the spec tra are nor mal ized for the peaks to co in cide.
Chan nel 650 now cor re sponds to the muon en ergy loss of
10 MeV. The in te gral of this peaked dis tri bu tion is taken
as the first ap prox i ma tion to the CR muon count by the
large de tec tors



be cause at low en er gies there are no co in ci dent events. 
As the sim u la tions dem on strate, this is so be cause sin -
gle Compton elec trons do not pro duce enough light to
trig ger both di ag o nals.

The ma jor ity of events that pro duce this peaked
dis tri bu tion are due to CR muons that pass through the
de tec tor. We thus form the time se ries of this spec trum
in te grated over dif fer ent time in ter vals. As an ex am -
ple, in fig. 10 we pres ent the time se ries of this count in
30-min ute in ter vals, both in the UL and in the GLL, for 
a pe riod of 16 days in March 2010, and in one-hour in -
ter vals for the pe riod start ing with July 26, 2010. The
data are not cor rected ei ther for at mo spheric pressure
or temperature.

The two se ries ap pear highly cor re lated, the am -
pli tude of the mod u la tion of this count in the UL is
about 1.8%, while the cor re spond ing one in the GLL is 
about 3.5%. At these in te grat ing times, this is al ready
suf fi ciently sta tis ti cally sig nif i cant, even in the UL.

Pre vi ous mea sure ments at the same lo ca tion
with the small de tec tors yielded re sults for the muon
flux of 1.37(6)×10–2 per cm2s in the GLL, and of
4.5(2)×10–3 per cm2s in the UL [2].

NEU TRONS AND STOPPED POS I TIVE
MUONS IN THE UN DER GROUND
LAB O RA TORY 

Dur ing the test ing pe riod, we have ac cu mu lated
some six months of data-tak ing in the un der ground
lab o ra tory. The back ground spec trum of the HPGe de -
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Fig ure 11. The por tion of the back ground of the HPGe
spec trum co in ci dent with the large plas tic de tec tor with
de lays in the range of 1 to 5 ms, af ter 187 days of mea sure -
ment time. It shows the an ni hi la tion line which is due to
the de cays of pos i tive muons stopped in the lead cas tle,
and the tri an gu lar struc ture at 692 keV, which is due to
in elas tic scat ter ing of fast neu trons on 72-Ge, the neu -
trons orig i nat ing mostly from di rect fast muon in ter ac -
tions with nu clei and cer tainly less from cap tures of
stopped neg a tive muons. The thresh old in this spec trum
is suf fi ciently high to leave this last struc ture un scathed

Fig ure 10. The time se ries of the CR muon count of the
large plas tic de tec tor in the UL – (a) and (b) graphs – and
GLL (c) and (d) graphs for the pe riod start ing with
March 12, 2010, av er aged to half hour in ter vals, as op -
posed to the pe riod start ing with July 26, 2010, av er ag -
ing to one hour in ter vals. It is ev i dent that the
mod u la tion in the two lab o ra to ries is cor re lated and that
the am pli tude of the mod u la tion in the UL is roughly half 



tec tor con tain ing the co in ci dences with the large plas -
tic scintillator from the de layed tail of the cor re spond -
ing TAC dis tri bu tion in the re gion of 1 to 5 ms, shows at 
this sta tis tics only two in ter est ing fea tures (fig. 11),
though some more seem to emerge, but still in suf fi -
ciently sig nif i cant. The first is the al ready dis cussed
tri an gu lar struc ture at 692 keV al ready dis cussed,
which orig i nates from the in elas tic (n, n’) scat ter ing
ex cit ing the first ex cited state of the sta ble Ge-72
within the Ge de tec tor it self. In this case the trig ger
was suf fi ciently high, and ac cord ing to our find ing, the 
in ten sity of the 692 keV dis tri bu tion can be re li ably
used for the es ti mate of the fast CR-in duced neu tron
flux at the po si tion of the de tec tor. To ver ify this, we
ap plied the soft ware gate to this struc ture and ob tained
the TAC dis tri bu tion pre sented in fig. 12(a). Al though
the sta tis tics is poor, the fit through the tail of de layed
co in ci dences yields the half-life of 500(50) ns, which
com pares well with the known value of 444 ns. Us ing
the ex pres sion from ref. [8], we ob tain the value of
4(1)×10–7 cm–2s –1 for the flux of neu trons of CR or i gin
with en er gies over 1 MeV. This re fers to the flux at the
depth of 25 m.w.e., (see e. g. [16]) within roughly a ton

of lead, a com mon en vi ron ment in most mea sure ments 
of low ac tiv i ties. 

The sec ond fea ture of this spec trum is the an ni hi -
la tion line. The gate put on this line gives the TAC dis -
tri bu tion pre sented in fig. 12(b), where the fit through
the tail of de layed co in ci dences yields the mean life of
2.24(9) ms. This jus ti fies the as sump tion that these
events are due to the de cays of stopped pos i tive muons.
We fur ther as sume that the source of these de layed
annihilations is ho mo ge neously dis trib uted through out
the vol ume of the lead cas tle and use GEANT4 to find
the over all de tec tion ef fi ciency. From the in ten sity of
these de layed annihilations, we then ob tain that the
num ber of stopped pos i tive muons per kg of lead per
sec ond equals 3.0(5)×10–4 mstop/kgs.

We have also been able to es ti mate the num ber of 
stopped muons in the large plas tic scin til la tors them -
selves, both in the GLL and the UL (e. g. [16]). For this
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Fig ure 12. Time dis tri bu tions of events that be long (a) to
the struc ture of 692 keV, the slope of which yields 500(50) 
ns for the half-life of the state of this en ergy in 72-Ge and,
(b) that of the an ni hi la tion line, which yields 2.24(9) ms
for the mean life of the muon

Fig ure 13. The dis tri bu tions of short time in ter vals be -
tween suc ces sive counts in large plas tic scin til la tors
which sit on the dis tri bu tion of time in ter vals be tween
suc ces sive counts with a long ex po nen tial con stant that
cor re sponds to the to tal count ing rate and ap pears flat on 
this scale. The de cay con stant of short time in ter val dis -
tri bu tions, how ever, equals that of a muon mean life.
Note that the first two life times are miss ing, due to the
dead time of the sys tem, which in this par tic u lar case
equals 4 ms



pur pose, we looked into the dis tri bu tion of time in ter -
vals be tween the suc ces sive counts of these de tec tors.
The gross struc ture of this dis tri bu tion is nicely ex po -
nen tial, cor re spond ing to the av er age CR count ing rate 
and to an av er age time in ter val be tween the counts, re -
cip ro cal to the said rate. At short time in ter vals, how -
ever, the dis tri bu tion strongly de parts from this shape
(fig. 13).

It is again ex po nen tial, now with the time con -
stant of 2.16(4) and 2.22(3)  ms in the GLL and UL, re -
spec tively, re pro duc ing sat is fac to rily the  muon mean
life. This sug gests that these events orig i nate from
muons that both stop and de cay within the de tec tor.
Mind ing that the fiducial vol ume for this kind of sig na -
ture has not been es ti mated, the in ten sity of this ex po -
nen tial dis tri bu tion, tak ing in ac count the miss ing
events due to the 4 ms long dead time, now gives the es -
ti mate for the lower limit of the num ber of muons that
stop in 5 cm of plas tic per square me ter per sec ond, at
ground level as 6×10–2 mstop per m2s,  and  at  a  depth  of
25 m.w.e. as 1.52×10–2 mstop per m2s. It is in ter est ing to
com pare those fig ures with the re sults ob tained re -
cently at Gran Sasso [18, 19]. 

DECOHERENCE CURVES
AND SPEC TRA

In test mea sure ments, co in ci dence spec tra be -
tween large and small de tec tors at dif fer ent sep a ra -
tions be tween the two were re cov ered in off-line anal -
y ses, both in the GLL and the UL. These are
pre dom i nantly the spec tra of EM show ers, as seen by
re spec tive de tec tors. The com par i son with their di rect
spec tra, which at lower en er gies are com posed mostly
of the sig na tures of en vi ron men tal gamma ra di a tions
and at higher en er gies of the sig na tures of CR muons,

en ables the dis en tan gle ment of the sig na tures of these
ra di a tions. As an il lus tra tion, fig. 14  pres ents the spec -
trum of the large plas tic de tec tor in the UL, in co in ci -
dence with the small de tec tor, at their small est pos si ble 
sep a ra tion. This is to be com pared with the di rect spec -
trum of the large de tec tor, as pre sented in fig. 9. Re -
flect ing the struc ture of the EM com po nent at the
given lo ca tion, not only the in ten sity, but also the

shape of the spec trum changes with de tec tor sep a ra -
tion, and the dif fer ences be tween these co in ci dence
spec tra in the GLL and the UL re flect the dif fer ence in
the com po si tion of show ers on the sur face and un der -
ground. The sim plest in te gral char ac ter is tic of the
shower pro file is pre sented by the in te gral of this co in -
ci dence spec trum as a func tion of de tec tor sep a ra tion,
some times re ferred to as the decoherence curve. Fig -
ure 15 shows the decoherence curve at the GLL, fig. 16 
the same in the UL.
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Fig ure 14. The co in ci dent spec trum of the large plas tic
de tec tor in the UL, with the small de tec tor at the small est
sep a ra tion be tween them. Com pare this with the di rect
spec trum pre sented in fig. 9

Fig ure 15. The decoherence curve in the GLL, re flect ing
the lat eral pro file of EM show ers on the sur face; the nce
de notes num ber of co in ci dent events

Fig ure 16. The decoherence curve in the UL, re flect ing
the lat eral pro file of EM show ers at the equiv a lent depth
of 25 m.w.e; the nce de notes num ber of co in ci dent events 



Note that the two curves can not be sat is fac to rily
fit ted with quite the same type of func tional de pend -
ence, so that the width of the dis tri bu tions on the sur -
face and un der ground can not be di rectly com pared.
The much nar rower dis tri bu tion un der ground is a re -
sult of the harder CR muon spec trum and of the dif fer -
ent ra di a tion and at ten u a tion lengths, as well as of the
ge om e try of the shower-pro duc ing me dium. The ra tio
of the in ten si ties of the dis tri bu tions on the sur face and
un der ground is roughly twice the ra tio of CR muon in -
ten si ties at two lo ca tions. Full in ter pre ta tion awaits
better sta tis tics.

CON CLU SION

We have pre sented some pre lim i nary re sults for
muon and neu tron fluxes at ground level and un der -
ground spaces of the Bel grade low-level and CR lab o -
ra tory, ob tained dur ing the com mis sion ing of the new
equip ment con sist ing of two scin til la tion de tec tors, a
HPGe de tec tor, and a dig i tal spec tros copy sys tem
based on two CAEN N1728B units. The main ad van -
tage of the pres ent set-up is that it en ables com plex
mea sure ments in volv ing rou tine low ac tiv ity mea -
sure ments with mod est means, along with some in ter -
est ing re search work re lated to cos mic-ray phys ics.
We find that the re sults ob tained in this test ing phase
jus tify the planned pro gram of mea sure ments and that
the fu ture im prove ment on sta tis tics will con trib ute
not only to the qual ity of the re sults al ready ob tained,
but furthemore with  in creased sen si tiv ity new re sults
are also ex pected to emerge.
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NOVA  OPREMA  U  BEOGRADSKOJ  LABORATORIJI  ZA  MEREWE
NISKIH  AKTIVNOSTI  I  KOSMI^KOG  ZRA^EWA

Beogradska laboratorija sastoji se od dva laboratorijska prostora, jednog na povr{ini i
jednog podzemnog, na dubini od 25 metara vodenog ekvivalenta. Detaqno su opisani i ilustrovani
potencijali ovih laboratorija za merewe niskih aktivnosti i za kontinuirano merewe mionske i
elektromagnetne komponente kosmi~kog zra~ewa, kao i za studije procesa koje ova zra~ewa indukuju
u germanijumskim spektrometrima sme{tenim u niskofonskim podzemnim laboratorijama. Sva ova
merewa se izvode simultano, novim sistemom za digitalnu spektroskopiju, a podaci se zapisuju
doga|aj po doga|aj, i analiziraju posle zavr{enih merewa. Tako|e su prikazani preliminarni
rezultati koji su u fazi testirawa opreme dobijeni za fluks brzih neutrona i zaustavqenih miona u
povr{inskoj i u podzemnoj laboratoriji.
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We pres ent the re sults of a test us age of multivariate meth ods, as de vel oped for data anal y sis in 
high-en ergy phys ics and im ple mented in the toolkit for multivariate analysis soft ware pack -
age, in our anal y sis of the de pend ence of the vari a tion of in door ra don con cen tra tion on cli -
mate vari ables. The method en ables the in ves ti ga tion of the con nec tions of the wide spec trum
of cli mate vari ables with ra don con cen tra tions. We find that multivariate clas si fi ca tion and re -
gres sion meth ods work well, giv ing new in for ma tion and in di ca tions, which may be help ful in 
fur ther re search of the vari a tion of ra don con cen tra tion in in door spaces. The method may
also lead to con sid er able pre dic tion power of the vari a tions of in door ra don con cen tra tions
based on the knowl edge of cli mate vari ables only.

Key words: ra don, multivariate anal y sis, cli mate pa ram e ter

IN TRO DUC TION

Ra don is a unique nat u ral el e ment since it is a
gas, no ble and ra dio ac tive in all of its iso topes. As no -
ble gases, ra don iso topes are mo bile and can travel sig -
nif i cant dis tances within the ground and through the
at mo sphere. Be ing ra dio ac tive, ra don makes for about
55% of the an nual ef fec tive dose re ceived by av er age
non-pro fes sional. In door ra don con cen tra tions vary
sig nif i cantly due to a large num ber of fac tors, which
in clude the lo cal ge ol ogy, soil per me abil ity, build ing
ma te ri als and life style char ac ter is tics, cli mate pa ram e -
ters and the ex change rate be tween in door and out door 
air. Since both the cli mate pa ram e ters and air ex change 
rates may sig nif i cantly vary dur ing a day, it is im por -
tant to in ves ti gate their cor re la tion with short-term
vari a tions of in door ra don con cen tra tions. In the past
some what un usual cli mate pa ram e ters, such as wind
speed and cloud cover, were oc ca sion ally con sid ered,
us ing a multivariate method [1-3]. We start this anal y -
sis with the max i mum of 18 cli mate pa ram e ters and
use and com pare 12 dif fer ent multivariate meth ods.

Vari a tions of ra don con cen tra tion were stud ied
in our lab o ra tory [4] in many de tails since 1999 [5-8].

Sev eral cli mate vari ables, like air tem per a ture, pres -
sure, and hu mid ity were con sid ered [8, 9]. We now
make fur ther ad vance and try to use all pub licly avail -
able cli mate vari ables mon i tored by, in our case,
nearby au to matic me te o ro log i cal sta tion (Au to matic
Me te o ro log i cal Sta tion Bel grade-south, Banjica-Tro-
{arina, 44°45'16"N, 20°29'21"E). We want to find the
ap pro pri ate method out of the wide spec trum of
multivariate anal y sis meth ods that are de vel oped for
the anal y sis of data from high-en ergy phys ics ex per i -
ments to an a lyze our mea sure ments of vari a tions of ra -
don con cen tra tions in in door spaces.

FOR MU LA TION OF THE PROB LEM

The de mand for de tailed anal y ses of large
amount of data in high-en ergy phys ics re sulted in wide 
and in tense de vel op ment and us age of multivariate
meth ods. Many of multivariate meth ods and al go -
rithms for clas si fi ca tion and re gres sion are al ready in -
te grated into the anal y sis frame work ROOT [10],
more spe cif i cally, into the toolkit for multivariate anal -
y sis (TMVA) [11]. We use these multivariate meth ods
to cre ate, test and ap ply all avail able clas si fi ers and re -
gres sion meth ods im ple mented in the TMVA in or der
to find the method that would be the most ap pro pri ate
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and yield max i mum in for ma tion on the de pend ence of
in door ra don con cen tra tions on the mul ti tude of cli -
mate vari ables.

The first step is to cal cu late and rank the cor re la -
tion co ef fi cients be tween all the vari ables in volved,
what will help in set ting up and test ing the frame work
for run ning the var i ous multivariate meth ods con -
tained in the TMVA. Al though these cor re la tion rank -
ings will later be su per seded by method-spe cific vari -
able rank ings, they are use ful at the be gin ning of the
anal y sis.

The next step is to use and com pare the
multivariate meth ods in or der to find out which one is
best suited for clas si fi ca tion (di vi sion) of ra don con -
cen tra tions into what would be con sid ered ac cept able
and what would be con sid ered in creased con cen tra -
tion in in door spaces. Main aim is to find out which
method can, if any, on the ba sis of in put cli mate vari -
ables only, give an out put that would sat is fac to rily
close match the ob served vari a tions of ra don con cen -
tra tions. This would en able the cre ation of the “ra don
alarm” us ing only the multivariate clas si fi ca tion of the
now widely avail able re cords of cli mate vari ables. To -
wards this aim, this work should be con sid ered a pre -
lim i nary one, for the num ber of spe cific cases that
should be stud ied in this way should be much larger, to
com prise the mul ti tude of pos si ble rep re sen ta tive sit u -
a tions that oc cur in real life.

In or der to be able to use the multivariate clas si -
fi ca tion, the set of in put events (val ues for cli mate
vari ables for each mea sure ment) used, have to be split
into those that cor re spond to the sig nal (the ra don con -
cen tra tions that are con sid ered in creased) and to the
back ground (con sist ing of ra don con cen tra tions that
are de clared ac cept able). This split ting of the set of in -
put events is for the pur poses of this pre lim i nary anal y -
sis per formed at the lim it ing value of 40 Bq/m3. This
value is used for most of the anal y ses, and is se lected
be cause this split ting en sures max i mum em ploy ment
of multivariate com par i son meth ods, and this par tic u -
lar value re flects the fact that in our test case the sta tis -
tics on higher ra don con cen tra tion val ues are lower.
For the pur poses of set ting of a sort of a “ra don alarm”,
the value of ra don con cen tra tion that should be used
for split ting of in put events is the value for ra don con -
cen tra tion rec om mended by World health or ga ni za -
tion of 100 Bq/m3.  The method of multivariate re gres -
sion, how ever, does not re quire pre lim i nary split ting
of in put events, and is there fore a more gen eral one. 

EX PER I MEN TAL  DATA

There are many meth ods avail able for mea sure -
ment of ra don con cen tra tions in air. Ac cord ing to the
in te grat ing mea sure ment time, these may be di vided
into the long-term and short-term ones. The first are
mostly per formed with pas sive in te grat ing mea sur ing

de vices based on nu clear track de tec tors, which are
due to their low cost, sim plic ity, and wide avail abil ity
well suited for si mul ta neous col lec tion of data from a
large num ber of mea sure ment points and are thus used
in large ra don map ping pro jects. The sec ond group
com prises the meth ods that are per formed with more
com plex and more ex pen sive pas sive or ac tive (with
pumped air sam pling) de vices. For the short-term
mea sure ments of ra don con cen tra tion in a sin gle-fam -
ily dwell ing house in Bel grade, Ser bia, we use the
SN1029 ra don mon i tor (man u fac tured by the Sun Nu -
clear Cor po ra tion, NRSB ap proval-code 31822). The
de vice con sists of two dif fused junc tion photodiodes
as a ra don de tec tor, and is fur nished with sen sors for
tem per a ture, bar o met ric pres sure and rel a tive hu mid -
ity. The user can set the mea sure ment in ter vals from 30 
minutes to 24 hours. It was set to re cord si mul ta -
neously the ra don con cen tra tion, tem per a ture, at mo -
spheric pres sure and rel a tive hu mid ity.

The se lected house to mea sure the tem po ral vari -
a tions of ra don con cen tra tion is a typ i cal one-fam ily
de tached dwell ing house built with stan dard con struc -
tion ma te ri als such as brick, con crete, and mor tar. The
house is ther mally in su lated with Sty ro foam. Dur ing
the pe riod of mea sure ments (sum mer), the house was
nat u rally ven ti lated and air con di tion ing was used dur -
ing the hot test days. The in door ra don mea sure ments
were per formed in the liv ing room, where fam ily
spends any thing from 16 up to 24 hours dur ing the
work ing days of the week. Ra don mon i tor was mea -
sur ing ra don con cen tra tion, tem per a ture, pres sure,
and hu mid ity at 2 hour in ter vals, start ing from the 3rd

of June till the 3rd of July and from the 18th of July till
the 11th of Au gust 2013.

The val ues of cli mate vari ables, which will be
cor re lated with ra don mon i tor re sults, are ob tained
from a mod ern au to matic me te o ro log i cal sta tion lo -
cated some 400 m (GPS co or di nates) away from the
house where the ra don mon i tor was placed. The wide
set of cli mate vari ables were used, for the mea sure -
ments of which were per formed at 5 min ute in ter vals
dur ing June, July, and Au gust 2013. The fif teen cli -
mate pa ram e ters used are: out door air tem per a ture,
pres sure and hu mid ity, so lar irradiance, wind speed at
the height of 10 m above the ground, pre cip i ta tion,
evap o ra tion, and un der ground tem per a ture and hu -
mid ity at the depths of 10-30 and 50 cm.

The sec ond site used for the tests is our own
ground level lab o ra tory [1], which is air-con di tioned
and only rarely ac cessed, thus hav ing much more sta -
ble in door con di tions than the dwell ing house de -
scribed. The mea sure ments were per formed dur ing
Sep tem ber and Oc to ber 2012. Mea sure ments of cli -
mate pa ram e ters that will be com bined with ra don
mea sure ments in this case come from the dif fer ent,
and some what older au to matic metrological sta tion,
lo cated about 4 km from the lab o ra tory where the ra -
don mon i tor was tak ing data.
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MULTIVARIATE METH ODS

The TMVA pro vides a ROOT-in te grated en vi ron -
ment for the pro cess ing, par al lel eval u a tion and ap pli -
ca tion of multivariate clas si fi ca tion and multivariate re -
gres sion meth ods. All multivariate meth ods in TMVA
be long to the fam ily of “su per vised learn ing” al go -
rithms. They make use of train ing events, for which the
de sired out put is known, to de ter mine the map ping
func tion that ei ther de scribes a de ci sion bound ary (clas -
si fi ca tion) or an ap prox i ma tion of the un der ly ing func -
tional be hav ior de fin ing the tar get value (re gres sion).
All MVA meth ods see the same train ing and test data.
The cor re la tion co ef fi cients of the in put vari ables are
cal cu lated and dis played, and a pre lim i nary rank ing is
de rived (which is later su per seded by method-spe cific
vari able rank ings). For standalone use of the trained
clas si fi ers, TMVA also gen er ates light weight C++ re -
sponse classes that do not de pend on TMVA or ROOT,
nei ther on any other ex ter nal li brary. As will be dem on -
strated, the two most im por tant multivariate meth ods
for our pur poses are the boosted de ci sion trees (BDT)
and the ar ti fi cial neu ral net works (ANN) meth ods.

Boosted decision trees

BDT has been suc cess fully used in high en ergy
phys ics anal y sis for ex am ple by the MiniBooNE ex -
per i ment [12]. In BDT, the se lec tion is done on a ma -
jor ity vote on the re sult of sev eral de ci sion trees. De ci -
sion tree con sists of suc ces sive de ci sion nodes, which
are used to cat e go rize the events in sam ple as ei ther
sig nal or back ground. Each node uses only a sin gle
dis crim i nat ing vari able to de cide if the event is sig -
nal-like “goes right” or back ground-like “goes left”.
This forms a tree like struc ture with “bas kets” at the
end (leave nodes), and an event is clas si fied as ei ther
sig nal or back ground ac cord ing to whether the bas ket
where it ends up has been clas si fied as sig nal or back -
ground dur ing the train ing. Typ i cally, BDT is con -
structed of a for est of such de ci sion trees. The (fi nal)
clas si fi ca tion for an event is based on a ma jor ity vote
of the clas si fi ca tions done by each tree in the for est.
How ever, the ad van tage of the straight for ward in ter -
pre ta tion of the de ci sion tree is lost. In many ac a demic
ex am ples with more com plex cor re la tions or real life
ex am ples, the BDT of ten out per form the other tech -
niques. More de tailed in for ma tion about train ing can
be found in [11]. 

Ar ti fi cial neural networks 

An ar ti fi cial neu ral net work (ANN) [13] is most
gen er ally speak ing any sim u lated col lec tion of in ter -
con nected neu rons, with each neu ron pro duc ing a cer -
tain re sponse at a given set of in put sig nals. By ap ply -

ing an ex ter nal sig nal to some (in put) neu rons the net -
work is put into a de fined state that can be mea sured
from the re sponse of one or sev eral (out put) neu rons. 

ANN in TMVA be long to the class of multilayer
perceptrons (MLP), which are feed-for ward neu ral
net works. The in put layer con tains as many neu rons as 
in put vari ables used in the MVA. The out put layer con -
tains a sin gle neu ron for the sig nal weight. In be tween
the in put and out put lay ers are a vari able num ber of k
hid den lay ers with ar bi trary num bers of neu rons.

All neu ron in puts to a layer are lin ear com bi na -
tions of the neu ron out put of the pre vi ous layer. The
trans fer from in put to out put within a neu ron is per -
formed by means of an “ac ti va tion func tion”. In gen -
eral, the ac ti va tion func tion of a neu ron can be zero
(de ac ti vated), one (lin ear), or non-lin ear. The ANN
used for our pur poses uses a sig moid ac ti va tion func -
tion. The trans fer func tion of the out put layer is usu -
ally lin ear.

RE SULTS

We com ment on the re sults of our anal y ses di -
vided into cases that dif fer by the size of the set of cli -
mate pa ram e ters used, by the in door space stud ied, and 
by the meth ods of anal y sis used.

First, we intercompare the multivariate meth ods
used for clas si fi ca tion of ra don con cen tra tions by us -
ing the full set of cli mate vari ables as de scribed in pre -
vi ous sec tions.

We are us ing the in put events (set of cli mate vari -
ables for each mea sure ment) to train, test and eval u ate
the 12 multivariate meth ods im ple mented in TMVA.
The graph pre sent ing the re ceiver op er at ing char ac ter -
is tic (ROC) for each multivariate method (fig. 1) may
be con sid ered as the most in dic a tive in com par ing the
dif fer ent meth ods used for clas si fi ca tion of ra don con -
cen tra tions us ing cli mate vari ables. On this graph one
can read the de pend ence of back ground re jec tion on
sig nal ef fi ciency. The best method is the one that holds
max i mum value of back ground re jec tion for high est
sig nal ef fi ciency, i. e. the best method has ROC curve
clos est to the up per right cor ner on the graph pre sented 
in fig. 1. It turns out that the method best suited for our
pur pose is the BDT method. This means that BDT
gives most ef fi cient clas si fi ca tion of in put events. This 
is seen in fig. 2, which shows the dis tri bu tion of BDT
clas si fi ca tion method out puts for in put sig nal and
back ground events. The sec ond best method is the im -
ple men ta tion of ANN MLP. 

In fig. 3, one can see the val ues of sig nal and
back ground ef fi ciency and sig nif i cance. Sig nif i cance,
cal cu lated as

N

N N

( )

( ) ( )

signal

signal background+
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can be used as the value for com par i son of var i ous
multivariate meth ods, and also for com par i son of
method efficiencies for dif fer ent sets of in put vari -
ables. The sig nif i cance of the BDT method with full
set of in put cli mate vari ables turns out to be 30.6.
Rank ing of the BDT in put vari ables (tab. 1.) is de rived
by count ing how of ten the vari ables are used to split
de ci sion tree nodes, and by weight ing each split oc cur -
rence by the sep a ra tion it has achieved and by the num -

ber of events in the node. As seen from tab. 1, tem per a -
ture of the soil at the depth of 10 cm ap pears to be by far 
the most im por tant vari able.

Now we com pare the multivariate meth ods for
clas si fi ca tion of ra don con cen tra tion by us ing the min -
i mum set of cli mate vari ables that would give sim i lar
re sults as when us ing the full set. While search ing for
the best multivariate method for ra don clas si fi ca tion
in doors in this sit u a tion, we found that the BDT
method again gives the best re sult, with the sig nif i -
cance of 29.6 as com pared to 30.6, when all the avail -
able cli mate vari ables for train ing and test ing of
multivariate meth ods are used. The cli mate vari ables
cho sen for train ing and test ing in this case were: out -
door air tem per a ture, hu mid ity and pres sure, out door
soil tem per a ture at the depth of 10 cm, dif fer ences of
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Fig ure 1. ROC for all multivariate meth ods used for clas si fi ca tion of ra don con cen tra tion us ing cli mate vari ables

Fig ure 2. Dis tri bu tion of BDT clas si fi ca tion method
out puts for in put sig nal and back ground events

Fig ure 3. Cut ef fi ciency and op ti mal cut value of BDT
clas si fi ca tion MVA method

Ta ble 1. Rank ing of BDT in put vari ables

Vari able Vari able im por tance

Tem per a ture of soil at depth of 10 cm 1.37e-01*

Out side air tem per a ture 7.40e-02

Evap o ra tion 7.16e-02

Out side air pres sure 7.16e-02

P (out side) – P (ra don mon i tor) 6.51e-02

Out side air hu mid ity 6.40e-02

H (out side) – H (ra don mon i tor) 6.12e-02

T (out side) – T (ra don mon i tor) 5.79e-02

Hu mid ity of soil at depth of 10 cm 5.74e-02

So lar irradiance 5.16e-02

Tem per a ture of soil at depth of 20 cm 4.99e-02

Tem per a ture of soil at depth of 50 cm 4.68e-02

Tem per a ture of soil at depth of 30 cm 4.46e-02

Hu mid ity of soil at depth of 20 cm 4.31e-02

Wind speed at height of 10 m 3.87e-02

Hu mid ity of soil at depth of 30 cm 3.41e-02

Hu mid ity of soil at depth of 50 cm 3.13e-02

Pre cip i ta tion 0.00e+00

*1.37e-01 read as 1.37×10–1



out door and in doors tem per a ture, and the in doors hu -
mid ity and pres sure. One im por tant ca veat is in place
here. It con cerns the pos si bil ity that the two sets of in -
stru ments (for in door and out door mea sure ments) are
not iden ti cally cal i brated, what may es pe cially be the
case when two dif fer ent groups or in sti tu tions con duct
the in door and out door mea sure ments. It is es ti mated
that these in stru men tal ef fects do not in flu ence sig nif i -
cantly the re sults of this study. In the case of cal i bra -
tion of MVA clas si fi ca tion method, we need ra don
mon i tor ap pa ra tus in doors and ap pa ra tus for P, H, and
T mea sure ments out doors and an ap pa ra tus for mea -
sure ment of the out door soil tem per a ture with the sen -
sor po si tioned at the soil depth of 10 cm. While aim ing
at set ting a “ra don alarm” in this case, we thus have to
have two ap pa ra tuses for P, H, and T mea sure ments,
in door and out door, and an ap pa ra tus for mea sure ment 
of out door soil tem per a ture with the sen sor po si tioned
at the depth of 10 cm.

Next we com pare the uses of multivariate meth -
ods for clas si fi ca tion of ra don con cen tra tion in doors
when us ing the sim plest pos si ble set of cli mate vari -
ables. The cli mate vari ables used for train ing and test -
ing were: out door air tem per a ture, pres sure and hu -
mid ity, and dif fer ences of out door and in door
tem per a ture, pres sure and hu mid ity. That means that
we need to have two de vices for mea sure ment and re -
cord ing of tem per a ture, pres sure and hu mid ity, both
in doors and out doors at the same time. For cal i bra tion
and test ing of multivariate meth ods, in case of us ing
this set of cli mate vari ables we would need one ra don
mon i tor in doors, and an ap pa ra tus for mea sure ment of
P, H, and T out doors. For the pur pose of seting the ra -
don alarm, we would need to have two ap pa ra tuses for
P, H, and T mea sure ment. The best multivariate
method for ra don clas si fi ca tion in doors in this case is
also BDT method. The re sult ing sig nif i cance is 28.2 as 
com pared to 30.6 what we get when us ing the full set
of avail able cli mate vari ables for train ing and test ing
of multivariate meth ods. This tes ti fies that when we
drop out many cli mate pa ram e ters in this case of anal y -
sis the re sult ing sig nif i cance de creases no ta bly, but
still leav ing MVA clas si fi ca tion work good.

We also com pared the multivariate meth ods for
clas si fi ca tion of ra don con cen tra tion us ing the sim -
plest set of cli mate vari ables in our Ground level lab o -
ra tory, which is, as said, an air-con di tioned and only
sel dom ac cessed space. The cli mate data are pro vided
by the 4 km away and some what older au to matic me te -
o ro log i cal sta tion. The meth ods are still found to work
sat is fac to rily – the re sult ing sig nif i cance of the BDT
method now be ing 27.6 as com pared to 28.2, ob tained
with the sim plest set of vari ables in the case of the ac -
tively in hab ited dwell ing. The cli mate vari ables, re -
quire ments for train ing and test ing are the same as in
the pre vi ous case.

We also tested the sim ple set of only out door
mea sured cli mate vari ables con sist ing of the out door

air tem per a ture, pres sure and hu mid ity, and the out -
door soil tem per a ture at the depth of 10 cm. This
means that the de vices for mea sure ment and re cord ing
of out door tem per a ture, pres sure and hu mid ity as well
as the de vice for mea sure ment and re cord ing of the
out door soil tem per a ture at depth of 10 cm are re -
quired. The re sult ing sig nif i cance is now 27.2 as com -
pared to 30.6 when us ing the full set of avail able cli -
mate vari ables, and 28.19 when us ing the two
ap pa ra tuses for P, H, and T mea sure ments. 

Com par i son of multivariate meth ods for
clas si fi ca tion of ra don con cen tra tion in doors

The dif fer ence be tween this case and the pre vi -
ous one with the full set of cli mate vari ables is that in -
put events are now split at the value of ra don con cen -
tra tion of 100 Bq/m3, which is the rec om mended
lim it ing value be tween the ac cept able and in creased
ra don con cen tra tion by the World Health Or ga ni za tion 
(WHO).  Pre vi ous  method  had  a  cut  on  the value of
40 Bq/m3, which was found to in sure max i mum em -
ploy ment of multivariate clas si fi ca tions. This par tic u -
lar value re flects the fact that the sta tis tics on higher ra -
don con cen tra tions are get ting pro gres sively lower. In
tab. 2, we pres ent the sig nif i cance and the sig nal and
back ground ef fi ciency for sev eral best multivariate
clas si fier meth ods. Again, the BDT (and BDT
decorrelated) multivariate method shows the best per -
for mance in clas si fy ing the events into the cat e go ries
of in creased and ac cept able con cen tra tions.

Fig ure 4 shows the dis tri bu tion of BDT clas si fi -
ca tion method out puts for in put sig nal and back ground 
events. These fig ures again dem on strate that clas si fi -
ca tion meth ods work well i. e., that the sep a ra tion of
sig nal and back ground works very good. Also, the sig -
nif i cance value for BDT is higher for higher cut val ues
for split ting of in put events. In ter est ingly, it ap pears
that other multivariate meth ods also give better re sults
un der these new con di tions.

Re gres sion meth ods

Re gres sion is the ap prox i ma tion of the un der ly -
ing func tional be hav ior de fin ing the tar get value. We
tried to find the best re gres sion method that will give
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Ta ble 2. Sig nif i cance, sig nal, and back ground ef fi ciency
for sev eral best multivariate clas si fier meth ods in the
case of im posed lim it ing value of 100 Bq/m3

Clas si fier S/sqrt(S + B) EffSig EffBkg

BDT 31.1 0.97 0.01

BDTD 30.9 0.98 0.03

MLPBNN 30.6 0.95 0.02

MLP 30.0 0.93 0.04

SVM 29.6 0.93 0.05



out put val ues (pre dicted ra don con cen tra tion) clos est
to the ac tual ra don con cen tra tion that cor re sponds to
spe cific in put cli mate vari ables. The best multivariate
re gres sion method is found to be BDT, and the sec ond
one is MLP, same as in case of multivariate clas si fi ers.
Fig ure 5 pres ents the dis tri bu tion of ra don con cen tra -
tions and out puts from the BDT multivariate method
from re gres sion of ra don con cen tra tion us ing all cli -
mate vari ables.

To best way to es ti mate the qual ity of the method
is to look at the dif fer ences be tween the out put val ues
from BDT multivariate re gres sion method and the val -
ues of mea sured ra don con cen tra tions (fig. 6). The fig -
ure in di cates the sat is fac tory pre dic tive power of
multivariate re gres sion meth ods as ap plied for pre dic -
tion of vari a tions of in door ra don con cen tra tions
based on the full set.

CON CLU SIONS

The first test of multivariate meth ods de vel oped
for data anal y sis in high-en ergy phys ics and im ple -
mented in the TMVA soft ware pack age ap plied to the
anal y sis of the de pend ence of in door ra don con cen tra -

tion vari a tions on cli mate vari ables dem on strated the
po ten tial use ful ness of these meth ods. It ap pears that
the method can be used with suf fi cient re li abil ity for
pre dic tion of the in crease of in door ra don con cen tra -
tions above some pre scribed value on the ba sis of
mon i tored set of cli mate vari ables only. Sur pris ingly,
this set of cli mate vari ables does not have to in clude
too many of those which are now a days widely avail -
able. To con firm these prom is ing pre lim i nary find ings
more case stud ies of sim i lar char ac ter are re quired. 
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Fig ure 5. Dis tri bu tion of ra don con cen tra tions and out puts from BDT multivariate method for re gres sion of ra don
con cen tra tion us ing all cli mate vari ables

Fig ure 6. Dif fer ence of out puts from BDT multivariate
re gres sion method and ra don con cen tra tions, vs. 
ra don con cen tra tion

Fig ure 4. Dis tri bu tion of BDT and ANN MLP clas si fi ca tion method out puts for in put sig nal and back ground events
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Jelena Z. FILIPOVI]

PORE\EWE  MULTIVARIJANTNIH  METODA  PRI  KLASIFIKACIJI  I 
REGRESIJI  REZULTATA  MEREWA  RADONA  U  ZATVORENIM  PROSTORIJAMA

Predstavqamo rezultate testirawa kori{}ewa multivarijantnih metoda, razvijenih za
analizu podataka u fizici visokih energija i implementiranih u programskom paketu za
multivarijantnu analizu – u na{em prou~avawu zavisnosti varijacija koncentracije radona u
zatvorenim prostorijama i klimatskih varijabli. Multivarijantni metodi omogu}avaju
ispitivawe povezanosti {irokog spektra klimatskih varijabli i koncentracije radona, i onda
kada me|u wima nema zna~ajnih korelacija. Pokazali smo da multivarijantni metodi za
klasifikaciju i regresiju rade dobro, daju}i kao rezultat nove informacije i indikacije koje bi
mogle biti korisne u daqem izu~avawu varijacija koncentracije radona u zatvorenim
prostorijama. Kori{}ewem ovih metoda, mo}i }e da se do|e do relativno dobre mo}i predvi|awa
koncentracija radona, koriste}i samo podatke klimatskih varijabli.

Kqu~ne re~i: ra don, multivarijantna analiza, klimatski parametar
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DAILY AND SEASONAL RADON VARIABILITY IN THE
UNDERGROUND LOW-BACKGROUND LABORATORY IN
BELGRADE, SERBIA
V. Udovičić*, J. Filipović, A. Dragić, R. Banjanac, D. Joković, D. Maletić, B. Grabež and N. Veselinović
Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade 11080, Serbia

*Corresponding author: udovicic@ipb.ac.rs

Radon time-series analysis, based on the short-term indoor radon measurements performed worldwide, shows two main periodicity:
daily and seasonal. The information obtained from time series of the measured radon values is the results of the complex radon dynamics
that arises from the influence of the large number of different parameters (the state of the indoor atmosphere (temperature, pressure and
relative humidity, aerosol concentration), the exchange rate between indoor and outdoor air and so on). In this paper we considered daily
radon variability in the underground low-background laboratory in Belgrade, Serbia. The results are originated from the radon time-
series analysis based on the 3 y of the continuous short-term indoor radon measurements. At the same time, we obtained the time series
of the temperature, pressure and relative humidity in the laboratory. We also tried to find the correlation between different time series.

INTRODUCTION

The Low-Background Laboratory for Nuclear Physics
at the Institute of Physics in Belgrade is a shallow
underground laboratory. The experiments and routine
measurements in the underground Low-Background
Laboratory for Nuclear Physics require low levels of
radon concentration with minimum temporal varia-
tions(1, 2). Unfortunately, in the underground environ-
ments, radon level is extremely high (up to several kBq
m23) and temporal variations, especially the daily
amplitude, might be very intensive. The radon behav-
iour in such specific environments is the subject of in-
tensive research. This is confirmed by a number of
scientific articles published in last years(3 – 7). The
radon time-series analysis, based on the 3 y of the
short-term radon measurements, has shown that there
are two periodicity at 1 d and 1 y. Besides the fact that
the laboratory has the system for radon reduction(8),
there is a significant 1-d period which is the main
subject of this work. The physical origin of the
obtained daily variation in the underground labora-
tory is not straightforward. The daily variability
shows the best correlation with the difference of exter-
nal and internal temperature.

EXPERIMENT

The continuos short-term radon measurements were per-
formed in the underground low-level laboratory in
Belgrade. The device for the performed short-term
radon measurements is SN1029 radon monitor (manu-
factured by the Sun Nuclear Corporation, NRSB ap-
proval-code 31822) with the following characteristics:
the measurement range from 1 Bq m23 to 99.99 kBq
m23, accuracy equal to +25 %, sensitivity of 0.16
counts hour per Bq m23. With these characteristics,

SN1029 radon monitor is defined as a high-sensitivity
passive instrument for the short-term radon measure-
ments and it is an optimal solution for radon monitoring
in the underground laboratory. The measurements
covered period from June 2008 to November 2011. The
device has sensors for temperature, barometric pressure
and relative humidity. The sampling time was set to 2 h.
The data are stored in the internal memory of the device
and then transferred to the personal computer. The data
obtained from the radon monitor for the temporal varia-
tions in the radon concentrations over a long period of
time enable the study of the short-term periodical varia-
tions. The series taken during period of 3 y were spectral-
ly analysed by the Lomb-Scargle periodogram method.
After the 2 y, after start of the measurements, the data
were analysed and the obtained results were published(9).

RESULTS AND DISCUSSION

The descriptive statistics on the raw radon data are
shown in Table 1. The radon data from radon
monitor device SN1029 for the period of 3 y are spec-
trally analysed. The Lomb-Scargle periodogram ana-
lysis method has been used in spectral analysis of
radon time series. With the better statistics compared
with the previous results(9), the obtained periodogram
show two periodicity, on the 1 d and 1 y.

In Figure 1, the obtained radon and the difference
between outdoor and indoor temperature time series
during one calendar year are presented. The results
show similar behaviour of the two quantities. Figure 2
shows the correlation between radon and temperature
differences.

It is relatively a good correlation and presents the
results that may correspond to the previous results(3).
Also, the temperature profile defined two season, cold
(winter) and hot (summer). The winter time covered the
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period from December to June and the summer time is
the period from June to November. According to that
fact, the radon behaviour is presented in Figure 3.

The maximum radon concentration is in the August
and the minimum value is in the March. The daily
radon variability also has the interesting characteristic.

In Figure 4, the daily radon and the difference
between outdoor and indoor temperature variability
during 1 d are presented. Two quantities are shifted in
phase. This means that, when the difference between
the exterior and interior temperature decrease
(between 4 and 13 h), the radon level decreases
(between 6 and 16 h). The daily radon variability is

also analysed due to different periods of the year,
winter and summer.

The daily radon variability during two periods, winter
and summer, is presented in Figure 5. The positions of

Table 1. Descriptive statistics on the raw radon data.

n Mean SD Median

Radon concentration
(Bq m23)

10 090 13.75 9.86 12.4

Figure 1. The radon and difference between outdoor and
indoor temperature time series during one calendar year.

Figure 2. The correlation between radon and temperature
differences.

Figure 3. The radon monthly variability in the one calendar
year.

Figure 4. The daily radon and difference between outdoor
and indoor temperature variability during one day.

Figure 5. The daily radon variability during two periods,
winter and summer.
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the peaks are almost the same, but in the summer, the
daily variability is more intensive compared with the
winter period.

CONCLUSIONS

It has been shown that the radon behaviour in the
underground low-level laboratory in Belgrade has the
similar characteristics as in the other underground en-
vironment (caves, mines, boreholes and so on),
because it has the same source and the places are
completely surrounded with the soil. It is also not
quite understood the influence of the meteorological
parameters on the radon variability. In this work, the
correlation between daily radon variation and the dif-
ference of external and internal temperature in the
UL is pointed out. The further theoretical and experi-
mental research work is necessary to explain physical
mechanisms by which the temperature gradient is cor-
related with radon variations in the underground
environments.
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Introduction 

The research of the dynamics of radon in various 
environments, especially indoors, is of great impor-
tance in terms of protection against ionizing radia-
tion and in designing of measures for its reduction. 
Research of radioactive emanations (of radon (222Rn) 
and thoron (220Rn)) are in the domain of radiation 
physics, but since a few decades ago, subject of ra-
dioactive emanation involves many other scientifi c 
disciplines, thus giving a multidisciplinary character 
to this research. Published results and development 
of many models to describe the behaviour of indoor 
radon indicate the complexity of this research, espe-
cially with models for the prediction of the variability 
of radon, simply because the variability depends on 
large number of variables. Large number of factors 
(such as local geology, permeability of soil, build-
ing materials used to build the buildings as well as 
the habits of people) impact the variation of radon, 
and therefore, it is important to study their correla-
tion. In this paper, the results of correlative analysis 
of indoor radon and meteorological variables are 
presented. Furthermore, the results of multivariate 
classifi cation and regression analysis is presented. 
More details of this study can be found in [1]. 

Indoor radon variation depends signifi cantly on 
large number of factors, which include the local ge-
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Abstract. The paper presents results of multivariate analysis of variations of radon concentrations in 
the shallow underground laboratory and a family house, depending on meteorological variables only. All 
available multivariate classifi cation and regression methods, developed for data analysis in high-energy phys-
ics and implemented in the toolkit for multivariate analysis (TMVA) software package in ROOT, are used in 
the analysis. The result of multivariate regression analysis is a mapped functional behaviour of variations of 
radon concentration depending on meteorological variables only, which can be used for the evaluation of radon 
concentration, as well as to help with modelling of variation of radon concentration. The results of analysis of the 
radon concentration variations in the underground laboratory and real indoor environment, using multivariate 
methods, demonstrated the potential usefulness of these methods. Multivariate analysis showed that there is 
a potentially considerable prediction power of variations of indoor radon concentrations based on the knowledge 
of meteorological variables only. In addition, the online system using the resulting mapped functional behaviour 
for underground laboratory in the Institute of Physics Belgrade is implemented, and the resulting evaluation of 
radon concentrations are presented in this paper. 

Key words: multivariate analysis • radon variability 
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ology, soil permeability, building materials, lifestyle 
characteristics and meteorological variables. In 
order to analyse the dependence of radon variation 
on multiple variables, multivariate analysis needs 
to be used. 

The demand for detailed analyses of large amount 
of data in high-energy physics resulted in wide and 
intense development and usage of multivariate 
methods. Many of multivariate methods and algo-
rithms for classifi cation and regression are already 
integrated into the analysis framework ROOT [2], 
more specifi cally, into the toolkit for multivariate 
analysis (TMVA [3]). Multivariate analysis toolkit is 
used to create, test and apply all available classifi ers 
and regression multivariate methods implemented 
in the TMVA in order to fi nd methods that are the 
most appropriate and yield maximum information 
on the dependence of indoor radon concentrations 
on the multitude of meteorological variables. Clas-
sifi cation methods are used to fi nd out if it is possible 
to classify radon concentrations into low and high 
concentrations, using arbitrary cut value for radon 
concentrations. Regression methods are used as a 
next step with a goal to fi nd out which regression 
method can, if any, on the basis of input meteoro-
logical variables only, give an output that would 
satisfactorily close match the observed variations 
of radon concentrations. The output of usage of 
multivariate regression analysis methods is mapped 
functional behaviour, which can be used to evaluate 
the measurements of radon concentrations using 
input meteorological variables only. The prediction 
of radon concentrations can be an output of mapped 
function when the prediction of input meteorological 
variables exists. 

Short-term radon measurements in laboratory and 
real environment 

Depending on the integrated measurement time, 
methods of measurement of radon concentrations 
in air may be divided into long-term and short-term 
ones. For the measurements of radon concentration 
presented in this paper, the SN1029 radon monitor 
(manufactured by the Sun Nuclear Corporation, 
NRSB approval-code 31822) has been used as ac-
tive, short-term measurement device. The device 
consists of two diffused junction photodiodes as 
a radon detector and is furnished with sensors for 
temperature, barometric pressure and relative hu-
midity. The user can set the measurement intervals 
from 30 min to 24 h. It was set to record simultane-
ously the radon concentration, temperature, atmo-
spheric pressure and relative humidity. 

For the purposes of determining the best multi-
variate methods to use in the analysis, the results 
are obtained using radon monitor are from mea-
surements in two locations, the Low-Background 
Laboratory for Nuclear Physics in the Institute of 
Physics in Belgrade and in a family house. 

The underground Low-Background Laboratory 
for Nuclear Physics is selected for measurement and 
analysis because routine measurements in this labo-

ratory require low levels of radon concentration with 
minimum temporal variations. Low-background 
laboratory is located on the right bank of the river 
Danube in the Belgrade borough of Zemun, on the 
grounds of the Institute of Physics. The ground level 
portion of the laboratory, at 75 m above sea level, 
is situated at the foot of a vertical loess cliff, about 
10 m high. The underground part of the laboratory, 
useful area of 45 m2, is dug into the foot of the cliff. 
Underground laboratory is surrounded with 30-cm 
thick concrete wall. The overburden of the under-
ground laboratory is thus about 12 m of loess soil. 
Signifi cant efforts are being made to contain the 
low radon concentration within the laboratory. The 
underground laboratory is completely lined with a 
hermetically sealed, 1-mm thick aluminium foil. The 
ventilation system maintains the overpressure of 
2 mbar, so as to prevent radon diffusion from the soil. 
Fresh air entering the laboratory is passed through 
a two-stage fi ltering system. The fi rst stage is a me-
chanical fi lter for dust removal. The second one is a 
battery of coarse and fi ne charcoal active fi lters. The 
concentration of radon is kept at an average value 
of about 10 Bq/m3. 

In the Low-Background Laboratory for Nuclear 
Physics, radon concentrations were measured in 
period from 2008 to 2011 and continued later on 
periodically about a couple of months each year. 
Measurements of meteorological variables used in 
the analysis were recorded since 2008 and are taken 
from the meteorological station located 4 km from 
the laboratory. Measurements of radon concentra-
tions, room temperature, atmospheric pressure 
and relative humidity inside the laboratory were 
obtained using radon monitor. The results obtained 
from the measurements of radon concentrations and 
their infl uence on gamma and cosmic ray measure-
ments in the laboratory were published in several 
articles in international scientifi c journals [4–6]. 

The family house selected for the measurements 
and analysis of variations of radon concentrations 
is a typical house in Belgrade residential areas, with 
requirement of existence of cellar. House is built on 
limestone soil. Radon measurements were carried 
out in the living room of the family house, which is 
built of standard materials (brick, concrete, mortar) 
and isolated with styrofoam. During the period of 
measurements (spring–summer), the house was 
naturally ventilated and air conditioning was used in 
heating mode at the beginning of the measurement 
period. During the winter period measurements, 
the electrical heating was used in addition to air 
conditioning. Measured radon concentrations, room 
temperature, atmospheric pressure and relative hu-
midity inside the house were obtained using radon 
monitor. Values of meteorological variables in mea-
surement period were obtained from an automatic 
meteorological station located 400 m from the house 
in which the measurement was performed. We used 
the following meteorological variables: external air 
temperature, pressure and humidity, solar radiation, 
wind speed at a height of 10 m above ground, precipi-
tation, evaporation and temperature and humidity 
of the soil at a depth of 10, 20, 30 and 50 cm. 
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Correlation and regression analysis of the results 

All multivariate methods implemented in the TMVA 
are used in our search. All multivariate methods in 
TMVA belong to the family of ‘supervised learning’ 
algorithms [1]. All methods make use of training 
events, for which the desired output is known, to 
determine the mapping function that either de-
scribes a decision boundary (classifi cation) or an 
approximation of the underlying functional behav-
iour defi ning the target value (regression). Every 
MVA methods see the same training and test data. 
The two best performing multivariate methods for 
our purposes are boosted decision trees (BDT) and 
artifi cial neural networks (ANN). 

The determination of correlation coeffi cients be-
tween measured radon concentration and meteoro-
logical variables serves as a good tool for identifying 
the variables with strongest correlation, which are 
not excluded from the analysis later on. Also, cor-
relation coeffi cient tables gives a good overview of 
input data and their intercorrelations. In Fig. 1, the 
correlation matrix of linear correlation coeffi cients 
as an overview of intercorrelations of measured 
radon concentration and all input meteorological 
variables are shown for underground laboratory. The 
input variables in case of analysis of underground 
laboratory are atmospheric pressure, temperature 
and humidity in laboratory (Prm, Trm, Hrm) and out-
door (P, T, H) and differences in measured values 
of pressure (P – Prm), temperature (T – Trm) and 
humidity (H – Hrm) in laboratory and outdoor. Input 
meteorological variables in case of family house 
are the same as the list of measured meteorological 
variables from nearby meteorological station, with 
the addition of differences in temperature (T – Trm) 
and humidity (H – Hrm) from indoor and outdoor 
values, where indoor measurements results were 
obtained using radon monitor. 

Multivariate methods within the package TMVA 
in ROOT can search for best multivariate approxi-
mation of functional behaviour for the classifi cation 
function of radon concentration depending on me-
teorological variables. In the analysis, several mul-

tivariate methods were tested, and best performed 
method was BDT. This can be seen by presenting 
the receiver operating characteristics (ROC) curve 
for all tested multivariate methods in case of house 
measurements (Fig. 2). The BDT method has 
the highest value of integrated ROC function. 

BDT has proven to be the most effective method 
for the classifi cation of radon concentrations in case 
of data obtained from the house as well as those ob-
tained from measurements in the Low-Background 
Laboratory for Nuclear Physics. 

The next step in the analysis is the regression 
analysis, which is the way of fi nding a mapped func-
tion behaviour of dependence of radon concentra-
tions and meteorological input variables. The regres-
sion analysis was done using the TMVA packages, 
already used in classifi cation analysis, and for the 
same set of measured radon concentration and me-
teorological variables in underground laboratory and 
a family house in Serbia. Multivariate method BDT 
was found to be the best suited for regression analysis 
also, as was the case in classifi cation analysis. 

The data of measured radon concentration in 
house and BDT evaluated values, using only the 
values of meteorological variables, without the 
knowledge of measured values (i.e. in the testing 
set of multivariate analysis), is presented for com-
parison in Fig. 3. 

One of the possible application of having re-
sulting mapped function, given by multivariate 
regression analysis, is to have prediction of radon 
concentration values (evaluated) based on meteo-
rological variables alone. The online application of 
the regression multivariate analysis can be imple-

Fig. 1. Correlation matrix with linear correlation coef-
ficients as an overview of radon and meteorological 
variables intercorrelations in case of the Low-Background 
Laboratory for Nuclear Physics.

Fig. 2. ROC curve for all multivariate methods in case of 
house measurements. 

Fig. 3. BDT evaluated (predicted) values of  radon concen-
trations based on meteorological variables using regres-
sion analysis within TMVA packages in house (left) and 
measured values (right).
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mented, as the one posted online for evaluation 
(and prediction) based on meteorological variables 
alone (Fig. 4). 

Limitation of multivariate methods 

As the multivariate methods used in the analysis 
are ‘supervised learning’ algorithms, the perfor-
mance of the main result of multivariate analysis, 
the resulting mapped functional behaviour, depends 
on learning process. Limitation of multivariate 
analysis in the analysis of radon dependence on 
meteorological variables are coming from small 
number of measurements used in learning process, 
unlike the great number of measurements in high-
-energy physics experiments. As the next logical 
step in multivariate analysis presented in this paper 
should be inclusion of variables such as local geol-
ogy, permeability of soil, building materials used to 
build the buildings as well as the habits of people, 
the requirement for effi cient multivariate analysis 
is to have many measurements in many different 
houses. Many measurements would help to get 
good mapped functional behaviour, as opposed to 
possible existence of theoretical modelling that is 
independent on number of measurements. In this 
sense, if the number of measurements is not great, 
multivariate analysis can be used only as hell to in-
dicate which variables are more important to be used 
in theoretical modelling, for comparison of mapped 
and modelled functions, and modelled function 
test. Another important limitation of multivariate 
analysis is that no ‘straightforward’ interpretation of 
mapped functional behaviour is possible, or simply, 
the mapped function is a ‘black box’. This comes 
from the fact that the error minimization in learning 
algorithms, while mapping the functional behaviour, 
is an important part in learning process. 

Conclusions 

The paper presents the results of multivariate 
analysis of variations of radon concentrations in the 
shallow underground laboratory and a family house, 
depending on meteorological variables only. This 
test of multivariate methods, implemented in the 

TMVA software package, applied to the analysis of 
the radon concentration variations connection with 
meteorological variables in underground laboratory 
(with ventilation system turned on and off) and 
typical house in Serbia, demonstrated the potential 
usefulness of these methods. It appears that the 
method can be used for the prediction of the radon 
concentrations, on the basis of predicted meteo-
rological variables. The next step in multivariate 
analysis presented in this paper should be inclusion 
of variables such as local geology, permeability of 
soil, building materials used to build the buildings 
as well as the habits of people. The requirement for 
effi cient multivariate analysis is to have many mea-
surements in many different houses, which makes 
multivariate method very useful only when having 
many measurement, for instance, during radon map-
ping campaigns. Many measurements would help to 
get good mapped functional behaviour, as opposed to 
possible existence of theoretical modelling that is in-
dependent on number of measurements. Generally, 
multivariate analysis can be used to help indicate 
which variables are more important to be used in 
theoretical modelling, furthermore, for comparison 
of mapped and modelled functions, and modelled 
function test. 

Another usage of the results of classifi cation 
multivariate analysis presented in this paper is the 
implementation of online warning system for pos-
sible increased radon concentration in family houses 
based on meteorological variables only. 
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Abstract. The Belgrade underground laboratory is a shallow underground one, at 25 meters of water equivalent. It is 
dedicated to low-background spectroscopy and cosmic rays measurement. Its uniqueness is  that it is composed of two parts, 
one above ground, the other bellow with identical sets of detectors and analyzing electronics thus creating opportunity to 
monitor simultaneously muon flux and ambient radiation. We investigate the possibility of utilizing measurements at the 
shallow depth for the study of muons, processes to which these muons are sensitive and processes induced by cosmic rays 
muons. For this purpose a series of simulations of muon generation and propagation is done, based on the CORSIKA air 
shower simulation package and GEANT4.  Results show good agreement with other laboratories and cosmic rays stations. 

Belgrade Cosmic Rays Station 

Cosmic rays are energetic particles from outer space that continuously bombard Earth atmosphere, 
causing creation of secondary showers made of elementary particles. For last hundred years, after Hess’ 
discoveries, cosmic rays ( CR ) has been studied at almost every location accessible to research, from deep 
underground to above atmosphere [1]. Low-level and cosmic-ray lab in Belgrade is dedicated to the 
measurement of low activities and CR muon component. One of the objectives is also intersection of these two 
fields, namely, muon–induced background in gamma spectroscopy. Belgrade lab is relatively shallow 
underground laboratory [2] located at the right bank of river Danube on the ground of Institute of Physics in 
Belgrade. It is located at near-sea level at the altitude of 78 m a.s.l. and its geographic position is 44° 51’ N and 
longitude 20° 23’ E with geomagnetic latitude 39° 32’ N and geomagnetic vertical cut-off rigidity 5.3 GV. The 
lab has two portions, ground level portion ( GL ) is situated at the foot of the vertical loess cliff.  Other portion, 
the underground level ( UL ) is dug into the foot of the cliff and is accessible from the GL via  horizontal 
corridor as can be seen at Fig.1. Working area of UL has three niches for independent experiments.  

FIGURE 1. Scheme of low-level and CR laboratory at Institute of Physics, Belgrade 

The overburden of the UL is about 12 meters of loess soil, which is equivalent to 25 meters of water. The walls 
are made of 30 cm thick reinforced concrete and covered with the hermetically sealed Al lining 1 mm thick, to 
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prevent the radon from the soil to diffuse into the laboratory. The low-level laboratory is equipped with an air 
ventilation system which keeps 2 mbar overpressure in the UL, in order to minimize radon diffusion through 
eventual imperfections in the Al lining. 

Experimental Set-up 

The equipment of the lab consists of two identical set of detectors and analyzing electronics.  One set is situated 
in the GL and other in the UL. Each set is composed of gamma spectrometer and muon detectors. For muon 
measurements a pair of plastic scintillator detectors is used. One of the detectors is small, 50 cm x 23 cm x 5 cm 
plastic scintillator detector, with a single PMT looking at its longest side via a Perspex light guide tapering to the 
diameter of a PMT, made by JINR, Dubna, Russia, and assembled locally. The other, larger one has dimensions 
of  100 cm x 100 cm x 5 cm, equipped with four PMT directly coupled to the corners beveled at 45°,made by 
Amcrys-H, Kharkov, Ukraine. The smaller detector may serve as a check of stability of the muon time series 
obtained from the larger detector, which is important for long term measurements. It can also be used (in 
coincidence with the larger detector ) for measurements of the lateral spread of particles in CR showers and 
decoherence.  Plastic scintillation detectors are also employed for active shielding of gamma spectrometers. In 
the UL, a 35% efficiency radio-pure p-type HPGe detector, made by ORTEC, 12 cm thick cylindrical lead castle 
is deployed around the detector. One of the set-ups is presented at Fig.2. Another HPGe detector, of 10% 
efficiency, is placed in GL.  

 

FIGURE 2. Detectors in the underground laboratory. Large scintillator detector is placed above HPGe and small scintillator 
can change position. 

Data acquisition system is identical both in UL and GL and it has two flash analog to digital converter (FADC), 
one in each laboratory, made by CAEN (type N1728B). These are versatile instruments, capable of working in 
two modes, energy histogram mode when performing as digital spectrometers or, in the oscillogram mode, when 
they perform as digital storage oscilloscopes. In both modes, they sample at 10 ns intervals into 214 channels in 
four independent inputs. The full voltage range is ±1.1 V. They are capable of operating in the list mode, when 
every analyzed event is fully recorded by the time of its occurrence and its amplitude. This enables the 
correlation of events, both prompt and arbitrarily delayed, at all four in puts with the time resolution of 10 ns. 
Single and coincident data can be organized into time series within any integration period from 10 ns up. The 
two N1728B units are synchronized, enabling coincidence/correlation of the events recorded in both of them. 
The flexible software encompassing all above said off-line analyses is user-friendly and entirely homemade. The 
preamplifier outputs of the PMT of the larger detectors are paired diagonally. Signals from these paired inputs 
are later coincided off-line and their amplitudes added to produce the single spectra. This procedure suppress 
low-energy portion of the background spectrum (up to some 3 MeV), mostly environmental radiation, leaving 
only high-energy loss events due to CR muons and EM showers that peak at about 10 MeV, shown at Fig 3. The 
output of the PMT of the smaller detector is fed to the third input of FADC. [3] 
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FIGURE 3. The sum spectra of two diagonals of the large plastic detectors in the UL and GLL. For comparison, the spectra 
are normalized for the peaks to coincide. Channel 650 corresponds to the muon energy loss of 10 MeV. 

Simulation and Results 

The experimental set-up is rather flexible, thus allowing different studies of the muon and 
electromagnetic components of cosmic rays at the ground level and at the shallow depth underground. The 
cosmic-ray muon flux in the underground laboratory has been determined from data taken  from  November  
2008  till  June  2013 ( there were some small gaps in recording data during this period ). These measurements 
yielded the precise values of the integral cosmic ray muon flux at the location of Belgrade. Measured muon flux 
is: 137(6) m-2s-1 at the ground level and 45(2) m-2s-1 at the underground level [4]. Different analyses of time 
series of these measurements have also been performed. Interpretation and calibration of the experimental 
spectra has been done using Monte Carlo simulation packages CORSIKA and Geant4 [5, 6]. CORSIKA 
simulates extensive air showers generated by the primary cosmic-rays in interactions with air nuclei at the top of 
the atmosphere. It gives spectra of the secondary cosmic-rays at the preferred observation level. These secondary 
particles, their energy and momentum direction distribution, obtained by CORSIKA, are then used as an input 
for the Geant4 based simulation of the detectors. In this simulation, particles first traverse through soil and 
infrastructure of the UL lab before hitting the detector. Then the response of the plastic scintillation detectors is 
simulated. For the UL scintillators, the simulated spectra are shown in Fig. 4.[7]  

They  agree very well with  the  experimental  ones,  except  in  the  low-energy  part  where  the  
ambiental  gamma radiation is mostly present and where the cuts are applied. We also used these simulation 
packages to simulate different experimental set-ups and to obtain information about lower cut-of energy of 
primary cosmic rays at our site and for single muons and muons in coincidence. Energy of the primary particles 
from which detected muons originate increases for UL compared to GL but also for muons in coincidence 
compared with single detected muons. 

 

FIGURE 4.  Experimental vs simulated spectrum of large plastic scintillator detector at UL 
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These measurements allow us to study  fluctuations in muon flux intensity during the rising phase of 
Solar Cycle 24 and to make five-minutes or one-hour time series of  the flux. The scintillator counts are 
corrected for atmospheric pressure for the whole period of measurements and, as well, for vertical temperature 
profile for the period of last six years. The results are compared with other correction methods available. One-
hour time series of the cosmic ray muon intensity at the ground level are checked for correlation with European 
neutron monitors ( NM ), with emphasis on occasional extreme solar events, e.g. Forbush decreases (FD ) in 
order to investigate claims of influence of cosmic-rays on cloud formation and climate [8,9] In some specific 
time periods, like during the FD in March 2012, we showed that our muon measurement system has sensitivity 
comparable to European neutron monitors in this period, but still not as efficient as NM with better geographical 
position (at high altitude), e.g. Jungfraujoch in the Swiss Alps.These results are presented at Fig. 5. Due to fact 
that muons detected underground originate from primary particles with energy around and above the limit for 
solar modulation  time series from UL are less sensitive to these Solar events.  
 

 

 

FIGURE 5. Time series for March 2012 recorded at NM at Jungfraujoch compared to time series obtained at Belgrade 
cosmic-rays station 
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a b s t r a c t

The background spectrum of a germanium detector, shielded from the radiations arriving from the lower
and open for the radiations arriving from the upper hemisphere, is studied by means of absorption
measurements, both in a ground level and in an underground laboratory. The low-energy continuous
portion of this background spectrum that peaks at around 100 keV, which is its most intense component,
is found to be of very similar shape at the two locations. It is established that it is mostly due to the
radiations of the real continuous spectrum, which is quite similar to the instrumental one. The intensity
of this radiation is in our cases estimated to about 8000 photons/(m2s �2π � srad) in the ground level
laboratory, and to about 5000 photons/(m2s �2π � srad) in the underground laboratory, at the depth of
25 m.w.e. Simulations by GEANT4 and CORSIKA demonstrate that this radiation is predominantly of
terrestrial origin, due to environmental gamma radiations scattered off the materials that surround the
detector (the “skyshine radiation”), and to a far less extent to cosmic rays of degraded energy.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

After many comprehensive studies of background spectra of
germanium detectors [1,2], it has become common knowledge
that the main contributors to these spectra are the gamma
radiations of discrete spectrum, that originate from naturally
occurring radioactive isotopes dispersed in the environment and
in the materials that surround the detector, as well as the complex
radiations of mixed composition whose origin can be traced to
cosmic rays. Gamma radiations of discrete energies produce the
line spectrum but are also partially responsible for the continuum,
composed of the Compton distributions of discrete energies that
escape total detection. Due to the intrinsically high peak-to-
Compton ratio, this continuum is in germanium detectors much
lower than in other types of detectors. Vicinity of significant
quantities of new lead may be also contributing to the continuum
due to the presence of 210Pb [3].

Cosmic-ray muons by direct interactions produce the contin-
uous spectrum of energy losses that, for all detector sizes but for
the thinnest ones, peaks at high energies, well beyond the region
where the spectrum is usually of interest. The muon secondaries,
however, contain significant quantity of low-energy radiations

that contribute to the continuum in its portion relevant to
spectroscopy. The soft, electromagnetic component of cosmic rays
by its scattered and degraded radiations also contributes to the
continuous part of the background spectrum, mostly at lower
energies, within the region of interest to practical spectroscopy.
Neutrons, mostly of cosmic-ray origin, contribute the continuous
spectrum of recoils that diverges at lowest energies, though
usually of very low intensity. The only spectral line that is
attributed to cosmic rays is the annihilation line.

All these results in the instrumental background spectrum that
is characteristic of the detector size, shape and the dead layers. The
prominent feature common to all instrumental background spec-
tra, however, is that the greatest part of the spectral intensity lies
in the low-energy continuum that, depending primarily on the
detector size, peaks at around 100 keV. It is an empirical fact that
in the background spectra of unshielded High Purity Germanium
(HPGe) detectors, depending on their size, the total intensity in the
lines makes only some 10–20% of the total intensity in this low-
energy continuum. The cause for the particular shape of the
continuum is usually found in the similarly shaped energy
dependence of detection efficiency curves on germanium detec-
tors. The intensity of the continuum is already by an educated
guess well over the expected intensity of all the Compton
distributions taken together, what suggests that at least some part
of the continuum must be of some other origin, unaccounted for
by conventional considerations. To check this, in this work we
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study by means of absorption measurements the background
radiations that arrive from the upper hemisphere, which may be
suspected responsible for the part of this continuum, with the aim
of determining its intensity and origin. This assumption is justified
by the fact that majority of germanium detectors are vertically
oriented and are by virtue of their construction already of very low
detection efficiency for low-energy radiations arriving from the
lower hemisphere, e.g. Ref. [4].

2. The experiment

The measurements were performed with a vertically oriented
35% efficiency coaxial type radio-pure HPGe detector mounted in
the 1.5 mm thick magnesium housing (of the ORTEC GEM30 type).
It was shielded from the radiations coming from the lower hemi-
sphere by the lower half of a heavy lead castle and completely
open to those arriving from the upper hemisphere. The cylindrical
shield around the detector has the thickness of 12 cm, while that
of the layer of lead bricks on which the Dewar vessel sits is 10 cm
(Fig. 1).

The same setup was used in both the ground level and in the
underground laboratory situated at the depth of 25 m of water
equivalent (m.w.e.). The detector is usually used in coincidence/
anticoincidence with the 1 m2 plastic scintillator, and is dedicated
to the study of the features that cosmic rays contribute to the
background spectra of heavily shielded detectors. The laboratories
where the current measurements are performed are described in
some detail in Ref. [5]. A set of measurements is performed with
lead absorbers of increasing thickness positioned so as to block the
way to the radiations coming from above (Fig. 1). The background
spectra from such measurements are presented in Fig. 2. Absorber
thicknesses range from 0.04 mm (45 mg/cm2) to 4.5 mm
(5 g/cm2), and are marked in the figures. The figures are presented
in two different scales; in the figures on the left to show the
general change of spectra upon absorption, and in the figures on
the right to emphasize the particularly indicative details around
the X-rays of lead.

3. The results and discussion

Visual inspection of the absorption spectra presented in Fig. 2
leads to a number of interesting qualitative conclusions:

1. The spectra taken on the ground level and in the underground
exhibit great similarity, the integral intensity of the continuum
in the underground being about 1.75 times smaller. At the same
time the intensity of cosmic-ray muons in the underground is
about 3.5 times smaller [6].

2. The energy, which carries maximum intensity in the conti-
nuum, increases with absorber thickness, what is typical of
continuous spectra, and is known as the “hardening of the
spectrum”.

3. The discontinuity in the absorption spectra on the energy of Kβ

X-rays of lead (K-absorption edge) reflects the fact that the
instrumental continuous spectrum is mostly due to the radia-
tions of the same continuous spectrum, and not due to
incomplete detection of radiations of higher discrete energies.
If it were due to the distributions of Compton scattered gamma
rays of higher energies that have escaped detection, the
incoming gamma rays would have been absorbed only weakly
by Compton scattering in the absorbers, what would not
produce the discontinuity in the spectrum of radiations that
reach the detector.

4. Initial increase of the intensity of fluorescent X-rays of lead
with absorber thickness again witnesses that the incoming
radiation is absorbed by the photoelectric effect. This suggests
that the real spectrum of this radiation is similar to the
instrumental one, at least up to the energies of about
200 keV, where the photoelectric effect in lead dominates over
the Compton effect.

5. Some apparent differences in absorption character of the
spectra taken on the ground level and in the underground are
to be expected on account of necessarily different composition
of the radiations and their different angular distributions at the
two locations. The detector in the ground level laboratory
virtually has no overhead material, except 1 mm of iron that
constitutes the roof of the container, while in the underground
laboratory it is surrounded by 30 cm of concrete, that consti-
tutes the walls, the floor and the ceiling of the cavern.

These qualitative conclusions are supported by quantitative
analyses of absorption curves at different energies of the con-
tinuum. As an illustration, Fig. 3 presents the absorption curves for
the count in the channel in the continuum that corresponds to the
energy of 89 keV, close to the K-absorption edge in lead. The two
well-defined components of very different absorption properties
are found. On the surface, the much more intense and less
penetrating one by its absorption coefficient corresponds within
the errors to the energy close to 90 keV, while the same compo-
nent in the underground appears of slightly different absorption
properties, due to necessarily different composition of the radia-
tions and their different angular distributions. The much less
intense and much more penetrating component, both on the
surface and in the underground, roughly corresponds to the
energy of about 500 keV. The first component thus represents
the radiation of the same energy at which it appears in the
spectrum, which belongs to the continuum, while the second
one represents the sum of Compton distributions of all radiations
of higher energies that escape full detection. This last component
thus manifests absorption properties of the radiation of an average
energy that in our case appears to be around 500 keV.

Since the low-energy component is practically fully absorbed
by 1 mm of lead, subtracting the spectrum that corresponds to the
absorber of that thickness from the spectrum of the open detectorFig. 1. Detector assembly used in this study.
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would leave predominantly the spectrum of the radiations of the
genuinely continuous spectrum, as seen by a given detector. The
thus obtained approximate shapes of these instrumental spectra of
background radiations arriving at the HPGe detector open towards
the upper hemisphere are presented in Fig. 4.

The integrals of these spectra, corrected for absorption in the
detector housing and the detector dead layers, yield for the fluxes
of these radiations the values of about 8000 photons/
(m2s �2π � srad) on the surface, and about 5000 photons/
(m2s �2π � srad) in the underground. An important property of
these spectra is that the maximum of intensity at around
100 keV, as well as the dip of intensity at energy of about
40 keV, is an essential property of the true spectrum of the
incoming radiations, and is only partly due to the drop of detection
efficiency at these energies. It also seems that the steep increase of

intensity below the dip is an intrinsic property of all these spectra.
We could not reach this region but there is ample evidence in
background spectra taken at other places that this is also their
ubiquitous property [7].

All these conclusions are corroborated by the detailed simula-
tions of the experimental situations that might be held responsible
for these spectra, using the Monte Carlo simulation packages
Geant4 and CORSIKA [8,9]. Two possible contributions to these
spectra were considered. The first is the contribution of environ-
mental natural radioactivity via the scattering of discrete energy
gamma rays off the air, the walls, and the ceiling, that thus
produce the so-called skyshine radiation, which is known to be
of spectral shape similar to that of our Fig. 4 [10]. For this
simulation, the as realistic as possible distribution of radioactiv-
ities in the environment was assumed, in accord with relative

Fig. 2. Experimental low-energy portions of background spectra of the HPGe detector completely shielded from the radiations coming from the lower hemisphere, with a
set of lead absorbers of different thicknesses positioned so as to intercept the radiations arriving at the detector from the upper hemisphere: (a) ground level laboratory, (b)
underground laboratory at 25 m.w.e. All spectra are normalized to the measurement time of 100 ks.

Fig. 3. Absorption curves for the count in the continuum that corresponds to the energy of 89 keV, in the ground-level laboratory (left) and in the underground laboratory at
25 m.w.e. (right). Two distinct components are seen; the first much more intense corresponds rather well to this energy of 89 keV, while the other, much weaker and much
more penetrating, approximately corresponds to an average energy of about 500 keV.
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intensities of spectral lines in the experimental spectra. Config-
uration of the HPGe detector assembly was taken into account in
detail, according to the manufacturer's technical data specifica-
tions. The result of this simulation of very low efficiency is, for the
setup in the underground laboratory, presented in Fig. 5 (equiva-
lent of 4000 h of single CPU time went into the production of this
figure). Similarity of the continuous low-energy parts of the
simulated and experimental spectra (Fig. 2) is obvious, but
absolute intensities are, due to the unknown exact distribution
of activities, difficult to compare.

On the other hand, the cosmic rays represent a source of
background of constant and well-known parameters, and may
consequently be used for absolute comparison of simulated and
experimental background spectra. Fig. 6 presents the result of the
simulation of all the contributions due to cosmic rays to the
background spectrum in the underground (recent work by Solc
et al. [11] does not pay special attention to the low-energy part of
this spectrum). The composition and energy and momentum
distributions of cosmic rays at the observation plane at the surface
of the Earth were simulated by CORSIKA, while the interactions in
the overburden soil and the detector spectrum, were obtained by
Geant4 based simulation. It is seen that the shape of the simulated
spectrum follows that of the experimental spectrum, though not
as closely as the simulated skyshine spectrum. The portion of the

spectrum above the 2614 keV line, which is mostly due to cosmic
rays, now allows for the normalization of the simulated spectrum
to the experimental one. The integration of the thus normalized
experimental and simulated spectra in the region of up to 500 keV
shows that the cosmic rays at the depth of 25 m.w.e. contribute to
the background radiations of the continuous spectrum only about
one part in 250 of the scattered environmental radiations.

Finally, we performed the same procedure for the case of the
detector setup in the ground level laboratory. Fig. 7 presents the
simulated spectrum of cosmic ray contributions normalized to
the high-energy portion of the experimental background spectrum
for the detector situated in the ground level laboratory. Integration
of the spectra shows that at the ground level the cosmic rays
contribute to the low energy continuous background spectrum
about 60 times less than the skyshine radiation.

Earlier studies implicitly offer controversial arguments as to the
nature of this spectrum. For instance, the results of Tsutsumi et al.
[4], which nicely reproduce the experimental background spec-
trum by the inclusion of natural radioactivities only, suggest that
the contributions of skyshine radiation greatly overcome that of
cosmic rays. On the other hand, the study by Semkow et al. [12],
who measured the background spectrum of an unshielded detec-
tor in open space, demonstrates that the same shape of the
continuum is obtained when only the genuine skyshine radiation,

Fig. 4. Instrumental spectra of background radiations of the continuous spectrum
arriving at the HPGe detector open towards the upper hemisphere in a ground-
level laboratory (upper spectrum) and in an underground laboratory at 25 m.w.e.
(lower spectrum). The peaks are residuals due to effects that are unessential here.
Integral count rates in these spectra are 21 cps and 12 cps respectively.

Fig. 5. The simulated “skyshine” radiation spectrum due to environmental radio-
activity in the underground laboratory.

Fig. 6. The simulated contribution of all radiations of cosmic ray origin to the low-
energy part of the background spectrum of the detector setup in the underground
laboratory, normalized to the high-energy portion of the experimental background
spectrum.

Fig. 7. The simulated contribution of all radiations of cosmic ray origin to the low-
energy part of the background spectrum of the detector setup in the ground level
laboratory, normalized to the high-energy portion of the experimental background
spectrum.
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scattered off the open air, is present, as when the detector is
situated in the heavily walled building, what now speaks in favor
of the non-negligible contribution of cosmic rays. In a compara-
tively recent study Mitchell et al. [13] find that the cosmic ray
contribution constitutes about 1/10 of the skyshine contribution.
In their case, however, the results may be prone to systematic
error due to possibly high activity of the NaI spectrometer itself.
On the basis of our findings we side with the results that support
the view that skyshine radiation greatly dominates over the
cosmic ray contributions.

4. Conclusion

We have established that the low-energy continuous part
of background spectra of germanium detectors open to the upper
hemisphere, that peaks around 100 keV, is in greatest part
absorbed by 1 mm of lead and that can in a good approximation
be considered as being due to the radiations of the similar true
continuous spectrum arriving at the detector from the upper
hemisphere. This holds true both in a ground level and in the
underground laboratory at 25 m.w.e. The origin of this radiation is
in the particular situations that we studied found to be predomi-
nantly of terrestrial origin. Relative contributions of the radiations
of terrestrial and cosmic-ray origin to this spectrum would,
however, greatly differ from place to place and from an environ-
ment to the other, depending on the quantity and distribution of

natural radioactivity in the surroundings of the detector, as well as
on the geographic latitude and altitude, which determine the
cosmic-ray contribution. It would in this respect be instructive to
study the radiations of this continuous spectrum in largely
different environments and at different spaces underground.
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Variations of gamma-ray background in the Belgrade shallow
underground low-level laboratory
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H I G H L I G H T S

� Time variability of Ge detector background was measured in two laboratories.
� Variations of cosmic ray intensity and radon concentration were tested.
� Advantage of an underground laboratory compared to a ground level one was proved.
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a b s t r a c t

During the last three years we investigated the variations of background simultaneously in two
laboratories, the ground level (GLL) and the underground laboratory. The Forbush-like effect from March
2010 was observed in the GLL using a Ge detector and plastic veto scintillator. The underground plastic
scintillator saw the same effect but the coincident veto spectrum did not detect the decrease of cosmic-
ray intensity. Using a time series analysis of prominent post-radon lines, a significant radon daily
variability was detected in the Ge detector background spectrum, but only in the GLL.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Any long and even short-term gamma-ray background mea-
surement is subject to certain temporal variations due to time
variability of two prominent contributors to background—cosmic-
ray intensity and radon concentration. The duration of background
measurements may be anything from one day to several months,
depending on the wanted final statistical accuracy of the envi-
saged measurements. These measurements, however, yield only
average values of the background, what in principle may lead to
systematic errors in later measurements, especially of NORM
samples.

Radon concentrations are known to vary considerably, depend-
ing on many parameters that determine this concentration in
every particular case. This includes the deposition of radon
progenies on the walls of lead castles and detectors themselves,
what makes even the traditional radon suppression method by
flushing the interior of the sample chamber with nitrogen poten-
tially ineffective.

On the other side, effective protection of Ge detectors from cosmic-
rays is provided by active veto shielding using convenient large area
detectors, although all significant periodic and aperiodic variations of
cosmic ray intensity can usually be neglected since contributions to
background, apart from the annihilation line, lie in the continuum.

2. Description of the laboratories and equipment

The Belgrade underground low-level laboratory (UL), located at a
depth of 25 m. w. e (meter water equivalent) is equipped with
ventilation system which provides low radon concentration of 13
(5) Bq/m3, the mean value being obtained from more than two
years long-term measurement. The UL is presented in more detail
by Antanasijević et al. (1999), and the especially designed ventila-
tion system for radon reduction in the laboratory has been
described by Udovičić et al. (2009). This system consists of two
“radon shields”—the passive and the active one. The passive shield
consists of 1 mm thick aluminum foil which completely covers all
the wall surfaces inside the laboratory, including floor and ceiling. It
is hermetically sealed with a silicon sealant to prevent diffusion of
radon from surrounding soil and concrete walls of the laboratory. As
the active radon shield the laboratory is continuously ventilated
with fresh air, filtered through one rough filter for dust elimination
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followed by active charcoal filters (cross-section of 60 cm�60 cm,
weight of 40 kg) for radon adsorption.

The UL has an area of 45 m2 and volume of 135 m3 what
required the rate of air inlet adjusted to 800 m3/h. This huge
amount of fresh air contributes to greater temperature variations
and the long-term mean value of temperature inside the UL is 19
(4)1C. On the other side the rate of air outlet (700 m3/h) was
adjusted to get an overpressure of about 2 hPa over the atmo-
spheric pressure, what prevents radon diffusion through eventual
imperfections in the aluminum layer. The pressure buffer corridor
to the laboratory (18 m2) ensures almost constant value of this
overpressure. Relative humidity is controlled by a dehumidifier
device, what provides that the relative humidity in the under-
ground laboratory does not exceed 60%.

All the measurements presented in this work which were
performed in the underground laboratory were performed in the
ground level laboratory (GLL) as well. The GLL is air-conditioned
and represents a typical ground level laboratory. This laboratory is
situated in two joined standard transportation containers with
iron sheet walls, but furnished with quality thermal insulation.
The GLL has an area of 30 m2 and volume of 75 m3. It is air-
conditioned (average radon concentration of 50(30) Bq/m3).

The low-level background detector system in the UL includes an
intrinsically low-radioactivity level Ge detector (35% relative efficiency,
named Ge1) and a plastic veto scintillator (1m2, named PS1) situated
coaxially above the Ge1 detector. Comparative background study is
performed in the GLL which is equipped with a Ge detector (18% relative
efficiency and not intrinsically low-radioactivity level, named Ge2) and a
small plastic scintillator (0.125m2, named PS2) in veto position.

Radon monitoring inside the laboratories was performed by
radon monitor, model RM1029 manufactured by Sun Nuclear
Corporation, NRSB approval-code 31822. The device consists of
two diffused junction photodiodes as a radon detector, and is
furnished with sensors for temperature, barometric pressure and
relative humidity. The user can set the measurement intervals
from half an hour to 24 h. The device has no online option (direct
access to data) but the data are stored in the internal memory of
the device and transferred to the personal computer after the
measurement interval. The data obtained from the radon monitor
(RM) for the temporal variations of the radon concentrations over
a long period of time enable the study of the short-term periodical
variations simultaneously with Ge detectors (Bossew, 2005).

Two flash analog to digital converters (FADC), made by C.A.E.N
(type N1728B), which sample at 10 ns intervals into 214 channels
were used to analyze spectra from Ge detectors. User-friendly
software was developed to analyze the C.A.E.N data with the
possibility to choose the integration time for further time-series
analysis that correspond to integration time of the radon monitor.

3. Results and discussion

For routine measurements of NORM samples the simplest
arrangement of a Ge detector system is required due to frequent
samples exchanges.

As the emphasis was on realistic conditions of radon and
cosmic-ray influences on the Ge background neither any addi-
tional radon suppression method nor the full (2π coverage) veto
arrangement were applied.

3.1. Cosmic-ray influence on the Ge detector background spectrum

The periodicities in cosmic-ray intensity variations (1-day and
27-days) are known to have small amplitudes. The Ge detectors can
not see these variations neither in the annihilation line nor in the
entire spectrum, mostly due to their small active area. Aperiodic

variations of cosmic-ray intensity have greater amplitudes like a
Forbush effect which typically lasts for several days. During simulta-
neously background measurements using two veto shielded Ge
detectors the most intensive cosmic-ray variation occurred in March
2010. The decrease of cosmic-ray intensity, which lasted about four
days, was very similar to characteristic decrease during a real
Forbush effect, hence this event is appointed as a Forbush-like effect.
Characteristic variation (decrease) of cosmic-ray intensity remains
after cosmic-ray data correction on pressure variation (real Forbush
effect) or vanishes after this correction (Forbush-like effect). A Ge
detector does not recognize the cause of these cosmic-ray variations
but it can detect them. The Forbush-like effect from March 2010 was
registered in both single PS2 and single PS1 detectors inside the GLL
and the UL, respectively. The cosmic-ray intensity decrease was
relatively small, about 4% in the GLL and 2.5% as measured in the
UL. Even small, it seems that a certain variation in number of
coincidences between PS2 and Ge2 was registered, and both spectra
followed each other during four days (Fig. 1). Integration time in the
time series of the coincidence spectrum was chosen to be 6 h to
emphasize the similarity between the two spectra. Strictly speaking
it is only the time variation of the well-defined annihilation line,
mostly caused by cosmic-ray pair-production, that can reflect the
cosmic-ray changes, but its count rate is too low. Similarly, statistics
is poor even for the high-energy continuous part of the Ge spectrum.
The coincidence veto spectrum in Fig. 1 has no energy cuts and
includes all gamma-ray lines what corresponds to the real condition
of background measurement without a priori selected energy inter-
vals. The single cosmic-ray spectrum was not corrected for atmo-
spheric pressure and temperature because this represents the
realistic situation in a typical ground level laboratory, which is
probably without a veto shield.

The big plastic scintillator PS1 inside the UL registered the
same Forbush-like effect, but the coincidence spectrum does not
show any corresponding changes, Fig. 2. At a depth of 25 m.w.e,
the mean energy of cosmic-ray muons is about 5 GeV higher than
that of ground level muons, which is why they feel all solar
modulation effects far less than the cosmic-rays particles on the
ground level.

3.2. Radon influence on the Ge detector background spectrum

The significance of the other time variable background compo-
nent was tested in simultaneous measurements of radon concen-
tration by RM and gamma-ray background by the Ge detector.
Inside the sample chamber (SC) of the Ge detector, in the space
between the lead shield and the detector, radon concentration is
influenced by the radon distribution outside the SC, when the SC is

Fig. 1. Single cosmic-ray spectrum (circles) of PS2 and coincidence veto spectrum
between PS2 and Ge2 (squares) inside the GLL during the Forbush-like effect in
March 2010. The coincidence spectrum includes the error bars (1s-B-spline).
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not hermetically sealed. The Ge detector can see the radon
daughters (214Pb and 214Bi) not only from the air inside SC but
also from surface depositions on the detector and its passive
shield.

Fig. 3 presents how the summed intensity of the four most
prominent radon daughter lines (295.2 keV and 351.9 keV from
214Pb, 609.3 keV and 1120.3 keV from 214Bi) varies with time, as

seen by the small shielded Ge detector (Ge2) inside the air-
conditioned GLL. This follows closely the readings of the radon
monitor positioned inside the SC (air volume of 1 dm3). Here, we
used the summed intensity of post-radon lines since the detector
is small, but for high-efficiency detectors every single line should
manifest the same behavior.

The radon monitor recorded radon and atmospheric para-
meters readings every 2 h and the integration in the time series
of post-radon lines was chosen accordingly. This is sufficient to
show clearly the one-day radon periodicity (Fig. 3).

Inside the UL, the radon concentration is kept at the low value
under stable atmospheric parameters. The variability of radon
concentration in the fresh air on the ground level is maximally
suppressed in the UL by the ventilation system. The value of the
summed post-radon lines inside the UL is almost constant as well
as is the radon concentration.

The issue of stability of the gamma-ray background requires
special attention when low-level 226Ra measurements are per-
formed by Ge detectors due to radon variability in ground level
laboratories and sampling chambers of Ge detectors. Even a small
Ge detector can see significant changes of background, if the mean
radon concentration in ambient air is of the order or above 10 Bq/
m3 and some kind of radon suppression method inside a sample
chamber must be applied (Neumaier et al., 2009).
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a b s t r a c t

The possibility of utilizing a shallow underground laboratory for the study of energy dependent solar modulation
process is investigated. The laboratory is equipped with muon detectors at ground level and underground
(25mwe), and with an underground asymmetric muon telescope to have a single site detection system sensitive
to different median energies of primary cosmic-ray particles. The detector response functions to galactic cosmic
rays are determined from Monte Carlo simulation of muon generation and propagation through the atmosphere
and soil, based on CORSIKA and GEANT4 simulation packages. The present setup is suitable for studies of energy
dependence of Forbush decreases and other transient or quasi-periodic cosmic-ray variations.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Galactic cosmic rays (GCR) arriving at Earth after propagating
through the heliosphere interact with nuclei in the atmosphere. These
interactions of primary CRs lead to production of a cascade (shower)
of secondary particles: hadrons, electrons, photons, muons, neutrinos.
Ground based CR detectors are designed to detect some species of
secondary cosmic radiation. Widely in use are neutron monitors [1,2],
muon telescopes [3,4], various types of air shower arrays [5], 𝛾-ray air
Cherenkov detectors [6], air fluorescence detectors [7] etc.

The flux and energy spectra of GCR are modulated by the solar
magnetic field, convected by the solar wind. Particularly affected are
GCR at the low energy side of the spectrum (up to ∼100 GeV). Therefore,
secondary CRs generated in the atmosphere can be used for studying
solar and heliospheric processes. Among the best known effects of the
solar modulation are CR flux variations with 11 year period of the solar
cycle, 22 year magnetic cycle, diurnal variation and Forbush decrease.
The so called corotation with the solar magnetic field results in the flux
variation with the 27-day period of solar rotation.

Modulation effects have been studied extensively by neutron mon-
itors (NM) [8,9], sensitive up to several tens of GeV, depending on
their geomagnetic location and atmospheric depth. Muon detectors at
ground level are sensitive to primary particles of higher energies than
NMs. Underground muon detectors correspond to even higher energy
primaries. For this reason muon observations complement NM observa-
tions in studies of long-term CR variations, CR anisotropy and gradients

* Corresponding author.
E-mail address: dragic@ipb.ac.rs (A. Dragić).

or rigidity spectrum of Forbush decreases. However, muon observations
suffer from difficulties to disentangle variations of atmospheric origin.
While the effect of atmospheric pressure is similar to NMs and easy
to account for, the temperature effect is more complicated. The entire
temperature profile of the atmosphere is contributing, with different
net temperature effect on muon flux at different atmospheric layers, as
a result of interplay of positive and negative temperature effects. The
positive temperature effect is a consequence of reduced atmospheric
density with the temperature increase, resulting in less pion interactions
and more decays into muons [10]. The negative temperature effect
comes from the increased altitude of muon production at the periods
of high temperature, with the longer muon path length and the higher
decay probability before reaching the ground level [11]. Both effects
are accounted for by the integral method of Dorman [12]. The negative
temperature effect is dominant for low energy muons (detected at
ground level) and the positive for high energy muons (detected deep
underground). At shallow depth of several tens of meters of water equiv-
alent both temperature effects contribute to the overall temperature
effect. Several detector systems with different sensitivity to primaries at
the same location have the advantage of sharing common atmospheric
and geomagnetic conditions.

Belgrade CR station is equipped with muon detectors at ground
level and at the depth of 25 m.w.e. Underground laboratory is reached
only by muons exceeding energy threshold of 12 GeV. The existing
detectors are recently amended by additional setup in an attempt to fully
exploit laboratory’s possibilities to study solar modulation at different
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median rigidities. In the present paper the detector systems at the
Belgrade CR station are described. Response functions of muon detectors
to galactic cosmic rays are calculated. The detector system represents
useful extension of modulation studies with neutron monitors to higher
energies, as it is demonstrated in the case of a recent Forbush event.

2. Description of Belgrade CR station

The Belgrade cosmic-ray station, situated at the Low Background
Laboratory for Nuclear Physics at Institute of Physics, is located at near-
sea level at the altitude of 78 m a.s.l. Its geographic position is: latitude
44◦51′N and longitude 20◦23′E, with vertical cut-off rigidity 5.3 GV. It
consists of the ground level lab (GLL) and the underground lab (UL)
which has useful area of 45 m2, dug at a depth of 12 m. The soil
overburden consists of loess with an average density 2.0 ± 0.1 g/cm3.
Together with the 30 cm layer of reinforced concrete the laboratory
depth is equivalent to 25 m.w.e. At this depth, practically only the
muonic component of the atmospheric shower is present [13].

2.1. Old setup

The experimental setup [14] consists of two identical sets of detec-
tors and read out electronics, one situated in the GLL and the other in the
UL. Each setup utilizes a plastic scintillation detector with dimensions
100 cm × 100 cm × 5 cm equipped with 4 PMTs optically attached
to beveled corners of a detector. Preamplifier output of two diagonally
opposing PMTs are summed and fed to a digitizer input (CAEN FADC,
type N1728B). FADC operates at 100 MHz frequency with 14 bit
resolution. The events generating enough scintillation light to produce
simultaneous signals in both inputs exceeding the given threshold are
identified as muon events. The simulated total energy deposit spectrum
is presented on the left panel of Fig. 1. After the appropriate threshold
conditions are imposed on the signals from two diagonals, the spectrum
is reduced to the one represented on the right panel of the same figure.
Contribution from different CR components are indicated on both graphs
and experimentally recorded spectrum is plotted as well.

Particle identification is verified by a two-step Monte Carlo simula-
tion. In the first step development of CR showers in the atmosphere
is traced, starting from the primary particles at the top of the at-
mosphere by CORSIKA simulation package. CORSIKA output contains
information on generated particles (muons, electrons, photons, etc.) and
their momenta at given observation level. More details on CORSIKA
simulation will be given in Section 3. This output serves as an input
for the second step in simulation, based on GEANT4. In the later step
energy deposit by CR particles in the plastic scintillator detector are
determined, together with the light collection at PMTs. Contributions
from different CR components to recorded spectrum are also shown in
Fig. 1.

According to the simulation, 87.5% of events in the coincident
spectrum originate from muons. To account for the contribution from
other particles to the experimental spectrum not all the events in the
spectrum are counted when muon time series are constructed. Muon
events are defined by setting the threshold corresponding to muon
fraction of recorded spectrum. Threshold is set in terms of ‘‘constant
fraction’’ of the spectrum maximum, which also reduces count rate
fluctuations due to inevitable shifts of the spectrum during long-term
measurements.

2.2. Upgrade of the detector system

Existing detectors enable monitoring of CR variations at two differ-
ent median energies. An update is contemplated that would provide
more differentiated response. Two ideas are considered. First one was to
extend the sensitivity to higher energies with detection of multi-muon
events underground. An array of horizontally oriented muon detectors
ought to be placed in the UL. Simultaneous triggering of more than

one detector is an indication of a multi-muon event. The idea was
exploited in the EMMA underground array [15], located at the deeper
underground laboratory in Pyhasalmi mine, Finland, with the intention
to reach energies in the so called knee region. For a shallow underground
laboratory, exceeding the energy region of solar modulation would
open the possibility to study CR flux variations originating outside the
heliosphere. Second idea is an asymmetric muon telescope separating
muons with respect to zenith angle. Later idea is much less expensive to
be put into practice.

Both ideas will be explained in detail and response function to GCR
for existing and contemplated detectors calculated in the next section.

3. Calculation of response functions

Nature of variations of primary cosmic radiation can be deduced
from the record of ground based cosmic ray detectors provided relation
between the spectra of primary and secondary particles at surface level
are known with sufficient accuracy. Relation can be expressed in terms
of rigidity or kinetic energy.

Total detector count rate can be expressed as:

𝑁(𝐸𝑡ℎ, ℎ, 𝑡) =
∑

𝑖 ∫

∞

𝐸𝑡ℎ

𝑌𝑖(𝐸, ℎ) ⋅ 𝐽𝑖(𝐸, 𝑡)𝑑𝐸 (1)

where 𝐸 is primary particle energy, 𝑖 is type of primary particle (we
take into account protons and 𝛼 particles), 𝐽𝑖(𝐸, 𝑡) is energy spectrum
of primary particles, ℎ is atmospheric depth and 𝑌𝑖(𝐸, ℎ) is the so
called yield function. 𝐸𝑡ℎ is the threshold energy of primary particles.
It depends on location (geomagnetic latitude and atmospheric altitude)
and detector construction details. At a given location on Earth, only
particles with rigidity above vertical rigidity cut-off contribute to the
count rate. Also, detector construction often prevents detection of low
energy particles. For instance, muon detectors are sometimes covered
with a layer of lead. In present configuration our detectors are lead free.

Historically, yield functions were calculated empirically, often ex-
ploiting the latitude variations of neutron and muonic CR compo-
nent [16–18]. With the advancement of computing power and modern
transport simulation codes it became possible to calculate yield func-
tions from the interaction processes in the atmosphere [19,20]. The yield
function for muons is calculated as:

𝑌𝑖(𝐸, ℎ) = ∫

∞

𝐸𝑡ℎ
∫ 𝑆𝑖(𝜃, 𝜙) ⋅𝛷𝑖,𝜇(𝐸𝑖, ℎ, 𝐸, 𝜃, 𝜙)𝑑𝐸𝑑𝛺 (2)

where 𝑆(𝜃, 𝜙) is the effective detector area and integration is performed
over upper hemisphere. 𝛷𝑖,𝜇(𝐸𝑖, ℎ, 𝐸, 𝜃, 𝜙) is the differential muon flux
per primary particle of the type 𝑖 with the energy 𝐸𝑖.

Total differential response function:

𝑊 (𝐸, ℎ, 𝑡) =
∑

𝑖
𝑌𝑖(𝐸, ℎ) ⋅ 𝐽𝑖(𝐸, 𝑡) (3)

when normalized to the total count rate gives the fraction of count
rate originating from the primary particles with the energy in the
infinitesimal interval around 𝐸. Integration of differential response
function gives the cumulative response function.

The response functions of our CR detectors are calculated using
Monte Carlo simulation of CR transport through the atmosphere with
CORSIKA simulation package. Simulation was performed with protons
and 𝛼-particles as primary particles. They make ∼94% (79% + 14.7%)
of all primaries [21]. Implemented hadron interaction models were
FLUKA for energies below 80 GeV, and QGSJET II-04 for higher
energies. If the old version of QGSJET is used, a small discontinuity
in response function is noticed at the boundary energy between two
models. Geomagnetic field corresponds to the location of Belgrade
𝐵𝑥 = 22.61 μT, 𝐵𝑧 = 42.27 μT. Power law form of differential energy
spectrum of galactic cosmic rays 𝐽𝑝(𝐸) ∼ 𝐸−2.7 is assumed. Energy
range of primary particles is between 1 GeV and 2 ⋅ 107 GeV. Interval
of zenith angles is 0◦ < 𝜃 < 70◦. Low energy thresholds for secondary
particles are: 150 MeV for hadrons and muons and 15 MeV for electrons
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Fig. 1. Left — 𝛥𝐸 spectrum in the plastic scintillator detector, derived from GEANT simulation; right — the same, but for the events exceeding threshold on both diagonals. Contribution
of different CR components to the total energy deposit in the detector: muons-gray line, photons-blue line, electrons-green line and sum of all contributions — red line. The black curve
on the right panel is the experimental spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Left: normalized total response function of ground level muon detector to galactic cosmic rays; right: same as left, fitted with Dorman function (red line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Response function for multi-muon events in UL to galactic cosmic rays.

and photons. Selected atmospheric model is AT511 (Central European
atmosphere for May 11 1993). Observational level is at 78m a.s.l.

For calculation of response functions for underground detectors, sim-
ulation of particle propagation through the soil overburden is performed
using the code based on GEANT4 package. For precise calculation of
energy loss, chemical composition of the soil needs to be known. The

composition used in our work is taken from a geochemical study of
neighboring loess sections of Batajnica and Stari Slankamen [22]. Most
abundant constituents are quartz (SiO2) 70%, alumina (Al2O3) 15% and
quicklime (CaO) 10%, while others include Fe2O3, MgO, TiO2, K2O,. . . .
Inaccuracy of our knowledge of the soil chemical composition should
not strongly affect our results since, at relevant energies, dominant
energy loss mechanism for muons is ionization which, according to
Bethe–Bloch formula depends mostly on ⟨𝑍⟩∕⟨𝐴⟩. Soil density profile
is probed during laboratory construction. It varies slowly with depth
and average density is found to be (2.0 ± 0.1) g∕cm3.

In the simulation, the effective area and angular acceptance of
different modes of asymmetric muon telescope (single, coincident and
anticoincident) are taken into account.

According to Dorman [12], response function can be parametrized
as:

𝑊 (𝐸) =

⎧

⎪

⎨

⎪

⎩

0, if 𝐸 < 𝐸𝑡ℎ;
𝑎 ⋅ 𝑘 ⋅ exp(−𝑎𝐸−𝑘)
𝐸(𝑘+1)(1 − 𝑎𝐸−𝑘

𝑡ℎ )
, otherwise; (4)

with the high energy asymptotics: 𝑊 (𝐸) ≈ 𝑎 ⋅ 𝑘 ⋅ 𝐸−(𝑘+1).

3.1. Ground level

Calculated response function for ground level muon detector is
presented on Fig. 2, together with fitted Dorman function (4).
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Fig. 4. Left: Schematic view of the asymmetric muon telescope; PS1 — plastic scintillator detector 1, PS2 — plastic scintillator detector 2. Right: angular distribution of detected muons
in single mode (red), coincident mode (green) and anticoincident mode (blue), normalized to number of counts in each mode. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Response function of single mode of ASYMUT in the UL to galactic cosmic rays. On the right panel the energy interval of interest is enlarged and Dorman function fit is plotted
(red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Response function of coincident mode of asymmetric muon telescope in the UL to galactic cosmic rays. On the right panel the interesting energy interval is enlarged and Dorman
function fit is plotted (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Underground

3.2.1. Multi-muon events
Count rate of multi-muon events underground turned out to be too

low for the above mentioned array detector experiment to be feasible
in our laboratory. To collect enough events for construction of the
response function (Fig. 3), allowed muon separation is 200 m, fairly

exceeding laboratory dimensions. Under these conditions calculated
median energy is 270 GeV.

3.2.2. ASYmmetric MUon Telescope (ASYMUT)
Asymmetric muon telescope is an inexpensive detector, constructed

from components already available in the laboratory. It consists of two
plastic scintillators of unequal dimensions. The lower is identical to the
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Fig. 7. Response function of anticoincident mode of asymmetric muon telescope in the UL to galactic cosmic rays. On the right panel the interesting energy interval is enlarged and
Dorman function fit is plotted (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Cumulative response function to galactic cosmic rays of different muon detectors in the Belgrade CR station: black curve — GLL; red curve — single UL; green curve — CC mode
and blue curve — ANTI CC mode of asymmetric muon telescope. The 0.5 level corresponds to median energy. Cumulative response function with enlarged region around this level is
shown in the right picture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

one located in the GLL (100 ×100 ×5 cm) and upper one is 50 ×46 ×5 cm.
Detectors are separated vertically by 78 cm, as depicted in Fig. 4, to
have roughly the same count rate in the coincident and anticoincident
mode. Lower detector in single mode operates in the same manner as the
one in the GLL, with wide angular acceptance. The coincident mode is
composed of the events registered in both upper and lower detector. In
the anticoincident mode, muons passing through the upper but not the
lower detector are counted. Therefore, the later mode favors inclined
muon paths. Different angular distribution means different path length
of muons registered in three modes of ASYMUT (right part of Fig. 4) and
also different energy distribution of parental primary particles.

The response functions to GCR of three modes of ASYMUT are shown
on Figs. 5–7 and respective cumulative response functions are shown on
Fig. 8.

Important parameters describing shapes of response functions are
summarized in Table 1. The most often used characteristics of a detector
system is its median energy 𝐸𝑚𝑒𝑑 . Primary particles with the energy be-
low 𝐸𝑚𝑒𝑑 give 50% contribution to detector count rate. The energy inter-
val ((𝐸0.05, 𝐸0.95) is responsible for 90% of registered events. Fitted value
of the parameter 𝑘 from Dorman function (Eq. (4)) is also presented. The
parameters 𝐸0.05 and 𝐸𝑚𝑒𝑑 are determined with 1 GeV accuracy, while
the uncertainty of 𝐸0.95 is much higher due to small number of very high
energy events and is conservatively estimated as 10%.

Table 1
Sensitivity of Belgrade CR detectors (GLL — ground level; UL — underground based ASY-
MUT single mode; CC — ASYMUT coincident mode; ANTI — ASYMUT anticoincident
mode) to GCR primary particles. Primaries with the energy below 𝐸0.05 (and above 𝐸0.95)
contribute with 5% to the count rate of a corresponding detector. 𝐸𝑚𝑒𝑑 is median energy,
𝐸𝑡ℎ threshold energy and 𝑘 is Dorman parameter.

det 𝐸𝑡ℎ (GeV) 𝐸0.05 (GeV) 𝐸𝑚𝑒𝑑 (GeV) 𝐸0.95 (GeV) 𝑘

GLL 5 11 59 915 0.894(1)
UL 12 31 137 1811 0.971(4)
CC 12 27 121 1585 1.015(3)
ANTI 14 35 157 2031 0.992(4)

3.3. Conclusions

Usefulness of our setup for solar modulation studies is tested on the
example of investigation of a Forbush decrease of 8 March 2012. In the
first half of March 2012 several M and X class solar flares erupted from
the active region 1429 on the Sun. The strongest were two X class flares
that bursted on March 7. The first one is the X5.4 class flare (peaked
at 00:24 UT) and the second one is the X1.3 class flare (peaked at
01:14 UT). The two flares were accompanied by two fast CMEs, one
of which was Earth-directed [23]. Several magnetic storms were also
registered on Earth, and a series of Forbush decreases is registered. The
most pronounced one was registered on March 8. Characteristics of this
event as recorded by various neutron monitors and our detectors are
compared.
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Fig. 9. Rigidity spectrum of FD from 12 March 2012. Black points represent the amplitude
of the event as seen by twelve NMs: 1 — Athens, 2 — Mexico City; 3 — Almaty, 4 —
Lomnicky stit; 5 — Moscow; 6 — Kiel; 7 — Yakutsk; 8 — Apatity; 9 — Inuvik; 10 —
McMurdo; 11 — Thul; 12 — South Pole. Blue points are from Belgrade CR station: GLL —
ground level and UL — underground. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Amplitude of a Forbush decrease is one of its main characteristics.
Dependence of FD amplitude on median rigidity (or energy) is expected
to follow the power law: 𝛥𝑁∕𝑁 ∼ 𝑅−𝛾 [12].

For investigation of rigidity spectrum of mentioned FD data from
12 NMs are combined with the data from our two detectors (GLL and
UL) that were operational at the time of the event. Neutron monitor
data in the period between 1 March 2012 and 1 April 2012 are taken
from the NMDB database (www.nmdb.eu) [24]. The exponent of the
rigidity spectrum of this FD 𝛾 is obtained by the least-square fitting of
the data with the power function (Fig. 9) and found to be 𝛾 = 0.92±0.18.
Presented analysis illustrates applicability of our setup for studies of
consequences of CR solar modulation process in the energy region
exceeding sensitivity of neutron monitors.
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Neutrons produced by muons at 25 mwe

A Dragić1, I Aničin1, R Banjanac1, V Udovičić1, D Joković1, D

Maletić1, M Savić1, N Veselinović1 and J Puzović2

1 Institute of Physics, University of Belgrade, Belgrade, Serbia
2 Faculty of Physics, University of Belgrade, Belgrade, Serbia

E-mail: dragic@ipb.ac.rs

Abstract. The flux of fast neutrons produced by CR muons in lead at the depth of 25 mwe is
measured. Lead is a common shielding material and neutrons produced in it in muon interactions
are unavoidable background component, even in sensitive deep underground experiments. A low
background gamma spectrometer, equipped with high purity Ge detector in coincidence with
muon detector is used for this purpose. Neutrons are identified by the structure at 692 KeV
in the spectrum of delayed coincidences, caused by the neutron inelastic scattering on Ge-72
isotope. Preliminary result for the fast neutron rate is 3.1(5) × 10−4n/cm2

· s.

1. Introduction

Muons are very penetrating particles, present even in deep underground laboratories. Muons
themselves and secondary radiation they produce are important source of background in sensitive
experiments hosted in these laboratories. Neutrons produced in muon interactions in rock or
detector surroundings are particularly troublesome. In dark matter experiments neutrons can
produce recoil signal in detectors, similar to expected signal from WIMPs.

Another example of dangerous background arising from neutrons is in double beta
experiments. In (n, n′γ) reaction on lead, gamma rays of 2041 KeV energy can be produced,
close to Q value for neutrinoless double beta decay in Ge-76[1].

Our measurements are performed in a shallow underground site, but even these measurements
are of relevance for deeply underground located experiments [2].

2. Description of the experiment

The Belgrade underground laboratory is located on the right bank of river Danube in the
Belgrade borough of Zemun, on the grounds of the Institute of Physics. The ground level
part of the laboratory, at altitude 78 m above sea level, is situated at the foot of the vertical
loess cliff, which is about 10 meters high. The underground part of the laboratory, of the useful
area of 45 m2, is dug into the foot of the cliff and is accessible from the ground level lab via the
10 meters long horizontal corridor, which serves also as a pressure buffer for a slight overpressure
in the laboratory. More detailed description of the laboratory could be find in the ref. [3].

Experimental setup consist of a plastic scintillator detector and HPGe detector operating in
coincidence. Scintillator detector with dimensions 100 × 100 × 5cm, equipped with four PMTs
directly coupled to the corners bevelled at 45o, is made by Amcrys-H of Kharkov, Ukraine. A
radiopure HPGe detector of 35% efficiency and 149 cm3 volume, made by ORTEC, in its 12 cm
thick cylindrical lead castle is positioned beneath the center of the scintillator detector.
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The core of digital data acquisition system is a FADC unit with four independent inputs each,
made by CAEN, of the type N1728B. It samples signal at 10 ns intervals, into 214 channels.

The preamplifier outputs of the PMTs of plastic scintillator detector are paired diagonally,
the whole detector thus engaging the two inputs of the FADC. The third FADC input is reserved
for HPGe, and fourth is used by auxiliary detector, unrelated to the present purpose.

Every event in each input channel is fully recorded by the time of its occurrence over the set
triggering level, and its amplitude. This enables to off-line coincide the events at all four inputs,
prompt as well as arbitrarily delayed.

Plastic scintillator detector serves as a muon flux monitor when its data are organized into
time series. In independent operation HPGe detector is a typical low background gamma
spectrometer. In anticoincident regime the plastic detector serves as a muon veto for gamma
detector.

The coincident mode enables one to study cosmic-ray induced effects in gamma spectrometer.
We are particularly interested in the signature of neutrons produced by CR muons in the lead
shield.

All the operating modes of the system are performed simultaneously and do not interfere, as
they are realized by performing different off-line analyses of the same set of data.

3. Results

After over 35 million seconds (400+ days) of measurements enough data are accumulated to
present first results on neutron production from CR muons. Neutron identification is based on
the process of inelastic scattering on Ge-72 isotope, within the HPGe detector itself, leading to
the excited state at 692 KeV of energy. The abundance of Ge-72 isotope is 27.7% in natural Ge.
The 692 keV state is an isomer state, with the half-life of 444 ns, and the depopulating radiation
is pure E0, meaning that detection efficiency for the 692 keV radiation is practically 100%.

The spectrum of the HPGe detector containing the coincidences with the plastic scintillator
delayed with respect to prompt between 500 ns and 2 µs, shows at this statistics only two
interesting features (Fig.1).
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Figure 1. Portion of the background HPGe spectrum coincident with the plastic scintillator
with the delays in the range from 100 ns to 2 µs, after 400 days of measurement time. It shows
the annihilation line, which is due to the decays of positive muons stopped in the lead castle,
and the triangular structure at 692 keV , which is due to inelastic scattering of fast neutrons on
Ge-72.
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The first is the quasi-triangular structure at 692 keV , whose shape is a result of summing of the
energy of transition radiation with the energy of the recoil of Ge nucleus. This structure has
been studied many times [4, 5, 6, 7]. The second is annihilation line originating mainly from the
decay of stopped positive muons.

The time spectra, or distribution of time intervals between start and stop signal, with the
software gate on these two structures confirms previous statement.
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Figure 2. Time distributions of the events from Fig.1 that belong to the structure of 692
keV (left), the slope of which yields 500(50) ns for the half-life, and that of the annihilation
line (right), which yields 2.24(9) µs for the mean life of the muon. Note logarithmic scale and
interchange of start and stop signals.

With the gate on 692 KeV structure, though the statistics is poor, the fit through the tail of
delayed coincidences yields the half-life of 500(50) ns (left panel of Fig2). The gate on 511 KeV
line yields the mean life of 2.24(9)µs (right panel of Fig2). It is our intention to use the intensity
of 692 KeV structure to estimate the flux of fast neutrons, produced in lead by CR muons, with
the energy above the threshold. The empirical relation:

ΦF = k
I692

V
(1)

introduced by Škoro et al. [8] has been reasonably verified in the past. Here, I692 is the count
rate in 692 KeV structure in counts per second, V is detector volume in cm3 and k is parameter
found to be (900 ± 150)cm.

This relation has been used before with analog spectroscopy systems, where the integration
constants are long and the recoils invariably sum up with the 692 keV pulses. In digital
spectroscopy systems, however, one important caveat is in place when using the integral of
this structure for fast neutron flux determination. It appears that the shape, and the intensity
of the distribution, here strongly depends on the height of the triggering level. When the trigger
is higher then the height of the recoil pulse, the corresponding 692 keV pulse sums practically
completely with its recoil. When the trigger is lower than the recoil it will trigger the ADC, and
this pulse, together with the following 692 keV pulse, will be rejected by the pile-up rejecting
algorithm. In our case the trigger was sufficiently high and according to our finding the intensity
of the 692 keV distribution can be reliably used for the estimate of the fast CR induced neutron
flux at the position of the detector. For the flux of neutrons of CR origin with energies over 1
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MeV the value of 3.1(5) × 10−4n/cm2
· s is obtained. This refers to the flux at the depth of 25

m.w.e., within roughly one ton of lead, which is a common environment in most measurements
of low activities.

This work is supported by the Ministry of Education and Science of the Republic of Serbia,
under project ON171002.
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Stopped cosmic-ray muons in plastic scintillators on the 
surface and at the depth of 25 m.w.e. 

D Maletić1, A Dragić1, R Banjanac1, D Joković1, N Veselinović1, V Udovičić1,  
M Savić1, J Puzović2 and I Aničin1 
 
1 Institute of Physics, University of Belgrade, Serbia 
2 Faculty of Physics, University of Belgrade, Serbia  
 
E-mail: maletic@ipb.ac.rs 
 
Abstract. Cosmic ray muons stopped in 5 cm thick plastic scintillators at surface and at depth 
of 25 m.w.e are studied. Apart from the stopped muon rate we measured the spectrum of muon 
decay electrons and the degree of polarization of stopped muons. Preliminary results for the 
Michel parameter yield values lower than the currently accepted one, while the asymmetry 
between the numbers of decay positrons registered in the upper and lower hemispheres appear 
higher than expected on the basis of numerous earlier studies. 

The laboratory spaces and the apparatus used in this work are described in detail in [1]. Here we first 
determine the number of stopped positive muons of cosmic-ray origin in our plastic scintillator 
detectors, which have the vertical thickness of 5 cm and an area of 1 m2. The pulses from the PMTs 
are recorded in the event-by-event mode by their amplitude and time of occurrence, with 10 ns 
resolution. From such a list it is thus possible, among other things, to form the series of time intervals 
between successive pulses from a single detector. The signature of positive muons which stop and 
decay in the detector is the succession of pulses – the start pulse which is due to the stopped muon, 
and the stop pulse which is due to the positron emitted in its decay, which does not necessarily loose 
all of its energy in the detector (figure 1). The intervals between these start and stop pulses are 
distributed exponentially, with the constant corresponding to the lifetime of the muon. This 
distribution sits on another exponential distribution that corresponds to the Poisson count of the 
through-going muons, with the constant reciprocal to the rate of these events, which is of the order of 
100 Hz, and which in the region where the first distribution is present (up to some 20 µs), appears flat 
(figure 2). In these measurements the dead time of the system was from 1 to 4 µs, and these portions 
of our time spectra are missing. Integrating this time distribution that corresponds to the stopped and 
decayed muons, and correcting for the missing events due to the dead time, we obtain the number of 
stopped muons in the ground level based and in the underground laboratory as: 
 

2106)( −⋅=stopGBN µ 12 s m −−   and  2105.1)( −⋅=stopUGN µ 12 s m −−  
 

the errors on these numbers being below the significant figures presented here. Next, we find the 
amplitude spectra of all the start and of all the stop pulses from two different time intervals – one at 
the very beginning of the time spectrum (marked I in figure 2), and the other of the same width at the 
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time when the muon decay distribution has practically died out (marked II in figure 2). We now 
subtract the spectrum of starts that corresponds to region II from that which corresponds to region I, to 
obtain the true spectrum of starts, which is the spectrum of muon energy losses until they stop in the 
detector (spectrum designated as “Stopped muons” in figure 3). We thus recover the spectrum of 
energies that stopped muons have prior to entering our detector. We do the same with the spectra of 
stops, what produces the spectrum of positron energy losses until they either stop within the detector 
or until they leave it (the spectrum designated as “Decay positrons” in figure 3). For the purposes of 
comparison we present in the same figure the much more intense spectrum of energy losses of 
through-going muons (marked as “Singles”), which peaks at about 10 MeV. It is seen that the 
spectrum of stopped muons peaks, in spite of the shorter path within the detector, at an energy higher 
than that at which peak the through-going muons, what is to be expected on the grounds that the 
muons of energies sufficiently low to stop in the detector have higher specific ionization than the high 
energy through-going ones, which are practically the minimum ionizing particles. Figure 3b presents 
the same results for the identical setup situated in the underground laboratory. Comparison between 
figure 3a and 3b shows the rather unexpected and significant differences between both the spectra of 
stopped muons and decay positrons on the surface and underground. The differences might be caused 
by the differences in low-energy parts of the muon spectrum at the two locations and possibly by the 
different degree of polarization of the stopped muons. This would, by virtue of parity non-
conservation in the weak interactions involved, lead to different angular distributions of decay 
positrons, what would in turn result in the observed differences in their corresponding energy-loss 
spectra.   

To check the above assumption we arranged the triple sandwich arrangement of plastic scintillator 
detectors, the big plastic detector (1 m2) sandwiched between the two small ones (0.125 m2), the pulses 
from each detector being recorded by their amplitudes and time of occurrence, with 10 ns resolution. 
All relevant combinations of off-line coinciding and anti-coinciding between the detectors yielded the 
information that we discuss in what follows.  

 

 
Figure 1. Definitions of the quantities involved in the 
study of CR muons which stop and decay in plastic 
scintillator detectors 5 cm thick. 

 
Since the angular distribution of the incoming muons is wide, and the overall geometry of the 

events included into these spectra is complex, it is not possible to interpret and draw meaningful quan-
titative conclusions from the significant differences that exist between the two spectra (figure 4). It is, 
however, evident that the ratio of the number of positrons that are emitted into the upper hemisphere 
and those that are emitted into the lower hemisphere is significantly bigger than that which might be 
expected on the basis of the multitude of earlier measurements of this asymmetry (e.g. see [2]). The 
only possible reason for that might be the different character of the stopping medium, that appears to 
be different from those used in any of earlier studies. The results of the same measurement under-
ground still do not have sufficient statistics for meaningful conclusions, and the measurements go on. 
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Figure 2. Distribution of time intervals between successive 
pulses from the 1 m2 plastic scintillator detector. Region I 
contains majority of the stopped muon decays, while region II 
contains only the “background” composed only of time 
intervals between the through-going high-energy muons. 

 
 

 
 

 
 

Figure 3. (a) The spectra of through-going muons (Singles), of 
stopped muons (Starts, or Stopped muons) and of decay 
positrons (Stops, or Decay positrons), all in the ground level 
based laboratory (Surface). (b) Same, in the underground 
laboratory (Cavern).  
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Figure 4. Preliminary results of measurements with the triple 
sandwich detector arrangement in the ground based laboratory. 
Spectrum of decay positron energy losses (triangles) in the 
upper detector (upper image) and in the lower detector (lower 
image). 
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CORRELATIVE AND MULTIVARIATE ANALYSIS OF INCREASED
RADON CONCENTRATION IN UNDERGROUND LABORATORY
Dimitrije M. Maletić*, Vladimir I. Udovičić, Radomir M. Banjanac, Dejan R. Joković, Aleksandar L. Dragić,
Nikola B. Veselinović and Jelena Filipović
Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Zemun, Serbia

*Corresponding author: maletic@ipb.ac.rs

The results of analysis using correlative and multivariate methods, as developed for data analysis in high-energy physics and
implemented in the Toolkit for Multivariate Analysis software package, of the relations of the variation of increased radon con-
centration with climate variables in shallow underground laboratory is presented. Multivariate regression analysis identified a
number of multivariate methods which can give a good evaluation of increased radon concentrations based on climate variables.
The use of the multivariate regression methods will enable the investigation of the relations of specific climate variable with
increased radon concentrations by analysis of regression methods resulting in ‘mapped’ underlying functional behaviour of radon
concentrations depending on a wide spectrum of climate variables.

INTRODUCTION

Radon is considered to be the main source of human
exposure to natural radiation. By the World Health
Organization, the greatest exposure is due to the inhal-
ation of indoor short-lived decay products of radon(1).
They contribute for about 55 % to the annual effective
dose received by the general population. Indoor radon
concentrations vary significantly due to a large number
of factors. The focus of this work is only on climate
parameters by investigating the possible correlation of
short-term variations of climate parameters and radon
concentrations.

Low Background Laboratory in the Institute of
Physics, Belgrade consists of the Ground level labora-
tory and the Underground level (UL) laboratory,
placed 12 m underground. Laboratory is described in
details elsewhere(2). During normal working opera-
tions, the UL laboratory has an operating ventilation
system, which serves two purposes: first one is to ex-
change air in the laboratory with the outdoor one and
the second purpose is to create over-pressurised air in
the laboratory in order to help stopping the radon in-
cursion into the laboratory. The ventilation system is
constantly switched on, but in some special cases, for
a short period of time, like in the case of the study pre-
sented in this work, the ventilation system was
switched off. In the case of non-over-pressurised and
no air exchange conditions in the UL, there is an in-
crease of the radon concentrations. This is a very good
condition to look into relations of climate variables
and increased radon concentrations.

The goal in this study is a use of the multivariate
analysis approach in finding the relations of climate
variables and increased radon concentrations in the
UL. The first tests of correlative and multivariate

analysis of variations of indoor radon concentrations
with climate variables were published elsewhere(3).

When the ventilation system in the UL is switched
off, radon concentrations increase rapidly, indicated
by starting activities from ,20 Bq m23. After a few
days, the rapid increase of radon concentrations
becomes steady, with values of radon activities reach-
ing as much as 900 Bq m23, and also, the variability
of radon concentrations is much more pronounced.
Additional interesting property of the conditions in
the UL, while taking into account radon activity
measurements, is that during the measurement time,
the laboratory is practically not accessed, so air
exchanges cannot explain the changes of radon con-
centrations. This fact alone will improve the chances
of finding the stronger correlation of climate variables
with radon concentrations. Radon tends to concen-
trate in enclosed spaces such as underground mines or
houses. Soil gas infiltration is recognised as the most
important source of residential radon(1). Conditions
in the UL with the ventilation system switched off are
a close match for such enclosed spaces.

The search for an appropriate analysis method
resulted in the selection of multivariate methods. Many
multivariate methods and algorithms for classification
and regression are already integrated into the analysis
framework ROOT(4), more specifically, into the Toolkit
for Multivariate Analysis (TMVA)(5).

In the present analysis 12 variables based on outdoor
climate variables were used. The outdoor climate vari-
ables are temperature, pressure and humidity, the tem-
peratures of ground at two depths of 20 and 50 cm and
wind speed. The additional variables are atmospheric
pressure, air temperature and humidity measured with
a radonometer measuring system and the differences of
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these values with outdoor measured ones. The analysis
starts with comparing the multivariate methods in
order to find out which one is best suited for classifica-
tion (division) of radon concentrations into what would
be considered acceptable and what would be considered
increased concentration in UL.

EXPERIMENTAL DATA

For measurement of radon concentrations, air tem-
perature, atmospheric pressure and humidity in the UL
the SN1029 radon monitor (manufactured by the Sun
Nuclear Corporation, NRSB approval-code 31822) is
used. This device consists of two diffused junction
photodiodes as a radon detector. The radon monitor
was used for measuring radon concentration, air tem-
perature, atmospheric pressure and humidity at 2-h
intervals during the September and October of 2013.

RESULTS

The results of MVA classification and regression
methods are commented.

The start of MVA method-based analysis is done
by using the events consisting of one set of all climate
variables and the corresponding measured radon ac-
tivity. For classification methods, all events are split
into signal events—a set of events where the measured
radon activity is greater than some predefined value
(200 Bq m23) and background ones, the set of events
with values less than the predefined value. After the
process of training of MVA methods, comparison of
their performance in properly splitting the whole set
of events into signal and background events is per-
formed. The graph presenting the ‘receiver operating
characteristic’ (ROC) for each multivariate method
(Figure 1) may be considered as the most indicative in
comparing the different methods used for classifica-
tion of radon concentrations using climate variables.
On this graph one can read the dependence of back-
ground rejection on signal efficiency. The best method
is the one that holds the maximum value of background

rejection for highest signal efficiency, i.e. the best
method has an ROC curve closest to the upper right
corner on the graph presented in Figure 1.

From Figure 1 it can be seen that the selected
12 MVA methods can very efficiently classify all events
into signal and background ones. For all MVA classi-
fiers, the signal efficiency is .85 % for practically 100 %
background rejection. The best performing MVA
methods are BDT and MVA methods. The response
function of the best classifier is shown in Figure 2.
From this figure it can be seen that the signal and
background events are separated very good.

Classifiers can be very useful, especially from a radi-
ation protection aspect in connection with radon mea-
surements. In radon measurements one can use either
long-term measurements or expensive short-term ones.
This way, by training the classifiers, it will be achiev-
able to predict short-term variations, which are consid-
ered as increased radon activity (.200 Bq m23),
which will otherwise be blended (invisible) in long-
term measurements.

Regression

The next step was to try to get more information from
MVA methods by trying to ‘map’ a functional behav-
iour of radon vs. input climate variables. This is done
by using the MVA regression methods. During the
tests, the observation was made that not all MVA
methods give good evaluation of radon concentra-
tions. In Figure 3 the authors present the initial and
corrected values of evaluation of radon concentration
for one of the MVA methods.

The distribution of measured radon activities and
MVA regression evaluations is shown in Figure 4.
From this plot, it is clear that the distribution of MVA
evaluations are in good agreement with the experi-
mental values. This also means that it is now possible
to calculate the errors of MVA evaluation which is
presented in Figure 5. One can see that for the high
values of radon concentrations, such as in the UL, the

Figure 1. ROC for all multivariate methods used for
classification of radon concentration using climate variables.

Figure 2. TMVA response for classifier for best performing
MVA classifier, a method based on boosted decision trees.
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Page 2 of 4

 at U
niversity L

ibrary Svetozar M
arkovic on A

ugust 5, 2014
http://rpd.oxfordjournals.org/

D
ow

nloaded from
 

http://rpd.oxfordjournals.org/


evaluation is better. The error of evaluation is esti-
mated to be �6 %.

CONCLUSION

The results of analysis of relation of increased radon
concentrations in UL and climate variables using multi-
variate classification and regression methods, as devel-
oped for data analysis in high-energy physics and
implemented in the TMVA software package are pre-
sented. These methods enabled the investigation of the
relations of a wide spectrum of climate variables with
increased radon concentrations in the UL. Multivariate

regression analysis gives a possible choice of several
good multivariate methods which can be used for
evaluation of increased radon concentration in the UL,
with input events based on climate variables. The
analysis performed showed that there is a significant re-
lation of climate variables and increased radon concen-
trations in the UL. As a result of the analysis presented
in this work, there is now MVA regression ‘mapped’
underlying functional behaviour of radon concentra-
tions depending on a wide spectrum of climate vari-
ables. Having ‘mapped’ the functional behaviour of
radon concentrations enables analysis with the possibil-
ity of exclusion of the inter-correlations of climate vari-
ables, which presents one with a new advantage in the
analysis of radon concentration relations with climate
variables.
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Abstract. We present results of continuous monitoring of the cosmic-ray muon intensity at the
ground and shallow underground level  at  the Belgrade  cosmic-ray station. The cosmic-ray
muon  measurements  have  been  performed  since  2002,  by  means  of  plastic  scintillation
detectors. The scintillator counts are corrected for atmospheric pressure for the whole period of
measurements and, as well, for vertical temperature profile for the period of the last six years.
The results are compared with other correction methods available. One-hour time series of the
cosmic-ray  muon intensity  at  the  ground  level  are  checked  for  correlation  with  European
neutron monitors, with emphasis on occasional extreme solar events, e.g. Forbush decreases.

1. Introduction
The Belgrade cosmic-ray station, situated in the Low-level Laboratory for Nuclear Physics at Institute
of Physics,  Belgrade, have been continuously measuring the cosmic-ray intensity since 2002. The
station is at near-sea level at the altitude of 78 m a.s.l.; its geomagnetic latitude is 39° 32' N and
geomagnetic vertical cut-off rigidity is 5.3 GV. It consists of two parts: the ground level lab (GLL) and
the underground lab (UL); the UL is located at a depth of 12 metres below the surface, i.e. 25 metre
water equivalent.  At this depth practically only the muonic  component  is  present.  The cosmic-ray
muon measurements are performed by means of plastic scintillation detectors, a pair of which is, along
with instrumentation modules for data acquisition, placed in both the GLL and the UL. The set-up is
quiet  flexible,  as  the  scintillators  could  be  arranged  in  different  ways,  which  allows  conducting
different experiments. The analyses of the measurements  yielded some results on variations of the
cosmic-ray muon intensity and on precise values of the integral muon flux at the ground level and at
the depth of 25 m.w.e. [1,2,3,4].

2. Experimental set-up
The experimental set-up in both the GLL and the UL consists of a large plastic scintillation detector
(rectangular shape, 100cm x 100cm x 5cm) and a data acquisition system (DAQ). The scintillator is
polystyrene based UPS-89, with four 2-inch photomultiplier tubes attached to its corners, so that each
PM tube looks at the rectangle diagonal. Preamplifier signals from two PM tubes looking at the same
diagonal are summed in one output signal, thus two output signals are led to the DAQ from each
scintillator.

The summed signals from the PM tubes on the same diagonal  of  the detectors are stored and
digitized by the DAQ, which is based on 4-channel flash analog-to-digital converters (FADC), made
by CAEN (type N1728B), with 100 MHz sampling frequency. The FADCs are capable of operating in
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the event-list mode, when every analyzed event is fully recorded by the time of its occurrence and its
amplitude.  This enables the correlation of events,  both prompt  and arbitrarily delayed,  at  all  four
inputs with the time resolution of 10 ns. Single and coincident data can be organized into time series
within any desired integration period. The FADCs can also be synchronized with each other for the
additional coinciding of the events in the GLL and the UL.

For both the GLL and the UL detector, two input channels on the corresponding FADC are reserved
for  events  recorded by each  of  detector's  diagonals.  The  cosmic-ray  events  recorded by a  single
diagonal are drown in the background. Coinciding of the prompt events from two diagonals within a
narrow time window gives the resulting experimental spectrum of the plastic scintillator, which is the
energy deposit (ΔE) spectrum of the cosmic-ray particles (figure 1). Interpretation of the experimental
spectra and their features as well as their calibration have been done using Geant4 based Monte Carlo
simulation [4,5].  The spectra peak at  ~11 MeV and have the instrumental  thresholds at  ~4 MeV.
Comparing the spectra of the GLL detector and the UL detector one can notice the obvious difference
in  their  shape,  especially  in  the  low-energy  part  below  ~6  MeV. This  difference  points  to  the
contribution of the cosmic-ray electrons and gammas (electromagnetic component) to the ΔE spectra
at the ground level, which is absent in case of the underground detector.

Figure 1. The cosmic-ray ΔE spectra of the GLL detector (top left) and the UL detector (top right).
Experimental and simulated ΔE spectra of the UL detector (bottom).
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3. Results and discussion
The cosmic-ray intensity data are automatically processed, using a web-based “robot” developed for
this purpose, and published online at www.cosmic.ipb.ac.rs/muon_station. The online available data
are raw scintillator counts in time series with resolution of 5 min or 1 h. Time series of the raw data are
corrected for pressure and temperature effect; pressure corrections have been done for the whole data
taking period and temperature effect corrections have been done for the the time period of the last six
years.

3.1. Efficiency corrections
The first data corrections are related to detector assembly efficiency. As mentioned, the instrumental
thresholds cut the spectra at ~3 MeV. However, the thresholds may vary, thus changing the initial
spectrum and resulting in fluctuations of the integral spectrum count. Related to this, the necessary
correction has been done by means of constant fraction discriminator (CFD) function (figure 2); with
use of the CFD cut the spectrum fluctuations decreased significantly. The CFD is based on cut on
chosen height as a percentage of peak height where the spectrum is cut. The simulation tells us that,
for the underground detector, ~6% of muon events is also cut (figure 1).

Figure 2. Constant fraction discriminator (CFD) applied in efficiency corrections. The obtained
truncated spectrum is used for calculating time series.

The next step in the efficiency corrections is a correction of 5-min count values that are clearly
lower  than  a  mean  5-min  count  in  surrounding  time  intervals.  This  undershoot  comes  at  the
beginning/end of runs, where events are not collected for all 5 min of measurement. The last and
smallest correction is a correction of fluctuations of spectrum due to fluctuation in amplification which
influence the cut on diagonals and efficiency of coincidence of two diagonals. We found that the CFD
cut is proportional to efficiency of coincidence.

3.2. Corrections for atmospheric pressure and for temperature
Significant  part  of  variation  of  cosmic  ray  muon  component  intensity  can  be  attributed  to
meteorological effects. Here, two main contributors are barometric and temperature effect [6].

Barometric effect is caused by variation of the atmospheric mass above the detector. These pressure
corrections are done by finding the linear regression coefficient, using only International Quiet Days,
i.e. time series data from periods with more or less constant intensity of galactic cosmic rays,  for
creation of the distribution of scintillator counts vs. atmospheric pressure. Atmospheric pressure data
are available due to on-site continuous measurement.
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Figure 3. Dependence of 5-min counts on atmospheric pressure.

The temperature effect is related to the variation of the atmospheric temperature profile. The effect
is  two-fold,  as it  affects pion decay (positive contribution) as well  as muon ionization losses and
possible decay (negative contribution). To correct for these effects, integral correction method was
applied [6,7]. The variation of the muon intensity due to temperature variations is calculated by using
the formula:

where δIT is the variation of the muon intensity due to the temperature effect, δT(h) is the variation of
the atmospheric temperature, which is calculated in reference to the mean temperature value for a

given  time  period  (denoted  by  index  M):  ,  where  h  is  atmospheric  depth.
Temperature coefficient densities α(h) are calculated according to [6].

Available meteorological models make it possible to have hourly atmospheric temperature profiles
for 17 standard isobaric levels at the geographic position of the Belgrade muon station, necessary for
application of formula shown above. The procedure used here is as described in [7].  Temperature
profiles have been obtained from ftp://cr0.izmiran.rssi.ru/COSRAY!/FTP_METEO/blgd_Th/, courtesy
of IZMIRAN laboratory.

3.3. Time series of the cosmic-ray intensity
In Figure 4 the count rate time series is shown for all corrections. First, the corrected count rate for
efficiency corrected data is shown. Also, the atmospheric pressure and combined atmospheric pressure
and temperature corrections time series of count rates are shown.

One-hour  time  series  of  the  cosmic-ray  muon  intensity  at  the  ground  level  are  checked  for
correlation with European neutron monitors (NM), with emphasis on occasional extreme solar events,
e.g. Forbush decreases.

In Figure  5 the  comparison  of  time  series  of  pressure  corrected and pressure  and temperature
corrected  count  rates  for  the  Belgrade  muon  station  and  Jungfraujoch,  Rome,  Baksan  and  Oulu
neutron  monitors  is  presented  for  Forbush  candidate  in  March  2012.  The  count  rates  of  neutron
monitors are shifted to be close to each-other for visibility. The count rate for the Belgrade station is
shown in percentages with additional shift down for visibility. The count rate drop for the neutron
monitors is clearly more pronounced than for Belgrade muon monitor.

24th European Cosmic Ray Symposium (ECRS2014) IOP Publishing
Journal of Physics: Conference Series 632 (2015) 012059 doi:10.1088/1742-6596/632/1/012059

4



Figure 4. Time series of efficiency corrected, pressure corrected and pressure and temperature
corrected counts.

Figure 5. Comparison of time series of pressure corrected and pressure and temperature corrected
count rates for the Belgrade muon monitor station and neutron monitors. Count rates are shifted for

comparison.

In Figure 6 the comparison of time series of pressure corrected count rates for the Belgrade muon
station  Jungfraujoch,  Rome,  Baksan  and Oulu  neutron  monitors  is  presented.  The  count  rates  of
neutron monitors are shifted to be close to each-other for visibility. The count rate for Belgrade station
is scaled in the way that the drop in count rate is similar to most of the stations (except Jungfraujoch,
which is at high altitude). The visual comparison shows the good correlation of the count rates of
Belgrade muon monitor and neutron monitors, previously noticed using correlative analyses of count
rates. The pressure corrected count rates from Belgrade muon monitor is only dataset used for visual
comparison,  since neutron monitor  data  are  also only pressure  corrected.  This  was also observed
previously using correlative analyses of count rates.
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Figure 6. Comparison of time series of pressure corrected count rates for the Belgrade muon monitor
station and neutron monitors. Count rates are shifted and scaled for comparison.
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4. Conclusions
The results of continuous monitoring of the cosmic-ray muon intensity at the ground and shallow
underground  level  at  the  Belgrade  cosmic-ray  station  are  presented.  The  scintillator  counts  are
corrected for atmospheric pressure for the whole period of measurements and, as well, for vertical
temperature profile for the period of the last six years. The results are compared with other correction
methods available and showed excellent agreement.  One-hour time series of the cosmic-ray muon
intensity  at  the  ground  level  are  checked  for  correlation  with  European  neutron  monitors,  with
emphasis  on  occasional  extreme  solar  events,  e.g.  Forbush  decreases.  As  a  result  of  correlative
analysis, the Forbush candidate in March 2012 is the best choice to be used for visual comparison
presented in this work. The comparison showed high correlation of the Belgrade muon monitor with
neutron  monitors,  especially  geographically  closer  neutron monitors  such as  Rome  NM.  In  some
specific time periods, like during the Forbush candidate in March 2012, we showed that our muon
measurement system has sensitivity comparable to European neutron monitors in this period, but still
not as efficient as NM with better geographical position (at high altitude), e.g. Jungfraujoch in the
Swiss Alps.
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Abstract The high Q-value of some (p,a) fusion reac-

tions is very important in the investigation that can lead to

power production with controlled fusion using advanced

fuels (hydrogen-lithium-7, hydrogen-boron-11). For this

reason, it is crucial to know the rates of these fusion

reactions. Unfortunately, in the fusion machines such as

plasma focus device, the interaction energy is usually far

below the Coulomb barrier. Because of that, direct mea-

surements of the relevant reaction cross sections are prac-

tically impossible. A few different indirect approaches

have been proposed. In this work the Trojan Horse Method

(THM) will be described. On the basis of the results

obtained from the THM method and data, which are well-

known from our previous work (Banjanac et al. in Radiat

Meas 40:483–485, 2005), the reaction rate for proton-

induced reaction 7Li(p,a)a produced in the hydrogen

plasma focus is calculated. This calculation will be com-

pared with the measurements of a particles production rate

using CR-39 detectors.

Keywords Plasma focus � Trojan horse method

Introduction

Proton-induced reaction on light element isotopes play a

key role in nucleosynthesis of the elements in the earliest

stages of the universe and in all the objects formed there-

after. In a few last years, these fusion reactions became the

subject of the investigation because of their high Q-value

[3]. Because of this it is very important to know the rates of

these nuclear reactions. However, cross sections of reac-

tions with charged particles become very small with

decreasing energy and because of that cannot be directly

measured. Therefore, the cross section r(E) at low energies

is obtained by extrapolating experimental data at higher

energies with the well-known astrophysical S factor. In the

last ten years, several indirect methods have been devel-

oped to extract value for the astrophysical S factor at the

low energy limit S(0). One of these indirect methods is a

Trojan Horse Method (THM). In this approach the relevant

two-body nuclear reaction is replaced by a suitably chosen

three-body reaction that is measured under special kine-

matical conditions [7].

In this work, the THM method will be explained on the

example of the 7Li(p,a)a fusion reaction. On the basis of

the results obtained from the THM method and data, which

are well-known from our previous work [3], the reaction

rate for proton-induced reaction 7Li(p,a)a produced in the

hydrogen plasma focus can be calculated. This calculation

is compared with the measurements of a particles pro-

duction rate using CR-39 detectors.

Theory

The rates of the charged-particle-induced nuclear reactions

for one par of the particles, rvh i are well-known from the

general theory of the nuclear reactions [6]:

hrvi ¼ 7:20� 10�19 1

lZ1Z2

s2 expð�sÞS E0ð Þ ð1Þ
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where v is the relative velocity of the particles, l is reduced

mass, s ¼ 3E0

kT is undimensional parameter, Z1, Z2 are the

charge numbers of the colliding nuclei and S(E0) is the

astrophysical S factor for the Gamow energy E0.

Direct measurements of the astrophysical S factor at the

Gamow energies for the relevant fusion reactions, such as
7Li(p,a)a are impossible. As it mentioned in the introduc-

tion, the powerful indirect method, called THM method has

been developed.

The basic idea of the THM relies on the assumption that

a three-body reaction a(A,cC)s can proceed via quasi free

reaction mechanism that is dominant under particular

kinematical conditions. In these conditions, the reaction

a(A,cC)s is considered to be described by a polar diagram

as it shown in Fig. 1 (pseudo-Feynman diagram). The

target nucleus a is assumed to break-up into the clusters x

and s, where s is then considered to be a spectator of the

A ? x ? c ? C reaction, where c and C are the outgoing

particles. In this picture, the cross section of the three-body

reaction can be factorized into two terms corresponding to

the two vertices of the diagram (Fig. 1). It should be out-

lined that in order to apply the THM a suitable three-body

and proper kinematical conditions should be found. The

most relevant results obtained for the fusion reaction
7Li(p,a)a using THM technique are reported [4].

The three-body reaction used in this case is 7Li(d,aa)n,

where deuteron is considered as a cluster of proton

(interaction particle) and neutron (spectator). In the same

work [4], important tests of the THM method have been

done studying reaction, 11B(p,a)24He which present a

resonant behaviour. The high Q-value of this fusion reac-

tion is very important in the investigation that can lead to

power production with controlled fusion using advanced

fuels [5].

All about THM method, including detailed calculations

one can found in the review paper [7].

Experiment

In our previous works [2, 3], we have obtained the

experimental data for the flux and energy of the accelerated

protons (especially the axial protons) emitted from the

hydrogen plasma focus. On the basis of these experimental

data, we have performed experiment with the lithium tar-

get, which was thick wire (thicknesses of about 100 lm)

placed on the CR-39 plate (2 9 2 cm). CR-39 nuclear

track detectors manufactured by the Intercast were used for

the detection of the a particles produced in the 7Li(p,a)a
fusion reaction. Both the lithium target and CR-39 plate

were placed in one of the diagnostical windows positioned

at the top of the plasma focus chamber along the central

electrode axis. The fast protons were collimated with

integrated collimators, so that the protons bombarded target

at right angles.

All the experiments were performed on the Mather-type

plasma focus device with hydrogen as a working gas. The

gas discharges is produced by capacitator bank with stored

energy of 5.76 kJ. After exposure the CR-39 detectors were

etched by the similar procedure as in [1]. The CR-39

nuclear track detectors were chemically etched for an

etching time of 2.5 h with a solution of 30% KOH at 70�C.

The tracks were counted by the semi-automatic track-

counting system consisting of a CCD camera and a high-

resolution monitor.

Results and Conclusions

In all of the scanned CR-39 detectors, the alpha track

density was on the background level (102 cm-2). This

result is in good agreement with the calculations based on

(1) and the value for the astrophysical S factor obtained

through THM method for the 7Li(p,a)a fusion reaction [4].

The obtained experimental results and theoretical calcula-

tions show that it is not possible to realized 7Li(p,a)a fusion

reaction in a small plasma focus device (stored energy of

5.76 kJ).
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Abstract. The continuous gamma spectrum, Cosmic ray intensity and climate variables; atmospheric 
pressure, air temperature and humidity were continually measured in the Underground laboratory 
of Low Background Laboratory in the Institute of Physics Belgrade. Same three climate variables for 
outside air were obtained from nearby meteorological station. The obtained gamma spectrum, 
measured using HPGe detector, is split into three energy ranges, low, intermediate and high ending 
with energy of 4.4 MeV. For each of the energy intervals periodogram and correlative analysis of 
dependence of continuous gamma spectrum on cosmic ray intensity and climate variables is 
performed. Periodogram analysis is done using Lomb-Scargle periodograms. The difference of linear 
correlation coefficients are shown and discussed, as well as the differences in resulting periodograms. 

Key words: gamma spectroscopy, surface air, underground laboratory, correlative analysis, periodogram analysis.  

1. INTRODUCTION  

 
The low-level and cosmic-ray laboratory in the 

Low-Background laboratory for Nuclear Physics in the  
Institute of Physics Belgrade is dedicated to the 
measurements of low activities and to the studies of 
the muon and electromagnetic components of cosmic 
rays at the ground level and at the shallow depth 
under-ground, and in particular to the detailed studies 
of the signatures of these radiations in HPGe 
spectrometers situated shallow underground. The 
ground level part of the laboratory (GLL), at 75 m 
above sea level, is situated at the foot of the vertical 
loess cliff, which is about 10 meters high. The 
underground part of the laboratory (UL), of the useful 
area of 45 m2, is dug into the foot of the cliff and is 
accessible from the GLL via the 10 meters long 
horizontal corridor, which serves also as a pressure 
buffer for a slight overpressure in the UL (Fig.1). The 
overburden of the UL is about 12m of loess soil, 
equivalent to 25 meters of water. [1] 

In the UL laboratory the gamma spectrum is 
recorded using HPGe detector and fast ADC unit made 
by CAEN, and analysed using software developed in 
our laboratory. Besides HPGe measurements the air 
pressure, temperature and humidity were recorded in 
UL also. Values for temperature, pressure and 
humidity of outside air was taken from publicly 
available web site. The time period from which the 

measurements were used in this analysis is from 
beginning of December 2009 till end of April 2010.  

 

 
Figure 1. Cross-section of the low-level and  

CR laboratory at IOP, Belgrade, 44°49'N, 20°28'E,  
vertical rigidity cut off 5.3 GV. 

 
Continuous Cosmic rays’ (CR) spectrum 

measure-ments by means of a pair of small plastic 
scintillators [(50x25x5)cm] started in the GLL and UL 
back in 2002 and lasted for about 5 years. It agrees to 
the spectrum of relatively shallow underground 
laboratories worldwide [2]. These measurements 
yielded the precise values of the integral CR muon flux 
at the ground level and underground level laboratory, 
at the location of Belgrade [3]. Different analyses of the 
time series of these measurements have also been 
performed [4, 5]. Since the UL is completely lined with 
the hermetically sealed 1 mm thick aluminum lining, 
and the ventilation system keeps the overpressure of 2 
mbars of doubly filtered air, the concentration of radon 
is kept at the low average value of about 10 Bq/m3. 
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Measurements and analysis of periodicy of gamma-
rays in underground laboratory had been reported  
[6-7], and also for Radon measurements and 
periodicity [8-9] including advanced Multivariate 
Analysis tecniques [10-11]. 

Most recent research done in our laboratory 
[12] addresses the question of determination of origin 
of low energy gamma-rays detected by HPGe detector, 
which are coming either from environmental radiation 
or from CR. In this paper the correlative analysis is 
used to address the same question of composition of 
low-energy gamma-rays spectrum, thus giving us the 
new approach to the research done in [12].  

The correlative analysis in this paper was done 
using Toolkit for Multivariate Analysis TMVA[13] 
package as part of the ROOT[14] software, widely used 
in analysis, especially for High Energy Physics 
experiments. The TMVA was used for analysis 
extensively in our laboratory, and it was the natural 
choice to use the software for correlative analysis also. 
Lomb-Scargle periodograms were produced using 
software developed in Low-Background laboratory.  

2. EXPERIMENTAL SETUP  

 
In the UL 35% efficiency radiopure HPGe 

detector, made by ORTEC, is used. The HPGe is 
sourounded by 12 cm thick cylindrical lead castle. 
Cosmic ray setup consists of a single [(100x100x5)cm] 
plastic scintillator detector equipped with four PMTs 
directly coupled to the corners beveled at 45o, made by 
Amcrys-H of Kharkov, Ukraine. The signals from 
HPGe detector and plastic scintillators give output to 
fast ADC unit with four independent inputs each, made 
by CAEN, of the type N1728B. CAEN units are versatile 
instruments capable of working in the so-called energy 
histogram mode, when they perform like digital 
spectrometers, or/and in the oscillogram mode, when 
they perform like digital storage oscilloscopes. In both 
modes they sample at 10 ns intervals, into 214 channels. 
The full voltage range is ±1.1V. 

CAEN units are capable of operating in the list 
mode, when every analyzed event is fully recorded by 
the time of its occurrence over the set triggering level, 
and its amplitude, in the same PC, which controls their 
workings. This enables to off-line coincide the events at 
all four inputs, prompt as well as arbitrarily delayed, 
with the time resolution of 10 ns, as well as to analyze 
the time series not only of all single inputs, but also of 
arbitrary coincidences, with any integration period 
from 10 ns up. The flexible software that performs all 
these off-line analyses is user-friendly and is entirely 
homemade.   

The preamplifier outputs of the PMTs of 
detectors are paired diagonally, the whole detector 
thus engaging the two inputs of the CAEN unit. The 
signals from these inputs are later off-line coincided 
and their amplitudes added, to produce the singles 
spectra of these detectors. Offline coincidence allows 
that the high intensity but uninteresting low energy 
portion of the background spectrum of this detector 
(up to some 3 MeV), which is mostly due to 
environmental radiations, is practically completely 
suppressed, leaving only the high energy-loss events 
due to CR muons and EM showers that peak at about 
10 MeV, as shown in Figure 2. 

Since event of HPGe gamma spectrum and 
Cosmic rays consists of time-stamp and the amplitude, 
off-line analysis is used to create time series of 
arbitrary time window with selection of specific part of 
gamma spectrum as well as the time series of Cosmic 
ray flux in UL (Figure 3.). This enables that whole 
gamma spectrum can be divided into energy ranges, 
and analyze each energy range separately. The 
spectrum separation is done on channel numbers, and 
after the energy calibration, the energy ranges used in 
our analysis are 180-440 keV, 620-1330 keV and 1800-
4440 keV. The full gamma spectrum is recorded in 
range of 180-6670 keV.  The part of gamma spectrum 
of the HPGe is shown in Figure 4. 

 
 

 
 

Fig. 2. The sum spectra of two diagonals of big plastic 
detectors in the UL and GLL . 

 

 
 

Fig. 3. The time series of the CR muon count of the big plastic 
detector in the UL. 

 

 
 
Figure 4. Gamma spectrum of the HPGe detector in 12cm lead 

castle in the Underground laboratory. 
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3. RESULTS AND DISCUSSIONS  

 
The analysis starts with correlation analysis. The 
software for correlative analysis is a part of TMVA 
package. Hourly time series of variables, atmospheric 
pressure P, temperature T, and humidity H for UL 
(P_R, T_R, H_R), and outside (P,T,H) are used, 
Cosmic ray time series (CR) as well as T (DT) and H 
(DH) difference of UL and outside values make the 
number of nine input variables. The table summarizing 
the linear correlation coefficients is shown in Table 1. 
We can see correlation between each input variable 
and HPGe gamma spectrum for full energy range in 
Table 1 also.  
 
DH -10 69 -9 -86 57 -22 51 -25 -64 100
DT 7 -98 7 60 -30 10 -24 42 100 -64 
CR -14 -42 -65 36 -14 -52 13 100 42 -25 
H_R -2 30 -44 -1 42 -59 100 13 -24 51 
P_R 14 -13 80 -8 -22 100 -59 -52 10 -22 
T_R 1 43 -16 -41 100 -22 42 -14 -30 57 
H 10 -63 -15 100 -41 -8 -1 36 60 -86 
P 11 -9 100 -15 -16 80 -44 -65 7 -9 
T -6 100 -9 -63 43 -13 30 -42 -98 69 
HPGe 100 -6 11 10 1 14 -2 -14 7 -10 
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T P H
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Table 1. Summary table of linear correlation coefficient for all 
9 input variables’ 1 hour time series and 1 hour time series of 

HPGe gamma spectrum for full energy range.  
 
 
Correlation analysis was done also for three mentioned 
energy ranges, the Table 2. summarizes the results.   
 
 
 180-6670 

keV 
180-440 
keV 

620-1330 
keV 

1780-
4440 keV 

T -0.070   -0.045   -0.041   -0.096  
P +0.111   +0.124   +0.033   +0.010  
H +0.106   +0.056   +0.047   +0.101  
TUG +0.013   -0.029   +0.014   -0.012  
PUG +0.149   +0.111   +0.091   +0.061  
HUG -0.029   -0.068   -0.030   +0.028  
CR -0.140     -0.179     -0.030     +0.036  
TUG-T +0.076     +0.043     +0.046     +0.100    
HUG-H -0.105 -0.083 -0.055 -0.072

 
Table 2. Linear correlation coefficients in % for full and 

three narrower energy ranges. 
 
All the correlation of HPGe gamma spectrum hourly 
time series and input variables are not significant. The 
biggest correlation coefficient with HPGe time series is 
pressure time series measured underground followed 
by Cosmic ray time series. It is interesting to notice the 
change of correlation coefficients with HPGe for 
atmospheric pressure and Cosmic rays time series. 
While pressure correlation coefficients tend to drop 
going towards higher gamma energies, Cosmic rays’ 
correlation coefficients are increasing from negative 
sign to positive one. This observation is in agreement 
with the fact that the Cosmic rays are contributing 

more to the the gamma spectrum of higher energies, as 
it was shown in [12].  Since Cosmic rays and pressure 
are anti-correlated with correlation coefficient of -65%, 
as can be seen in Table 1, increase in atmospheric 
pressure will give negative correlation coefficient of 
HPGe and Cosmic rays’ time series. This can be 
explained by having in mind that Cosmic rays are 
contributing insignificantly to gamma spectrum on 
lower energies [12] behaving like constant in low 
energy range, while increase in pressure increases the 
air density, thus more gamma scattering events are 
contributing to low energy gamma spectrum.  
 
In the periodogram analysis the Lomb-Scargle 
periodograms were produced for atmospheric variables 
P, T, H and HPGe gamma spectrum. The periodograms 
show only daily periodicity of T, H time series as 
shown on figures 5 and 6. The P periodogram on 
Figure 7. Shows expected daily and mid-daily 
periodicity. It is noticeable that the periodogram for P 
has lowest spectral powers, which means that 
periodicity of P is less noticeable. Also, the unexpected 
1/3 day periodicity is with low spectral power. The 
periodogram analysis showed that there is no 
significant periodicity in HPGe gamma spectrum time 
series, as shown on Figure 8. 
 

 
 

Figure 5. Lomb-Scargle periodogram of air humidity.  

 

 
 
Figure 6. Lomb-Scargle periodogram of air temperature.  

 

 
 

Figure 7. Lomb-Scargle periodogram of air pressure.  
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Figure 8. Lomb-Scargle periodogram of full and three 
different energy range HPGe gamma spectrum time 

series.  

CONCLUSION  

 
In the Underground laboratory of Low Background 
Laboratory in the Institute of Physics Belgrade the 
continuous HPGe gamma spectrum, Cosmic ray 
intensity and climate variables were continually 
measured in the period from beginning of December 
2009 till the end of April 2010. The HPGe gamma 
spectrum is split into three energy ranges, low, 
intermediate and high. For each of the energy intervals 
periodogram and correlative analysis of dependence of 
continuous gamma spectrum on cosmic ray intensity 
time series and climate variables time series is 
performed. Periodogram analysis is done using Lomb-
Scargle periodograms. The correlation coefficient 
between air pressure and Cosmic rays is -65%. The 
correlation coefficients between HPGe gamma 
spectrum and input variables are not significant. The 
decrease of values of correlation coefficients of gamma 
spectrum and air pressure is present. The increase of 
values of correlation coefficients of gamma spectrum 
and Cosmic rays is present also. Increase in 
atmospheric pressure is resulting in negative 
correlation coefficient between HPGe and Cosmic rays’ 
time series for low energy gamma spectrum. The more 
significant contribution of Cosmic rays in high energy 
gamma spectrum, as opposite to insignificant 
contribution of Cosmic rays to low energy gamma 
spectrum is evident. Lomb-Scargle periodograms 
showed daily periodicity for air temperature and 
humidity, and additional mid-daily periodicity for air 
pressure. There is no noticeable periodicity for each of  
energy ranges of gamma spectrum. 
 

Acknowledgement: The paper is a part of the 
research done within the project "Nuclear research 
methods of rare events and cosmic radiation" (No. 
171002) financed by the Ministry of Education, 
Science and Technological Development of the 
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BACKGROUND SPECTRUM CHARACTERISTICS OF THE HPGE DETECTOR LONG-TERM 
MEASUREMENT IN THE BELGRADE LOW-BACKGROUND LABORATORY 
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Veselinović, Mihailo Savić, Aleksandar Dragić, Ivan Aničin 
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Abstract. The Belgrade low-level background laboratory, built in 1997, is shallow (25 m.w.e) underground space 
(45m2) which is constantly ventilated with fresh air against radon. The muon intensity (about 3.5 times less than at 
ground level), radon concentration (suppressed to averaged value of 15 Bqm-3), as well as gamma-ray background are 
monitoring for more than eight years. After long-term measurement using the radiopure HPGe detector with 35% 
relative efficiency, the measured data includes radionuclide concentration of detector surroundings, estimation of 
background time variation due to radon and cosmic-rays as well as MDA values for typical samples of water matrix. 
The detailed characteristics of gamma-ray background spectra are here presented. 

Key words : Underground laboratory, Low-level background, long-term  gamma-ray measurement  

1. INTRODUCTION 

Various experiments which strive for the detection 
of very rare events require the lowest possible 
background radiation which can be achieved only in a 
deep underground laboratory. Some of recent the most 
interesting are double beta-decay experiments, [1] and 
dark matter searches, [2]. In any applied 
measurements of low activities, a goal that is pursued 
by all gamma spectroscopist is to lower the minimum 
detectable activity (MDA) of their detection system 
obtaining more statistical evidence in less time.  

But, any long and even short-term gamma-ray 
background measurement is subject to certain 
temporal variations due to time variability of two 
prominent contributors to background, cosmic-rays 
and radon. The most of the low background 
laboratories that deal with low activity measurements 
have developed routine measurements of background. 
The duration of these measurements may be from one 
day to even a month and they are designed to produce 
results with sufficiently low statistical errors for the 
envisaged measurements. These measurements yield 
only average values of the background, what in 
principle may lead to systematic errors in later 
measurements, especially of NORM samples.  

The averaged values of the background, gamma 
lines and continuum, nuclide concentrations or MDA 
presenting a “personal card” of used detector system 
for certain samples in any low-level background 
laboratory, [3]. Here is attempt to present our low-
level background laboratory in a similar way. First of 
all, the detailed description of the laboratories and 
used detector system are described.     

 

2. DESCRIPTION OF THE LABORATORIES AND 
EQUIPMENT  

The Belgrade underground low-level laboratory 
(UL), built in 1997 and located on the right bank of the 
river Danube in the Belgrade borough of Zemun, on 
the grounds of the Institute of Physics. The overburden 
of the UL is about 12 meters of loess soil, equivalent to 
25 meters of water. It is equipped with ventilation 
system which provides low radon concentration of 
15(5) Bq/m3. The “passive” shield consists of 1 mm 
thick aluminum foil which completely covers all the 
wall surfaces inside the laboratory, including floor and 
ceiling. As the active radon shield the laboratory is 
continuously ventilated with fresh air, filtered through 
one rough filter for dust elimination followed by active 
charcoal filters for radon adsorption. The UL has an 
area of 45m2 and volume of 135m3 what required the 
rate of air inlet adjusted to 800m3/h. This huge 
amount of fresh air contributes to greater temperature 
variations and the long-term mean value of 
temperature inside the UL is 19(4)oC. The rate of air 
outlet (700m3/h) was adjusted to get an overpressure 
of about 200 Pa over the atmospheric pressure, what 
prevents radon diffusion through eventual 
imperfections in the aluminum layer. Relative 
humidity is controlled by a dehumidifier device, what 
provides that the relative humidity in the underground 
laboratory does not exceed 60%. The muon intensity 
(which is about 3.5 times less than at ground level), 
radon concentration and gamma-ray background are 
monitoring for more than eight years. Comparative 
background study is performing in the GLL (at ground 
level) which is equipped with a Ge detector (13% 
relative efficiency and not intrinsically low-
radioactivity level, named SGe) and a big plastic 
scintillator (1m2, named BPS) in veto position. The 
GLL is air-conditioned (average radon concentration of 
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50(30) Bq/m3) has an area of 30m2 and volume of 
75m3. The Fig. 1 presents veto arrangement of the 
HPGe detector (BGe, in 12cm lead shield) and big 
plastic scintillator, inside the UL. 

 

 
 

Fig. 1 Veto arrangement of the HPGe detector (BGe) and big 
plastic scintillator inside the UL 

3. DESCRIPTION OF DETECTOR SYSTEMS IN 
THE UL  

The low-level background detector system in the 
UL includes an intrinsically low-radioactivity level p-
type Ge detector (35% relative efficiency, named BGe) 
and another plastic veto scintillator (1m2, named BPS) 
situated coaxially above the BGe detector. The BGe is a 
GEM30 model (made by ORTEC) in LB-GEM-SV 
cryostat configuration with magnesium end cap. The 
energy resolution at 1332.5keV, measured by analog 
data acquisition system, is 1.72keV, 0.65keV at 122keV 
as well as the Peak to Compton ratio at 1332.5keV has 
value of 68. The cylindrical lead shielding of the BGe, 
with a wall thickness of 120 mm and an overall weight 
of about 900kg, was cast locally out of scratch 
plumbing retrieved after the demolition of some old 
housing. Radon monitoring inside the laboratories was 
performed by radon monitor, model RM1029 
manufactured by Sun Nuclear Corporation. The device 
consists of two diffused junction photodiodes as a 
radon detector, and is furnished with sensors for 
temperature, pressure and relative humidity. A pair of 
plastic scintillator detectors is used for CR muon 
measurements at both laboratories. One of them is a 
larger (100cmx100cmx5cm) detector (BPS), equipped 
with four PMT directly coupled to the corners beveled 
at 45°, made by Amcrys-H, Kharkov, Ukraine. The 
other, a smaller 50cmx23cmx5cm plastic scintillator 
detector, with a single PMT looking at its longest side 
via a Perspex light guide tapering to the diameter of a 
PMT, made by JINR, Dubna, Russia, and assembled 
locally. The smaller detector may serve as a check of 
stability of the muon time series obtained from the 
larger detector, which is important for long term 
measurements. Two flash analog to digital converters 
(FADC), made by C.A.E.N (type N1728B), which 
sample at 10 ns intervals into 214 channels were used 

to analyze spectra from Ge detectors as well as 
corresponding BPS. User-friendly software was 
developed to analyze the C.A.E.N data with the 
possibility to choose the integration time for further 
time-series analysis that corresponds to integration 
time of the radon monitor. The performances of digital 
acquisition system as well as software developed for 
analysis were described in detail, [4]. 

 

4. THE RESULTS OF BACKGROUND 
MEASUREMENTS IN THE UL 

Additional to intrinsically low-radioactivity level of 
the BGe itself, environmental radioactivity is low, too. 
The UL was built from low activity concrete about 12 
Bq/kg of U-238 and Th-232, and of 23 Bq/kg and 30 
Bq/kq of surrounding soil, respectively. Radioactivity 
of aluminum wall-lining is negligible. Pb-210 activity of 
used lead shield of 30Bq/kg is measured. After long-
term cosmic-ray, [5], radon concentration, [6] and 
gamma-ray background measurements, no significant 
long-term time variations of gamma background was 
found, [7]. After several years of almost continuously 
background measurements, the integral background 
rate in the region from 40keV to 2700keV has mean 
value of about 0.5 cps. The lines of Co-60 are absent in 
the background spectrum, while the line of Cs-137 with 
the rate of 1×10–4 cps starts to appear significantly only 
if the measurement time approaches one month. 
Fukushima activities, though strongly presented in our 
inlet air filters samples, did not enter the background 
at observable levels, in spite of the great quantities of 
air that we pump into the UL to maintain the 
overpressure, and it seems that the double air filtering 
and double buffer door system, along with stringent 
radiation hygiene measures, is capable of keeping the 
UL clean in cases of global accidental contaminations. 
No signatures of environmental neutrons, neither slow 
nor fast, are present in direct background spectra. 

The Fig. 2 shows a characteristic shape of 
background spectrum obtained in the UL after about 6 
months of measuring, with distinctive Pb X-ray lines at 
the beginning of the spectrum, annihilation line, and 
lines from 40K and 208Tl (2614.5keV) at the end of the 
spectrum with a lot of post-radon lines between them.  

 

Fig. 2 Background spectrum of the HPGe detector (BGe) 
inside the UL after about 6 months of measuring 

The table 1 in the third column presents gamma-
ray background values of typical spectrum measured in 
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the UL using the BGe in direct (no veto) mode. The 
measurement time was about 6 months. 

Table 1 The background characteristics of the BGe 
inside the UL 

Line/ 
region 
(keV) 

Radionuclide/ 
series/ 
nuclear 
reaction 

Intensity  
(10-3 s-1) 

MDA 
(mBq) 

for 
100ks 
Water 
matrix 

40-2700 - 500 - 
46.5 Pb-210/U-238 0.38(11) 1500 
53.2 U-234 - 9400 
63.3 Th-234 - 700 
72.8 Pb-X-Kα2 3.1(1) - 
75 Pb-X-Kα1 6.2(1) - 

84.9 Pb-X-Kβ1 4.2(1) - 
87.3 Pb-X-Kβ2 1.49(6) - 
92.5 Th-234 - 100 

143.8 U-235 - 20 
163.4 U-235 - 110 
200.3 U-235 - 100 
238.6 Pb-212/Th-232 0.83(4) 40 
242 Pb-214/U-238 0.20(2) - 

295.2 Pb-214/U-238 0.71(4) 40 
338.3 Ac-228/Th-232 0.15(2) - 
351.9 Pb-214/U-238 1.26(5) 30 
477.6 Be-7 - 40 

510.8+511 
Tl-208/Th-
232/ANN 

7.0(1) 
- 

583.2 Tl-208/Th-232 0.30(3) 56 
609.2 Bi-214/U-238 1.08(5) 60 
661.7 Cs-137 0.10(5) 9 
727.3 Bi-212 - 200 

803.3 
Pb-206 (n,nI) 

Pb-206 
0.11(2) 

- 

911.2 Ac-228/Th-232 0.25(2) 110 
969 Ac-228/Th-232 0.11(2) 80 
1001 Pa-234m - 1300 

1120.4 Bi-214/U-238 0.28(3) - 
1173.2 Co-60 - 19 
1332.5 Co-60 - 11 
1238.1 Bi-214/U-238 0.09(2) - 
1460.8 K-40 3.27(9) 850 
1764.6 Bi-214/U-238 0.49(3) 230 

2103.7 
2614.5SE/Tl-

208 
0.13(2) 

- 

2204.2 Bi-214/U-238 0.15(2) - 
 2614.5 Tl-208/Th-232 1.05(5) - 

 

The fourth column of the same table presents 
minimum detectable activity (MDA) calculated for 
predicted measurement time of 100000 seconds 
(approximately one day) for cylindrical sample 
(volume of 120cm3) situated on the top of the detector. 
Efficiency calibration was obtained by GEANT4 
simulation toolkit as well as experimentally using 
appropriate standard. The difference between the two 
efficiency calibration curves is less than 5% for sample 
of water matrix, which MDA is here presented. MDA 
values are calculated as MDA=LD/(t x Eff x p), where 
the LD=2.71+4.65B1/2 is detection limit. B is 
background at the energy of gamma-ray line with 

absolute detection efficiency Eff and emission 
probability p. If the predicted measurement time t is 
valued in seconds then MDA values have Bq unit. The 
obtained MDA values are presented for water matrix 
cylindrical samples in bottles with volume of 120cm3. 

With the BPS currently positioned rather high over 
the detector top, at a vertical distance of 60cm from 
the top of the lead castle, in order to allow for the 
placing of voluminous sources in front of the vertically 
oriented detector, the off-line reduction of this integral 
count by the CR veto condition is only about 18%. Up 
to a factor of two might be gained if the veto detector 
were to be positioned at the closest possible distance 
over the BGe detector. This configuration requires 
some changes of the lead shield including introducing 
a sliding lead lid. Such a new shielding and veto 
configuration would be additionally reduce gamma-ray 
background up to the same  factor that corresponds to 
factor of reduction expected for cosmic rays. 

We do not insist on the lowering of statistical errors 
which depend on background levels solely and are 
difficult to reduce further with available means, but 
rather emphasize its stability due to the low and 
controlled radon concentration in the laboratory. This 
is essential, especially in NORM measurements, and 
makes our system virtually free of systematic errors as 
compared to systems which operate in environments 
where radon is not controlled. In that systems the 
reduction of post-radon background activities is 
achieved by flushing the detector cavity with liquid 
nitrogen vapor, where the transient regimes during 
sample changes and possible deposition of radon 
progenies may introduce systematic uncertainties 
which are difficult to estimate. 
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