HAYYHOM BERY UHCTUTYTA 3A OU3UKY

HpCI[MeT: Moii6a 3a IMOKPCTALC IOCTYIIKA 3a CTULIALC 3BaAlbd HAYYHH CAPAaTHUK

C 003upom J1a ucymaBaM KpUTEpHjyMe Mpomnucane o crpane MuHucTapcTBa

IMPOCBCTC, HAYKC N TCXHOJIOIIKOT pa3Boja 34 CTUIAKC 3Bahbd HAYYHH

capaanuk, moauM Hayuno Behe MHCcTHTYTA 32 PU3KKY 2 TOKPEHE MOCTYIAK 32

MOj U300p y HaBEJICHO 3BambC.
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Munubeme pyKoBOAMOLIA MPOJEKTa ca MPEAIOroM KOMUCH]E 32 U300p y
3Bambe,

Crpyuna 6uorpaduja,

[Ipernen HayyHe aKTUBHOCTH U €JIEMEHTE 32 KBAJIUTATUBHY aHAIIU3Y
pana,

EnemenTe 3a KBAaHTUTATUBHY aHAIIM3Y paja,

Cnucak 00jaB/beHHUX PaJoBa,

[TogaTke 0 MIUTHPAHOCTH-SCOPUS,

Komnuje 06jaBibeHNX pasoBa,

Pememe o mpeTxoaHOM M300py Y 3Bambe,

YBepewe 0 TOKTOpUpAY

VY Bbeorpany,

7. centembap 2018.

Huxkomna Becenuaosuh



Hayuynom Behy UncTuTyTa 32 husuky YuuBep3urera y beorpany

HPEIMET: Munubewe pykoBoanona npojexra o nzoopy ap Huxosne Becernnosuha y
3Babe HAYYHHU CaApaJAHHUK

Ip Hukona Becenunosuh 3amocien je y MactutyTy 3a ¢pusuky y beorpany ox 2011. rogune.
AHTa)XOBaH je Ha MPOjEeKTy OCHOBHHX HCTpPaXKMBamka MMHHCTApCTBa MPOCBETE, HAyKEe H
TeXHOJIOIKOT pa3Boja PemyOmuke CpOuje OM171002, nmox nHasuBom Hyxneaphe memoode
ucmpasicuear,a pemkux oozahaja u Kocmuukoe 3pauerba. Y OKBHPY TpojeKkra OaBu ce
UCTpaXHBabUMa Yy (UMM KOCMHUYKOT 3pavyema M (U3UIM BHCOKUX €HEepruja, Kao u
HUCKO(OHCKOM TaMa criekTpockornujoM. C 003upoM Ja UCIyHaBa CBe MpeIBUleHEe YCIIOBE 3a
n300p y 3Bame BHILET HAYYHOT CapaJIHUKa, y CKiany ca [IpaBHIHHKOM O MOCTYIKY, HAYHHY
BpPCIHOBaka H  KBAHTUTATHMBHOM  HWCKa3WBaky HAYYHOMCTPOKUBAYKUX  pe3yliTara
UCTpakuBadya MHUHHCTApCTBa MPOCBETE, HAYKE U TEXHOJOWIKOr pa3Boja Pemybnuke CpOuje,
carjiacaH caM ca IMOKpETameM MOCTyIKa 3a u3oop np Hukosne Becennunosuha y 3Bame HaydHH
capaJiHUK.

3a cacraB KOMI/ICI/IjC 3a I/I360p Ap Hukone Becennnosuha Yy 3Balkb€ HAYYHHU CapaaHHUK
peajia’KeM:

1. np Bragumup Y noBuuuh, BUIIK HAYYHU capagHuk, MHCTUTYT 3a Pusuky y beorpany
2. np Anexcanaap Jparuh, Buiy HayuyHU capaaHuk, MHCTUTYT 3a pusuky y beorpany

3. mpod. ap Josan IlyzoBuh, penoBuu npodecop, usnuku GpaxyateT Y HUBEp3UTETa y
beorpany

PykoBoaunnan npojexra

npod. ap UmrBan bukut



Crpyuna ouorpaduja- Huxkona BecenmnoBuh

Konrakr:

Kyhna anpeca: bBynesap Muxaunna [Tynuna 3, beorpan
Tenedon: 0642468288

e-mail: veselinovic@ipb.ac.rs

Hukona BecenmunoBuh je pohern 10.11.1976. y beorpany, rae je 3aBpiiuo OCHOBHY IIIKOIY U
TUMHa3Hjy.

3aBpmmo je Pusnuku akynret, ekcriepumenTanau cmep 2008. rogune. JlumioMcku paj Ha TeMy:
“Cranmupame MPUHOCA HEYTPOHAa W MaKCUMAlHE CTPYyje MPaXmema y IEYTCPHjyMCKOM IlIa3ma
doxycy “ ogbpanuo je Ha Ousuukom Qaxynrery ca omeHom 10 mox MeHTOpCTBOM Ap. Bragumupa
VYnosuunha. Ox jecenu 2008. jeCTyIeHT TOKTOPCKHX cTyAauja Ha DU3MUKOM (PakyaTeTy Ha CMepy
dwu3rKka 4ecTHIla U je3rapa moj MEHTOPCTBOM Jip Anekcanpa Jlparuha.

Panuo je y Xunpomereopomnomkom 3aBogy Cpouje ox 2007. rogune, a ox anpuina 2011. je 3anocien
Ha UHcTuTyTy 32 Qu3uky y 3emyHy y okBupy Huckodoncke maboparopuje 3a HyKiIeapHy (QH3UKY,
MPBO Ka0 MCTPaXKMBA4 MPUIIPABHUK, a o1 2012. rognHe Kao UCTpaKUBA4 CapaHUK. AHTaKOBaH je
Ha TIPOjeKTy MMUHHUCTAapCTBa MpPOCBETEe, HAyKe M TEXHOJIOIIKOr pa3Boja Pemybmuke CpoOuje
ON171002 “HyxkneapHe METO/Ie UCTpaKUBakbha PETKUX Jorahaja 1 KOCMHYKOT 3padera‘

Huxoma BecenunoBuh je pammo Ha mpobiemuma u3 oOmact KocMHuukor 3padema (ComapHa
MOJyJIalija KOCMHUYKHX 3paKa pa3jMuuTe CHEepruje, yTHilaj arMoc(hepckux mapaMerapa Ha MEpembe
¢iryKca KOCMHYKOT 3paderba), HUCKMX aKTUBHOCTH M (oHA (KOCMOTEHH PaJlOHYKJICUIH-YTHIIA]
KOCMHYKOT 3padyema Ha (oH, JOMPUHOC pajoHa GoHYy) U ekcriepuMeHTy Ha ypehajy Ilnasma ¢okyc
(ckanmpame mpruHOCca HeyTpoHa). buo je nmeo je Tuma u3 Cpouje y okBupy SHINE komaboparuje y
CERN-y (2011-2013). JIokTOpcKy mucCepTaIyjy moa Ha3uBoM: “Peannzaiiija 1eTEKTOPCKOT CHCTEMa
y TMOA3eMHO] Jaboparopuju 3a U3ydyaBamke COJapHE MOAYNIAlMje KOCMHYKOT 3padcrmha Y
xenuocdepu* je ondpanuo jyna 2018. na Gusuuxom daxynrery y beorpany.

[Topen oBor, Huxona Becenmunosuh je npenasao ¢pusuxy nmo IGCSE nporpamy u IBDP nporpamy y
JIB€ MHTEpHAILlMOHAIHE 1IKose. buo je mporpamcku koopaunarop ®ecrusana Hayke 2014. rogune u
KOOPJIMHATOp U3Jama ,,CpICKU HayYHUIIN Y pely U CIUIu‘.

Xusu ca xeHoM u cuHoM y beorpany.



EnemeHnre 3a KBaIUTaTUBHY aHAIU3Y pajia

1.1. 3navyaj HAy4YHOT pajia KAHAUIATA

I'maBHa Hay4Ha akTBHOCT Hukose BecennnoBuha,kao wiana Huckodoncke naboparopuje
3a HykieapHy ¢usuky MHctuTyra 3a (GU3HKy y 3eMyHy, je y OOJacTM KOCMHUYKOT 3padea,
MOTJIABUTO MHUOHCKE KOMIIOHEHTE CEKYHJApHOT KOCMHYKOI 3pauema Koje Ce JCTEeKTyje Ha
MOBPIIMHU W Hcnoj noBpimHe 3emibe. OBU pe3ydTaTd Cy OJf 3Hayaja 3a M3ydyaBame Mpoleca
coJIapHe MOJIyJIaIlije KOCMHYKOT 3padckha.

VY OKBHPY OBOI HCTpPaKMBamba, pPaavo je Ha HHCTANAMjH ACHMETPUYHOI MHOHCKOT
Teneckona y noazeMHoMm aeny H®, ynme cy 3Hadajo npommpene moryhnoctn H® 3a crynupame
MOMEHYTOT Tporieca. Pe3ynartatu Tux aktuBHOCTH cy oOjaBbern y Nucl.Instrum.Meth. A875 (2017)
10-15, xao u y Nucl.Instrum.Meth. A745 (2014) 7-11 u Nuclear Technology & Radiation Protection
(2011), Vol. 26, No. 3, cBe yacomnucH ca UMIAKT GakTopoM mpeko 1 o koju cy nBa M21 a jenan
M22 kareropuje. Hukona BecenunoBuh je npeactaBuo pe3yiraTte OBUX aKTUBHOCTH Ha HEKOJIMKO
MelhyHapoTHHX KOH(EpeHInja U3 00JacTH acTpo-4ecTUYHe (U3MKe M (PU3UKEe KOCMHUYKHX 3paKa
Kao ¥ Ha Hekoiuko aomahux koHpepeHiuja. [lopen rnaBHOr mpaBla UCTpakuBama Hukoia
Becenunouh je mao gonpuHOC M y ApyruM oOacTUMa HCTpa)XMBama Koja ce OJBHjajy y OKBUPY
HuckodoHncke naboparopuje 3a HykieapHy ¢usuky WHctuTyTa 3a (u3uky y 3eMyHy U TO Yy
HYKJICAPHO] CIIEKTPOCKOIH]jH, H3paau pagoHcke marne Cpouje u Hykieapue dysuje momohy ypehaja
[Tnasma ¢dokyca. M3 oBuUX 00jacTd y4ecTBOBAO je y HM3paAd M a0 JONPHHOC Y YJIAHIIMMA
o6jaBssernM y 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,M22; Applied radiation and isotopes, (2014), vol. 87 br. , str. 70-72,M22; Nuclear
technology & radiation protection, (2014), vol. 29 br. 1, str. 17-23, M22;Romanian journal of
physics, (2013), vol. 58 br. , suppl. s, str. s14-s21,M23, Journal of fusion energy, (2011), vol. 30 br.
6, str. 487-489,M21; Radiation protection dosimetry, (2011), vol. 145 br. 2-3, str. 155-158, M22.

1.2.ITapameTpy KBaJIUTETA YACOMMCA

Kangunar np Huxona BecenunoBuh je o0jaBro ykynHo 11 pamoBa y MelyHapoaHuMm yacomucuma
( http://kobson.nb.rs/nauka_u_srbiji.132.html?autor=Veselinovic%20Nikola%20B&samoar=&offse
t=0#.WS5EHB8IYyWUI ) u 10 :
e 2pagay BpxyHckoM MehyHapogHoM yaconucy NUCLEAR INSTRUMENTS & METHODS
IN  PHYSICS RESEARCH SECTION A-ACCELERATORS SPECTROMETERS
DETECTORS AND ASSOCIATED EQUIPMENT (ummakt dakxrtop:1,336;1,216)
e | pax y BpxyHckoM MmehyHapoanom uaconucy APPLIED RADIATION AND ISOTOPES
(ummaxt ¢axrop: 1,231)
e | pan y BpxyHckom mehynapomaom gacorucy JOURNAL OF FUSION ENERGY (umnaxt
¢axrop: 0,517)
e 3 pamay ucrakayrom mehyHapoaaom gaconucy RADIATION PROTECTION DOSIMETRY
( mmmaxT dakrop: 0,913;0,913;0,822 )
e 2 panay ucrakuyrom mehynaponnom yaconucy NUCLEAR TECHNOLOGY & RADIATION
PROTECTION (umnakr dakrop: 0,560;1,159)
e [ pan y mehynapomnom gacormmcy ROMANIAN JOURNAL OF PHYSICS (ummaxT daxTop:
0,745)
e I pan y mehynapoanom uyaconucy NUKLEONIKA (umnaxt daxrop: 0,760)
VYkymnan umnakt ¢akrop je 10,169

1.3. Ilogaum 0 HUTUPAHOCTH


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

IIpema 6a3u Scopus panosu ap Huxone BecennnoBuha cy nuutupanu 37 myra ox uera 21
MyT u3y3uMajyhu ayrornurare.
Ipunoe: llutupanoct pagoBa rpema 0azu SCOPUS.

2. Hopmupame 0poja KOayTOPCKHX pajioBa.

CBH paZioBU KaHAMJATa CMaliajy y €KIepUMEHTAIHE PajlioBe y MPUPOJHO-MATEMaTHUYKUM
HayKama Tako Jla c€ paJoBH ca 7 KoayTopa y3uMajy ca IyHOM TEKHWHOM a pafoBu ca Buiie ( 2
yllaHKa W3 MelhyHapoJHHMX dacomuca ca 8 M jeraH 4iaHak ca 9 ayTopa, Kao M paJoBHU ca
KoH(pepeHnMja) ce HopMmupajy mo ¢dopmymu naroj y IIpaBWIHMKY O TOCTYNKY W HaduHY
BpPE/IHOBAKba, U KBAHTUTATUBHOM HCKa3HBabhy HAyYHOUCTPAXKUBAUKHUX PE3yJITaTa UCTpaKMBaya.

3. Yuemrhe y npojkTuMa, NOTNPOjeKTUMA U MPOjeKTHUM 3aaluMa

Kangunat je on onx 1.11.2012. anraxkoBas je Ha npojekty OWN171002 “Hykneapue merone
UCTpaXKMBama pETKUX jnorahaja M KOCMHUYKOT 3pauema” MUHHCTapcTBa IPOCBETE, HAyKE H
TEXHOJIOIIKOT pa3Boja Pemmybmuke CpOuje, unju pyxoBoamiarl je ap MmrBan bukwur.

4. AKTHBHOCT Y HAYYHHUM U HAYYHO-CTPYYHHMM JAPYIITBUMA

4.1. Opranuzanyja Hay4YHHUX CKyIIOBa
Hp Hwukona BecenunoBuh OMO je ujgaH OpraHU3alMOHOT oOj0opa  JBa

MehyHapoiHa Hay4dHa CKyTIa:
- 48th MICE Collaboration Meeting (2017.),
- NA61/NA49 Collaboration Meeting (2013.)

4.2. llemaromiku paz

-HacTaBHUK Qm3uke y ['umuasuju Pyhep bomkosuh, na [Iporpamy mehynaponne
Mmatype (IB Diploma Programme) 3a yuenuke Il u IV u na Mehynapognom KemOpun nporpamy 3a
yuenuke I u Il paspena rumanszuje (Cambridge IGCSE) ox mkoncke ronuxe
2013/2014.

- HacTaBHUK (u3uke y British International school na Mehynapognom KemOpun nporpamy
3ayuenuke I u Il paszpena rumansuje (Cambridge IGCSE) on mikoncke roanxe
2009/2010 mo 2016/2017.

- MEHTOP yu€HHKa Mosia3HuKa PernonanaHor neHtpa 3a tanente beorpan 1

5. YTHulaj HAayYyHHUX pe3yJiTaTa
Criucak pajsioBa M IUTaTa JaT je y MpUJIory.

6. KonkpeTaH 10NpUHOC KaHAWAATA Y peaju3aluji pajioBa y HAYyYHUM

HEHTPHUMA Y 3¢eM/bH M HHOCTPAHCTBY

Kannupar je cBe cBoje HayuHe akTUBHOCTH peann3oBao y MHcTutyTy 3a ®usuky beorpan.
3Ha4ajHo je JONPUHEO CBAaKOM pajy y KOM je yuecTBoBao. Iheros nomnpuHoc je mpe ceera
Yy HYMEPUYKOM CUMYJIHMpamky HHTEPAKIMje CEKYHIApHUX KOCMUUYKHX 3paKa ca aTMochepom,
3eMIBUINTEM U JETEKTOPCKUM CUCTEMHMA M aHAIM3H YTUIaja KOCMUYKOT 3paderha Ha ()OH Kao U Ha
MIPUKYIJbAKY U aHAIN3U EKCIIEPUMEHTAIHUX NTO/IaTaka M y NHACalkYy PaIoBa.



EJleMeHTH 32 KBAHTUTATUBHY OLIEHY
HAYYHOT JONPHUHOCA

OcTBapenn M-0010BH 10 KaTeropujamMa nmyoJauKamnuja

Kareropmuja M-06oxoBa o | bpoj bpoj YKynHo
Ykynuo M- nyoauKanuju | nyoaukanuja | myoaukanuja | M-0ogoBa
O0onosa 3a

HOpMHUpame
M21 8 4 1 30,67
M22 5 S 2 22,49
M23 2 2 0 4
M33 1 6 4 5,1
M70 6 1 0 6
M10+M20+M30 17 62,26




Cnucax pagoBa ap HukoJsie BeceimnoBunha

PanoBu y BpxyHckum mehynapoagnum yaconucuma (M21):

1.

Veselinovic Nikola B,Dragic Aleksandar L,Savic Mihailo R,Maletic Dimitrije M,Jokovic
Dejan R,Banjanac Radomir M,Udovicic Vladimir | (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

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

Banjanac Radomir M,Maletic Dimitrije M,Jokovic Dejan R,Veselinovic Nikola B,Dragic
Aleksandar L,Udovicic Vladimir I,Anicin lvan 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

Udovicic Vladimir 1,Dragic Aleksandar L,Banjanac Radomir M,Jokovic Dejan R,Veselinovic
Nikola B,Anicin lvan 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

PanoBu y ucraknyrom meljynapoanom yaconucy (M22)

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

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

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

Dragic Aleksandar L,Udovicic Vladimir 1,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

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




PanoBu y mehynapoauum yaconucuma (M23):

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

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

Caonmreme ca Mel)yHapoaHOr ckyna mrammnano y neausau (M33):

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

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

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

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

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

Dragic Aleksandar L,Anicin Ivan V,Banjanac Radomir M,Udovicic Vladimir l,Jokovic Dejan
R,Maletic Dimitrije M,Savic Mihailo R,Veselinovic Nikola B,Puzovic Jovan M (2013)
Neutrons produced by muons at 25 mwe, 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. Udovici¢*, 1. Anicin, D. Jokovi¢, A. Dragi¢, R. Banjanac, B. Grabez and N. Veselinovi¢
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
(T=2 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 1995V, Also, radon has been
recognised for a long time as a detectable com-
ponent of fluids associated with volcanoes (fumaroles,
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Figure 1. Lomb-Scargle periodogram for a measurement
period of 2 y.
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Figure 2. Monthly average radon concentration, temperature, relative humidity and atmospheric pressure in the

underground laboratory during a period of 2 y.

groundwaters or soil gas)®. In Durrani and I1i¢® air, and in the earth sciences. During the 2 y (from
one can find detailed survey about the applications of ~ July 2008 to July 2010) of the short-term radon
the radon measurements in the soil, groundwater and  measurements, the authors have tried to find possible
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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., M =6.3, depth=_8.8 km).

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™. The system for the reduction of
radon concentration in the laboratory is described in
Udovicié er al® The radon monitor is used to
investigate the temporal variations in the radon con-
centrations. For this type of short-term measure-
ments, the SNI1029 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 m ™, with a standard devi-
ation of 10.07 Bq m™~>. The two periodicity of the
indoor radon behav10ur 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 M} =4. The most intense earth-
quake in the neighbourhood happened in L’Aquila,
Italy (6 April at 03:30 a.m., M =6.3, depth=8.8
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.
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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.

Rom. Journ. Phys., Vol. 58, Supplement, P. S14-S21, Bucharest, 2013
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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) °C. The UL
has area of 45 m” and volume of 135 m’ that required the rate of air inlet was
adjusted to 800 m’/h. This huge amount of fresh air contributes to greater
temperature variability. On the other side the rate of air outlet (700 m’/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 m?) 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 m” and volume of 75 m’.

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 2'* 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 (***Pb and *'*Bi). 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 GLL GLL SR UL
(near the GLL) No air-con Air-con(*) Air-con
<Rn> (sd)
[Bg/m’] 14(8) 34(22) 54(44) 33(14) 15(9)
<Max-Min> (sd)
[Bg/m’] 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 °C, 23 °C and 25 °C, 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 m* and 12 kBTU air-conditioning unit installed inside was adjusted to 23 °C.
Figure 2 shows that even when the temperature is almost constant (T=23.6(2) °C),
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. 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™. Due to the huge quantity of fresh air pumped into the UL (800m’/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) =
= (.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 (*'*Pb and *'*Bi) 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 dm?) 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 **°Ra 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 **Ra 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™ and some kind of radon suppression method inside a sample chamber
must be applied, [7].
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The Belgrade underground laboratory consists of two interconnected spaces, a ground level
laboratory and a shallow underground one, at 25 meters of water equivalent. The laboratory
hosts a low-background gamma spectroscopy system and cosmic-ray muon detectors. With
the recently adopted digital data acquisition system it is possible to simultaneously study in-
dependent operations of the two detector systems, as well as processes induced by cosmic-ray
muons in germanium spectrometers. Characteristics and potentials of the present experimen-
tal setup, together with some preliminary results for the flux of fast neutrons and stopped

muons, are reported here.

Key words: underground laboratory, gamma-ray spectroscopy, low-level measurements, cosmic rays

INTRODUCTION

Thelow-level and cosmic-ray laboratory in Bel-
gradeisdedicated to the measurement of low activities
and cosmic-ray (CR) muon components. At the inter-
section of the two research subjects, the study of
muon-induced background in gamma spectroscopy is
of particular interest. Thelaboratory addsto thelist of
relatively shallow underground laboratories world-
wide (see the recent review [1]). It is located on the
right bank of theriver Danubeinthe Belgrade borough
of Zemun, on the grounds of the Institute of Physics.
The ground level portion of the laboratory (GLL), at
75 meters above sea level (m.asl), is situated at the
foot of avertical loesscliff, about 10 metershigh. The
underground part of the laboratory (UL), useful area
45 m?, isdug into the foot of the cliff and isaccessible
fromthe GLL viaal10 meterslong horizontal corridor
which also serves as a pressure buffer for a dlight
overpressure that is constantly maintained in the UL
(fig. 1). The overburden of the UL is about 12 meters
of loesssoil, equivalent to 25 metersof water. The con-
tainer, which is to accommodate the top laboratory
(TL), is Situated at the top of the cliff, just above the
UL. The GLL and UL have been in some use for a

* Corresponding author; e-mail: dragic@ipb.ac.rs

number of years now, while the TL is till not func-
tional.

Continuous measurements of the cosmic-ray
muon flux by meansof apair of small plastic scintilla
tors 50 cm x 23 cm x 5 cm started inthe GLL and UL
back in 2002 and lasted for about 5 years. These mea-
surementsyielded the precisevaluesof theintegral CR
muon flux at ground level and at thedepth of 25 m.w.e.
[2]. Different analyses of the time series of these mea-
surements have also been performed [3, 4].

Significant efforts are being made to contain
the low radon concentration within the laboratory.
The UL is completely lined with a hermetically
sealed, 1 mm thick aluminum foil. The ventilation
system maintainsthe overpressure of 2 mbar, so asto
prevent radon diffusion fromthe soil. Fresh air enter-
ing the laboratory is passed through a two-stage fil-
tering system. Thefirst stageisamechanical filter for
dust removal. The second one is a battery of coarse
and fine charcoal activefilters. The concentration of
radon is kept at an average value of about 10 Bg/mq.
Throughout the years, certain interesting behaviors
of the said concentration have also been reported [5,
6].

The two laboratory spaces have recently been
furnished with a new experimental set-up which is
now ready for routine measurements. Here presented
are some preliminary results of wider interest, ob-
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tained during thetesting period of the new equipment
and the development of the needed software.

EXPERIMENTAL SET-UP

The equipment now consists of two almost iden-
tical sets of detectors and analyzing electronics, one
set situatedinthe GLL , theother intheUL. Each setis
composed of muon detectors and agamma spectrome-
ter.

A pair of plastic scintillator detectorsisused for
CR muon measurements. One of them is a larger
100 cm x 100 cm x 5 cm detector, equipped with four
PMT directly coupled to the corners beveled at 45°,
made by Amcrys-H, Kharkov, Ukraine. The other, a
small 50 cm x 23 cm x 5 cm plastic scintillator detec-
tor, with asingle PM T looking at itslongest sideviaa
Perspex light guide tapering to the diameter of aPMT,
made by JINR, Dubna, Russia, and assembled locally.
The smaller detector may serve as a check of stability
of themuon time series obtained fromthelarger detec-
tor, which isimportant for long term measurements. It
can also be used (in coincidence with the larger detec-
tor) for measurements of thelateral spread of particles
in CR showers. Plastic scintillation detectors are also
employed for active shielding of gamma spectrome-
ters.

In the UL, a 35% efficiency radio-pure p-type
HPGedetector, madeby ORTEC, inits12 cmthick cy-
lindrical lead castle, is deployed. Another HPGe de-

tector, of 10% efficiency, isputtouseinthe GLL. Itis
shielded withlead of thesameorigin, partsof aplumb-
ing system collected at a demolition site of an old
housing estate. The exact history of this lead is not
known, but al the components are known to be older
than two half-lives of Pb-210.

At the heart of the data acquisition system are
two flash: analog to digital converter (ADC), flash an-
aog to digital converter (FADC), one in each labora-
tory, madeby CAEN (typeN1728B). These areversa
tile instruments, capable of working in the so-called
energy histogram mode when performing as digital
spectrometers or, in the oscillogram mode, when they
perform as digital storage oscilloscopes. In both
modes, they sampleat 10 nsintervalsinto 214 channels
in four independent inputs. The full voltage range is
+1.1V.

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 inputs with the time resolution of
10ns. Single and coincident datacan be organized into
time series within any integration period from 10 ns
up. Thetwo N1728B unitsare synchronized, enabling
coincidence/correlation of the eventsrecorded in both
of them. Theflexiblesoftwareencompassing all above
said off-line analyses is user-friendly and entirely
homemade.

The usua disposition of FADC inputs is de-
scribed next. The preamplifier outputs of the PMT of
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thelarger detectorsarepaired diagonally, theentirede-
tector thus engaging these two inputs of the FADC.
Signals from these inputs are later coincided off-line
and their amplitudes added to produce the singl e spec-
traof these detectors. Thisprocedureresultsin aprac-
tically complete suppression of the uninteresting
low-energy portion of the background spectrum (upto
some 3 MeV), mostly dueto environmental radiation,
leaving only high-energy loss eventsdueto CR muons
and EM showers that peak at about 10 MeV. The out-
put of thePMT of thesmaller detector isfed tothethird
input. Thefourthinputisreserved for the HPGe detec-
tors.

In some instances, auxiliary measurements are
performed with a different definition of the inputs of
the data acquisition system. For example, a (3 x 3)”
Nal detector isused inthe GLL to scan theresponse of
thelarger detector to CR asafunction of theposition of
the interaction point.

In the UL, the HPGe detector is positioned be-
neath the center of the larger detector (fig. 2). For the
purpose of measuring low activities, the large plastic
detector is used in anticoincidence, as a cosmic-ray
muon veto detector. In order to study the effectsof cos-

Figure2. Detector sin theunderground laboratory (UL).
The big plastic scintillator is positioned over the HPGe
detector, seen in its lead shielding. The small plastic
scintillator isin thefront upper right corner. A hermeti-
cally sealed, 1 mm Al lining covering the entire UL,
which enablesthe doubly filtrated ventilation system to
sustain an overpressure of 2 mbar and keepsthe radon
concentration at an average level of some 10 Bg/m?, is
also shown

mic rays on the spectra in low-level high-resolution
gamma-ray spectroscopy, it is used in coincidence as
the trigger for the CR-induced processes. These two
functions of the system are performed simultaneously
and do not interfere, as they are realized by different
off-line analyses of the same set of data.

TESTING THE SYSTEM AND
DEVELOPING THE SOFTWARE

In order to test the performance of the digital
spectroscopy system, a series of test measurements
with different count rates and different types of radia-
tion detectorsat theinput of the FADC are performed.

One of the testsis designed to correspond to the
real situationswhereneutronscreated by CR muonsin
the lead shield produce certain effectsin HPGe detec-
tors. Neutrons produced by muons in the vicinity of
the detector or the surrounding rock mass represent a
significant source of background in ultra-low back-
ground experiments carried out deep underground,
such asthose searching for dark matter or double beta
decay. Inthetest, doneat the GLL, Cf-252 wasused as
aneutron source and the small plastic scintillator asa
trigger for neutrons. To distinguish between the effects
of fast and slow neutrons, some materials common in
neutronwork, such asrubberized B,C, Cd sheets, par-
affin, lead and iron slabs, were placed around and in
between the sourceand thedetectors. In additionto the
environmental background, the HPGe spectraconsists
of different featuresinduced by slow and fast neutrons
in the HPGe detector and surrounding materials.

Results of measurements are stored as a list of
events represented with their amplitudes, time tags,
designation of input channels and some additional in-
formation (pile-up event or not, etc.). Thetimetag for
every event is determined by the moment of crossing
the set-triggering level. In order to minimize the am-
plitude walk, there is a possibility to choose between
different typesof triggers, termed hereassimple, digi-
tal or CFD. We have stuck to the digital trigger which
was found to work reliably and, if necessary, to the
off-line correction of the amplitude walk [7].

The distribution of time intervals between
eventsin thetrigger detector and the HPGeisdeduced
fromtherecorded datain off-lineanalysis. Thereisno
need to implement the hardware tome-to-amplitude
converter (TAC). For convenience, inwhat followswe
will refer to this distribution as the TAC spectrum.

As an illustration, the TAC spectrum between
eventsintheplastic scintillator and HPGeis presented
here (fig. 3).The prompt-timedistribution isseento be
about 90 ns wide, while the tail of delayed coinci-
dencesisdiscernable beyond approx. 100 ns upon the
prompt pesk. The same time spectrum, off-line cor-
rected for the amplitude walk, according to the proce-
duredescribedin[7], ispresentedin fig. 3(b). Thefull
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Figure 3. (a) The time spectrum between eventsin the
plastic scintillator and the HPGe; (b) thesametime spec-
trum, but with off-linetime corrected for the amplitude
walk

with at half maximum (FWHM) isnow only 15 nsand
delayed coincidences, perhaps, start as early as at ap-
proximately 20 ns after the prompt peak. Minding the
geometry of our set-up, we expect the effectsinduced
by fast neutrons, both in the environment and the
HPGe detector itself, to be within the prompt peak,
while those induced by thermalized neutrons should
be found in the tail of delayed coincidences.

To illustrate the complete separation of the ef-
fectsdueto fast and slow neutrons, here presented (fig.
4) are the portions of the coincident HPGe spectrum
around the spectra lines originating from different
processes induced by neutrons in different materials,
gated with different portions of the time spectrum —
with the prompt peak, tail of delayed events up to one
microsecond and the flat portion of random coinci-
dences. Short comments can be found in the caption
under fig. 4.

We will now briefly comment on the two
well-known structures induced by neutrons in the
HPGe detector itself, the structures at 596 keV and 692
keV. Their appearancein the coincidence spectraisde-
picted infig. 5. Thetriangular distributions result from
thesumming of theradiationsdepopul ating the state ex-
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Figure 4. The prompt, delayed (up to 1 us), and random
coincidencespectraof: (a)the478 keV Doppler-widened
linefrom the(n, &) reaction on *°B which appearsonly in
the delayed spectrum; (b) the 847 keV line from the (n,
n') inelastic scattering on *°Fewhich appearsonly in the
prompt spectrum; (c) the 558 keV line which appearsin
both the prompt and delayed spectra, proving that this
line originates partly from the usually assumed thermal
neutron capture by ™*Cd and, depending on the hard-
ness of the neutron spectrum, in part, from the fast neu-
tron (n, n') reaction on *Cd

cited in inelastic neutron scattering with the energy of
therecoiling nucleus. Theoneat 596 keV appearsinthe
prompt spectrum, sincethe state at 596 keV in Ge-74 is
short-lived. The regular pesk of this energy in the de-
layed spectrumresultsfrom thethermal neutron capture
by Ge-7, asis the case with the neighboring 609 keV
line stemming from the same capture reaction. If the
neutron flux at the detector ishigh, someof theintensity
of the ubiquitous background line of 609 keV, usualy
entirely attributed to ?*Bi, is due to this process.
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Figure 5. Thespectrum of prompt, delayed, and random
coincidences (practically negligible) containing: (a) the
structure at 596 keV from inelastic fast neutron scatter-
ingon Ge-74 in the prompt spectrum, and theline of the
same ener gy from slow neutron captureon Ge-73,in the
delayed spectrum; (b) the structure at 692 keV from the
inelastic scattering of fast neutronson Ge-72, thistimein
the delayed spectrum, dueto thefinite lifetime of 444 ns
at the excited state of 692 keV

The structure at 692 keV, however, appears in
the delayed spectrum since the excited state of thisen-
ergy in Ge-72 is comparatively long-lived, with a
half-life of 444 ns, which islong in comparison to the
time resolution of our system. As a demonstration of
the capabilities of the system, we determined this
half-life by setting the software gate to encompass the
whole triangular structure in the coincident Ge spec-
trum, thus producing a time spectrum corresponding
to this condition, thanks to which the fit produced a
satisfactory valueof 447(25) nsfor thesaid half-life.

This particular structure has been studied in de-
tail many timesin the past, since 692 keV radiation is
pure EO, detectable with 100% efficiency, which is
why theintegral of thetriangular structureisareliable
measure of the fast neutron flux at the position of the
detector [8-12]. These studies were performed with
analog spectroscopy systems where the integration
constants are long and the recoils invariably sum up
with the 692 keV pulses. In digital spectroscopy sys-
tems, however, thereisoneimportant caveat tokeepin

triggering level that may be recommended is, thus,
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Figure6. The692keV distributionin thedirect spectrum
with thetriggering level set at 50 keV (a) and at 20 keV

(b)

perhaps about 50 keV, when the loss of the counts

within the structure is expected to be negligible.
After the system satisfactorily passed al the

tests, we started some preliminary measurements of



A. Dragic¢, et al.: The New Set-up in the Belgrade Low-Level and Cosmic-Ray ...
186 Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 3, pp. 181-192

the type that we plan to perform in the long runin the
future, and it is of these results that we report in what
follows.

PLANNED MEASUREMENTS

We plan to continuously collect the background
spectraof all detectorsin bothlaboratories, eventually
changing only their mutual spatial arrangements. The
spectraof thelargescintillatorswill stretch up toacou-
ple of hundreds of MeV, so as to include all multiple
CR and shower events, whilethe one corresponding to
the HPGedetector will go upto about 30 MeV, inorder
to include al possible nuclear radiations induced by
CR radiations. Each event isto be recorded in a sepa-
rate list, in accordance with the time of the occurrence
of itstrigger (with the resolution of 10 ns) and by its
amplitude (in 32 k channels). By off-line analyses of
this data we expect to directly obtain:

— thecontinuoustime series of cosmic-ray intensity
(muon plus electromagnetic — EM, components)
in large and small plastic scintillators at ground
level, as well asthose generated underground,

— decoherence curves of cosmic-ray coincidence
counts and coincidence spectra at different sepa-
rationsof thesai d detectors, beit at ground level or
the underground one, the idea being to first define
and, afterwards, separate muon from EM compo-
nents,

— the spectrum of the HPGe detector in coincidence
and anticoincidence with the large plastic
scintillator positioned right aboveit, in the under-
ground, and

— aswaell asthe signatures of the soft component of
EM showersin the spectrum of theunshielded Nal
detector, taken in coincidence with the plastic
detectors.

Since al above mentioned measurements are
spectral, wehopeto exploit thisfeatureto some advan-
tage, even in the case of rather featureless spectra of
plastic scintillators. With the help of MC simulation
programs (mainly CORSIKA and GEANT4), we ex-
pect to discriminate the signatures of CR muons from
those of electromagnetic showers to some degree.

If all the measurements are performed continu-
oudly, we estimate that, together, both set-upswill pro-
duceabout 1 TB of dataper year, al of whichwould be
kept permanently for later analyses.

To illustrate the potential of these measure-
ments, wewill now briefly report on some preliminary
results obtained during a testing period, approxi-
mately yearlong. We will first briefly discuss the per-
formance of low-level measurements and then those
pertaining to CR measurements.

LOW-LEVEL MEASUREMENTS

Future applications of the low-background
gammaspectroscopic system include the study of rare
nuclear processes, measurementsof environmenta ra-
dioactivity and radiopurity of materials.

The cylindrical lead shidlding of the 35% effi-
ciency radio-pure HPGe ORTEC detector, with awall
thicknessof 12 cmand an overall weight of 900 kg, was
cast locally out of scratch plumbing retrieved after the
demoalition of some old housing. The integral back-
groundrateintheregionfrom50keV to3MeV isabout
0.5¢ps. Thelinesof Co-60 are absent in the background
spectrum, while the line of Cs-137 with the rate of
1.10* cps startsto appear significantly only if the mea
surement time approaches one month. Fukushima ac-
tivities, though strongly present in our inlet air filter
samples, did not enter the background at observable
levels, in spiteof thegreat quantitiesof air that we pump
into the UL to maintain the overpressure, and it seems
that the double air filtering and double buffer door sys-
tem, along with stringent radiation hygienemeasures, is
capableof keeping the UL cleanin cases of global acci-
denta contaminations (seee. g. [13]).

No signatures of environmental neutrons, nei-
ther slow nor fast, are present in direct background
spectra. The rates of some characteristic background

Tablel. Count ratesin somebackground lines. Rotesare
given in counts per second (cps)

Energy [keV] Count rate [cps]
186.2 (Ra-226) 2.4.10™
351.9 (Pb-214 1.1.10°
583.1 (TI-208) 6.6-10™
609.3 (Bi-214) 1.1.10°
911.1 (Ac-228) 4510*
1460.8 (K-40) 35107
2614.5 (TI-208) 1.1.10°
3500 _- | Annihilation | Single Ge vs. Ge cc Big pl
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Figure 7. Thebackground spectrum of the HPGedetec-
tor in itslead castle in the UL and the part of the spec-
trum coincident with the large scintillator positioned
right above it
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lines are listed in tab. 1. With the large plastic
scintillator currently positioned rather high over the
detector top, at a vertical distance of 60 cm from the
top of the lead castle, in order to allow for the placing
of voluminous sources in front of the vertically ori-
ented detector, the off-line reduction of this integral
count by the CR veto condition is about 18% (seefig.
7). Uptoafactor of two might begained if the veto de-
tector wereto be positioned at the closest possible dis-
tance over the HPGe detector. This agrees well with
simpleestimates of therate of eventssusceptibleto the
veto condition [14]. The veto spectrum contains all
events, prompt aswell asthose with delays of upto 10
us, which is why besides the continuum it contains
only the lead X-rays and the annihilation line. Aswe
shall see, the selection of delayed eventsonly reveals
some other detailsin this spectrum. Sincefor thetime
being we are not ableto improve on theintrinsic back-
ground of our detector, when analyzing the analytical
powers of our system, at present, 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 emphasizeits
stability due to the low and controlled radon concen-
trationinthelaboratory. Thisisessential, especialy in
NORM measurements, and makes our system virtu-
ally free of systematic errors as compared to systems
which operatein environmentswhereradonisnot con-
trolled and where the reduction of post-radon back-
ground 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 [15] may introduce
systematic uncertainties which are difficult to
estimate.

COSMIC-RAY MEASUREMENTS
Muon spectra and the time series

During the commissioning of the large plastic
detectors, we tested the response of these detectorsto
CR muons and their stahility over a prolonged period
of time. Certainresults of these preliminary studiesare
presented here.

Infig. 8, we present the spectraof thetwo diago-
nalsof thelarge plastic scintillator inthe UL. Contrary
tothesituationinthe GL L, the peak of charged particle
energy losses situated at about 10 MeV (due to both
muons and electrons from EM showers), is not fully
separated from the low-energy tail of Compton elec-
trons in the UL, because of gamma-ray interactions
(both environmental and from EM showers).

Figure 9 presents the coincident sum spectra of
the two diagonals. Energy spectra now contain only
the well-defined peak of charged particles energy
losses. The offsets are not imposed and occur simply
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Figure8. Thespectraof twodiagonalsof thelargeplastic
detector intheUL . Notethat the peak of char ged particle
ener gy losses of 10 M eV, which corresponds to channel
320, is not separated from the low-energy tail of
Compton scattered environmental gamma radiations.
When summed, in coincidence they produce the spec-
trum from fig. 9
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Figure 9. The sum spectra of two diagonals of the large
plastic detectorsin the UL and GLL. For comparison,
the spectra are normalized for the peaks to coincide.
Channel 650 now correspondstothemuon ener gy loss of
10MeV. Theintegral of thispeaked distribution istaken
asthe first approximation to the CR muon count by the
large detectors
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Figure 10. The time series of the CR muon count of the
largeplasticdetector in theUL —(a) and (b) graphs—and
GLL (c) and (d) graphs for the period starting with
March 12, 2010, averaged to half hour intervals, as op-
posed to the period starting with July 26, 2010, aver ag-
ing to one hour intervals. It is evident that the
modulation inthetwolaboratoriesiscorrelated and that
theamplitudeof themodulation intheUL isroughly half

becauseat low energiesthereare no coincident events.
Asthe simulations demonstrate, thisis so because sin-
gle Compton electrons do not produce enough light to
trigger both diagonals.

The mgority of eventsthat produce this peaked
distribution are dueto CR muonsthat passthrough the
detector. Wethusform the time series of this spectrum
integrated over different time intervals. As an exam-
ple, infig. 10 we present thetime seriesof thiscountin
30-minuteintervals, bothintheUL andintheGLL, for
aperiod of 16 daysin March 2010, and in one-hour in-
tervalsfor the period starting with July 26, 2010. The
data are not corrected either for atmospheric pressure
or temperature.

Thetwo series appear highly correlated, the am-
plitude of the modulation of this count in the UL is
about 1.8%, whilethe corresponding oneinthe GLL is
about 3.5%. At these integrating times, thisis already
sufficiently statistically significant, even in the UL.

Previous measurements at the same location
with the small detectors yielded results for the muon
flux of 1.37(6)-102 per cm?s in the GLL, and of
4.5(2)-1073 per cm?sin the UL [2].

NEUTRONSAND STOPPED POSITIVE
MUONSIN THE UNDERGROUND
LABORATORY

During the testing period, we have accumul ated
some six months of data-taking in the underground
|aboratory. The background spectrum of the HPGe de-
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Figure 11. The portion of the background of the HPGe
spectrum coincident with the large plastic detector with
delaysintherangeof 1to5us, after 187 daysof measure-
ment time. It showsthe annihilation linewhich isdueto
the decays of positive muons stopped in the lead castle,
and thetriangular structureat 692 keV, which isdueto
inelastic scattering of fast neutrons on 72-Ge, the neu-
trons originating mostly from direct fast muon interac-
tions with nuclei and certainly less from captures of
stopped negative muons. Thethreshold in thisspectrum
issufficiently hightoleavethislast structureunscathed
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Figure 12. Timedistributionsof eventsthat belong (a) to
thestructureof 692 keV, theslopeof which yields500(50)
nsfor thehalf-lifeof thestateof thisenergy in 72-Geand,
(b) that of the annihilation line, which yields 2.24(9) us
for the mean life of the muon

tector containing the coincidenceswith the large plas-
tic scintillator from the delayed tail of the correspond-
ing TACdistributionintheregion of 1to 5 s, showsat
this statistics only two interesting features (fig. 11),
though some more seem to emerge, but still insuffi-
ciently significant. The first is the aready discussed
triangular structure at 692 keV already discussed,
which originates from the inglastic (n, n') scattering
exciting the first excited state of the stable Ge-72
within the Ge detector itself. In this 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. To verify this, we
applied the software gateto this structure and obtained
the TAC distribution presented in fig. 12(a). Although
the statisticsis poor, the fit through the tail of delayed
coincidencesyields the haf-life of 500(50) ns, which
compareswell with the known value of 444 ns. Using
the expression from ref. [8], we obtain the value of
4(1)-10~" cm2s for theflux of neutronsof CR origin
with energiesover 1 MeV. Thisrefersto theflux at the
depthof 25m.w.e,, (seee. g.[16]) within roughly aton

of lead, acommon environment in most measurements
of low activities.

The second feature of this spectrumisthe annihi-
lation line. The gate put on thisline givesthe TAC dis-
tribution presented in fig. 12(b), where the fit through
thetail of delayed coincidences yields the mean life of
2.24(9) ps. This justifies the assumption that these
eventsare dueto the decays of stopped positive muons.
We further assume that the source of these delayed
annihilationsis homogeneoudly distributed throughout
the volume of the lead castle and use GEANT4 to find
the overall detection efficiency. From the intensity of
these delayed annihilations, we then obtain that the
number of stopped positive muons per kg of lead per
second equals 3.0(5)-107* 14,/kgs.

Wehave also been ableto estimatethe number of
stopped muons in the large plastic scintillators them-
selves, bothintheGLL andtheUL (e. g.[16]). For this
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Figure 13. The distributions of short time intervals be-
tween successive counts in large plagtic scintillators
which sit on the distribution of time intervals between
successive counts with a long exponential constant that
correspondstothetotal countingrateand appear sflat on
thisscale. The decay constant of short timeinterval dis-
tributions, however, equals that of a muon mean life.
Note that the first two lifetimes are missing, due to the
dead time of the system, which in this particular case
equals4 us
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purpose, welooked into the distribution of time inter-
vals between the successive counts of these detectors.
The gross structure of thisdistribution is nicely expo-
nential, correspondingto theaverage CR counting rate
and to an averagetimeinterval between the counts, re-
ciprocal to the said rate. At short timeintervals, how-
ever, the distribution strongly departs from this shape
(fig. 13).

It is again exponential, now with the time con-
stant of 2.16(4) and 2.22(3) usinthe GLL and UL, re-
spectively, reproducing satisfactorily the muon mean
life. This suggests that these events originate from
muons that both stop and decay within the detector.
Minding that thefiducial volumefor thiskind of signa-
ture has not been estimated, theintensity of this expo-
nential distribution, taking in account the missing
eventsduetothe4 pslong dead time, now givesthees-
timate for the lower limit of the number of muons that
stopin 5 cm of plastic per square meter per second, at
groundlevel as6-1072 g, per m?s, and at a depth of
25m.w.e. as1.52:107 g, per més. Itisinteresting to
compare those figures with the results obtained re-
cently at Gran Sasso [18, 19].

DECOHERENCE CURVES
AND SPECTRA

In test measurements, coincidence spectra be-
tween large and small detectors at different separa-
tions between the two were recovered in off-line anal-
yses, both in the GLL and the UL. These are
predominantly the spectra of EM showers, as seen by
respective detectors. The comparison with their direct
spectra, which at lower energies are composed mostly
of the signatures of environmental gamma radiations
and at higher energies of the signatures of CR muons,
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Figure 14. The coincident spectrum of the large plastic
detector intheUL, with thesmall detector at thesmallest
separ ation between them. Compare thiswith the direct
spectrum presented in fig. 9

enables the disentanglement of the signatures of these
radiations. Asanillustration, fig. 14 presentsthe spec-
trum of the large plastic detector in the UL, in coinci-
dencewith thesmall detector, at their smallest possible
separation. Thisisto be compared with thedirect spec-
trum of the large detector, as presented in fig. 9. Re-
flecting the structure of the EM component at the
given location, not only the intensity, but aso the
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Figure 15. ThedecoherencecurveintheGLL, reflecting
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Figure 16. The decoherence curve in the UL, reflecting
thelateral profileof EM showersat theequivalent depth
of 25m.w.e; thencedenotesnumber of coincident events

shape of the spectrum changes with detector separa-
tion, and the differences between these coincidence
spectrainthe GLL and the UL reflect the differencein
the composition of showers on the surface and under-
ground. The simplest integral characteristic of the
shower profileispresented by theintegral of thiscoin-
cidence spectrum as afunction of detector separation,
sometimes referred to as the decoherence curve. Fig-
ure 15 showsthedecoherencecurveattheGLL, fig. 16
thesameinthe UL.
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Note that the two curves cannot be satisfactorily
fitted with quite the same type of functional depend-
ence, so that the width of the distributions on the sur-
face and underground cannot be directly compared.
The much narrower distribution underground is are-
sult of the harder CR muon spectrum and of the differ-
ent radiation and attenuation lengths, aswell as of the
geometry of the shower-producing medium. Theratio
of theintensities of thedistributionson the surfaceand
underground isroughly twicetheratio of CR muonin-
tensities at two locations. Full interpretation awaits
better statistics.

CONCLUSION

We have presented some preliminary results for
muon and neutron fluxes at ground level and under-
ground spaces of the Belgrade low-level and CR labo-
ratory, obtained during the commissioning of the new
equipment consisting of two scintillation detectors, a
HPGe detector, and a digital spectroscopy system
based on two CAEN N1728B units. The main advan-
tage of the present set-up is that it enables complex
measurements involving routine low activity mea
surements with modest means, along with someinter-
esting research work related to cosmic-ray physics.
We find that the results obtained in this testing phase
justify the planned program of measurements and that
the future improvement on statistics will contribute
not only to the quality of the results already obtained,
but furthemore with increased sensitivity new results
are also expected to emerge.
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Anexcangap IPATWh, Baagunvmp U. YITOBUYN'R, Panomup BAIbAHALII,
Hejan JOKOBUWH, Jumutpuje MAJIETUR, Hukona BECEJIMHOBW,
Muxauno CABU'R, Josan ITY30OBUh, UBan B. AHUYNH

HOBA OIIPEMA Y BEOI'PAACKOJ JTABOPATOPNJU 3A MEPEIBE
HUCKHUX AKTUBHOCTU N1 KOCMMNYKOI' 3PAYEIBA

Beorpajcka maGopaTopuja cacToju ce Off IBa IabopaTopHjcKa IPOCTOPa, jeTHOT Ha IIOBPIIIHY I
jeHOT MOA3EMHOT, Ha IyOUHU Off 25 MeTapa BOACHOT eKBUBANICHTA. [leTa/bHO Cy ONMHMCAaHU U UIYCTPOBAHU
MIOTEHIHjaIA OBHX JJabopaTopHja 3a MEpemhe HUCKAX aKTUBHOCTH U 32 KOHTHHYHPAHO MEPEHE MIOHCKE 1
eJIEKTPOMaruHeTHe KOMIIOHEHTE KOCMIIKOT 3paderha, Kao 1 3a CTy/Hje Iporieca Koje OBa 3paveHa HHAYKY)Y
y TEpMaHUjyMCKUM CIEKTPOMETPUMA CMEIITEHUM y HUCKO(POHCKIM TTOfI3eMHIM JlabopaTopujama. CBa oBa
Mepema ce U3BOAiC CUMYJITAHO, HOBUM CHUCTEMOM 3a JUTHTANHY CIEKTPOCKOMNH]jY, a MOAAIM ce 3alucyjy
norabaj mo morabaj, u aHanu3Mpajy Mocie 3aBpIIEHUX Mepema. Takobe cy mpukKazaHu MpeluMUHAPHU
Pe3yATaTH KOju CY Y (pa3u TecTupama onpemMe 100jeHn 3a (hIIyKe Op3uX HEYTPOHA 1 3ayCTaBILEHNX MAOHA Y
MOBPIIMHCKO] M Y IOA3€MHO] 1ab0paTOpujH.

Kwyune peuu: iioozemua aabopaiiopuja, 2ama cileKilpocKoiuja, meperba HUCKUX aKiiu8HOCIiU,
KOCMUYKO 3payerbe
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We present the results of a test usage of multivariate methods, as developed for data analysis in
high-energy physics and implemented in the toolkit for multivariate analysis software pack-
age, in our analysis of the dependence of the variation of indoor radon concentration on cli-
mate variables. The method enables the investigation of the connections of the wide spectrum
of climate variables with radon concentrations. We find that multivariate classification and re-
gression methods work well, giving new information and indications, which may be helpful in
further research of the variation of radon concentration in indoor spaces. The method may
also lead to considerable prediction power of the variations of indoor radon concentrations
based on the knowledge of climate variables only.

Key words: radon, multivariate analysis, climate parameter

INTRODUCTION

Radon is a unique natural element since it is a
gas, noble and radioactivein all of itsisotopes. Asno-
blegases, radon isotopesare mobileand cantravel sig-
nificant distances within the ground and through the
atmosphere. Being radioactive, radon makesfor about
55% of the annual effective dose received by average
non-professional. Indoor radon concentrations vary
significantly due to alarge number of factors, which
include the local geology, soil permeability, building
materialsand lifestyle characteristics, climate parame-
tersand the exchangerate between indoor and outdoor
air. Sinceboththe climate parametersand air exchange
rates may significantly vary during aday, it isimpor-
tant to investigate their correlation with short-term
variations of indoor radon concentrations. In the past
somewhat unusual climate parameters, such as wind
speed and cloud cover, were occasionally considered,
using amultivariate method [1-3]. We start thisanaly-
sis with the maximum of 18 climate parameters and
use and compare 12 different multivariate methods.

Variations of radon concentration were studied
in our laboratory [4] in many details since 1999 [5-8].

* Corresponding author; e-mail: udovicic@ipb.ac.rs

Severa climate variables, like air temperature, pres-
sure, and humidity were considered [8, 9]. We now
make further advance and try to use al publicly avail-
able climate variables monitored by, in our case,
nearby automatic meteorological station (Automatic
Meteorological Station Belgrade-south, Banjica-Tro-
Sarina, 44°45'16"N, 20°29'21"E). We want to find the
appropriate method out of the wide spectrum of
multivariate analysis methods that are developed for
the analysis of data from high-energy physics experi-
mentsto analyze our measurementsof variationsof ra-
don concentrations in indoor spaces.

FORMULATION OF THE PROBLEM

The demand for detailed analyses of large
amount of datain high-energy physicsresultedinwide
and intense development and usage of multivariate
methods. Many of multivariate methods and algo-
rithmsfor classification and regression are aready in-
tegrated into the analysis framework ROOT [10],
morespecificaly, into thetoolkit for multivariateanal -
ysis(TMVA) [11]. We use these multivariate methods
to create, test and apply all availableclassifiersand re-
gression methods implemented in the TMVA in order
to find the method that would be the most appropriate
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and yield maximum information on the dependence of
indoor radon concentrations on the multitude of cli-
mate variables.

Thefirst stepisto calculate and rank the correla-
tion coefficients between all the variables involved,
what will help in setting up and testing the framework
for running the various multivariate methods con-
tained inthe TMVA. Although these correlation rank-
ingswill later be superseded by method-specific vari-
able rankings, they are useful at the beginning of the
analysis.

The next step is to use and compare the
multivariate methodsin order to find out which oneis
best suited for classification (division) of radon con-
centrations into what would be considered acceptable
and what would be considered increased concentra-
tion in indoor spaces. Main aim is to find out which
method can, if any, on the basis of input climate vari-
ables only, give an output that would satisfactorily
close match the observed variations of radon concen-
trations. Thiswould enable the creation of the “radon
alarm” using only the multivariate classification of the
now widely availablerecordsof climatevariables. To-
wards this aim, thiswork should be considered a pre-
liminary one, for the number of specific cases that
should be studied inthisway should be much larger, to
comprisethe multitude of possiblerepresentative situ-
ations that occur in red life.

In order to be able to use the multivariate classi-
fication, the set of input events (values for climate
variablesfor each measurement) used, have to be split
into thosethat correspond to the signal (the radon con-
centrations that are considered increased) and to the
background (consisting of radon concentrations that
aredeclared acceptable). Thissplitting of the set of in-
put eventsisfor the purposesof thispreliminary analy-
sis performed at the limiting value of 40 Bg/m?®. This
valueis used for most of the analyses, and is selected
because this splitting ensures maximum employment
of multivariate comparison methods, and this particu-
lar valuereflectsthefact that in our test casethe statis-
tics on higher radon concentration values are lower.
For the purposesof setting of asort of a“radonalarm”,
the vaue of radon concentration that should be used
for splitting of input eventsisthe valuefor radon con-
centration recommended by World health organiza-
tion of 100 Bg/mS3. Themethod of multivariateregres-
sion, however, does not require preliminary splitting
of input events, and is therefore a more general one.

EXPERIMENTAL DATA

There are many methods available for measure-
ment of radon concentrations in air. According to the
integrating measurement time, these may be divided
into the long-term and short-term ones. The first are
mostly performed with passive integrating measuring

devices based on nuclear track detectors, which are
dueto their low cost, simplicity, and wide availability
well suited for simultaneous collection of datafrom a
large number of measurement pointsand arethus used
in large radon mapping projects. The second group
comprises the methods that are performed with more
complex and more expensive passive or active (with
pumped air sampling) devices. For the short-term
measurements of radon concentration in asingle-fam-
ily dwelling house in Belgrade, Serbia, we use the
SN 1029 radon monitor (manufactured by the Sun Nu-
clear Corporation, NRSB approval-code 31822). The
device consists of two diffused junction photodiodes
as aradon detector, and is furnished with sensors for
temperature, barometric pressure and relative humid-
ity. Theuser can set themeasurement intervalsfrom 30
minutes to 24 hours. It was set to record simulta
neously the radon concentration, temperature, atmo-
spheric pressure and relative humidity.

Thesel ected house to measure thetemporal vari-
ations of radon concentration is a typical one-family
detached dwelling house built with standard construc-
tion materials such asbrick, concrete, and mortar. The
house is thermally insulated with Styrofoam. During
the period of measurements (summer), the house was
naturally ventilated and air conditioning wasused dur-
ing the hottest days. The indoor radon measurements
were performed in the living room, where family
spends anything from 16 up to 24 hours during the
working days of the week. Radon monitor was mea-
suring radon concentration, temperature, pressure,
and humidity at 2 hour intervals, starting from the 3
of Junetill the 3" of July and from the 18" of July till
the 11™ of August 2013.

The values of climate variables, which will be
correlated with radon monitor results, are obtained
from a modern automatic meteorological station lo-
cated some 400 m (GPS coordinates) away from the
house where the radon monitor was placed. The wide
set of climate variables were used, for the measure-
ments of which were performed at 5 minute intervals
during June, July, and August 2013. The fifteen cli-
mate parameters used are: outdoor air temperature,
pressure and humidity, solar irradiance, wind speed at
the height of 10 m above the ground, precipitation,
evaporation, and underground temperature and hu-
midity at the depths of 10-30 and 50 cm.

The second site used for the tests is our own
ground level laboratory [1], which is air-conditioned
and only rarely accessed, thus having much more sta-
ble indoor conditions than the dwelling house de-
scribed. The measurements were performed during
September and October 2012. Measurements of cli-
mate parameters that will be combined with radon
measurements in this case come from the different,
and somewhat older automatic metrological station,
located about 4 km from the laboratory where the ra-
don monitor was taking data.
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MULTIVARIATE METHODS

The TMVA providesaROOT-integrated environ-
ment for the processing, parallel evaluation and appli-
cation of multivariate classification and multivariatere-
gression methods. All multivariate methods in TMVA
belong to the family of “supervised learning” ago-
rithms. They make use of training events, for which the
desired output is known, to determine the mapping
functionthat either describesadecision boundary (clas-
sification) or an approximation of the underlying func-
tional behavior defining the target value (regression).
All MVA methods see the same training and test data.
The correlation coefficients of the input variables are
calculated and displayed, and a preliminary ranking is
derived (which is later superseded by method-specific
variable rankings). For standalone use of the trained
classifiers, TMVA aso generates lightweight C++ re-
sponse classes that do not depend on TMVA or ROOT,
neither on any other external library. Aswill be demon-
strated, the two most important multivariate methods
for our purposes are the boosted decision trees (BDT)
and the artificial neural networks (ANN) methods.

Boosted decision trees

BDT has been successfully used in high energy
physics analysis for example by the MiniBooNE ex-
periment [12]. In BDT, the selection is done on ama-
jority voteon theresult of several decisiontrees. Deci-
sion tree consists of successive decision nodes, which
are used to categorize the events in sample as either
signal or background. Each node uses only a single
discriminating variable to decide if the event is sig-
nal-like “goes right” or background-like “goes left”.
This forms a tree like structure with “baskets’ at the
end (leave nodes), and an event is classified as either
signal or background according to whether the basket
whereit ends up has been classified as signal or back-
ground during the training. Typically, BDT is con-
structed of aforest of such decision trees. The (final)
classification for an event is based on a mgority vote
of the classifications done by each tree in the forest.
However, the advantage of the straightforward inter-
pretation of the decisiontreeislost. In many academic
examples with more complex correlations or red life
examples, the BDT often outperform the other tech-
niques. More detailed information about training can
be found in [11].

Artificial neural networks

An artificial neural network (ANN) [13] is most
generally speaking any simulated collection of inter-
connected neurons, with each neuron producing acer-
tain response at agiven set of input signals. By apply-

ing an external signal to some (input) neuronsthe net-
work is put into a defined state that can be measured
fromtheresponse of oneor several (output) neurons.

ANN in TMVA belong to the class of multilayer
perceptrons (MLP), which are feed-forward neural
networks. Theinput layer containsasmany neuronsas
input variablesusedinthe MVA. The output layer con-
tainsasingle neuron for the signal weight. In between
the input and output layers are a variable number of k
hidden layers with arbitrary numbers of neurons.

All neuron inputsto alayer are linear combina-
tions of the neuron output of the previous layer. The
transfer from input to output within a neuron is per-
formed by means of an “activation function”. In gen-
eral, the activation function of a neuron can be zero
(deactivated), one (linear), or non-linear. The ANN
used for our purposes uses asigmoid activation func-
tion. The transfer function of the output layer is usu-
aly linear.

RESULTS

We comment on the results of our analyses di-
vided into casesthat differ by the size of the set of cli-
mate parameters used, by theindoor spacestudied, and
by the methods of analysis used.

First, we intercompare the multivariate methods
used for classification of radon concentrations by us-
ing thefull set of climate variablesasdescribed in pre-
vious sections.

Weareusingtheinput events(set of climatevari-
ablesfor each measurement) to train, test and evaluate
the 12 multivariate methods implemented in TMVA.
Thegraph presenting thereceiver operating character-
istic (ROC) for each multivariate method (fig. 1) may
be considered as the most indicative in comparing the
different methodsused for classification of radon con-
centrations using climate variables. On this graph one
can read the dependence of background rejection on
signal efficiency. Thebest method isthe onethat holds
maximum value of background rejection for highest
signal efficiency, i. e. the best method has ROC curve
closest to the upper right corner on the graph presented
infig. 1. It turns out that the method best suited for our
purpose is the BDT method. This means that BDT
givesmost efficient classification of input events. This
isseeninfig. 2, which showsthe distribution of BDT
classification method outputs for input signal and
background events. The second best method istheim-
plementation of ANN MLP.

In fig. 3, one can see the values of signal and
background efficiency and significance. Significance,
calculated as

N(sgnal)
JN(sgnal)+ N (background)
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can be used as the value for comparison of various
multivariate methods, and aso for comparison of
method efficiencies for different sets of input vari-
ables. The significance of the BDT method with full
set of input climate variables turns out to be 30.6.
Ranking of theBDT input variables(tab. 1.) isderived
by counting how often the variables are used to split
decision tree nodes, and by wei ghting each split occur-
renceby the separationit hasachieved and by the num-

ber of eventsinthenode. Asseenfromtab. 1, tempera-
tureof thesoil at thedepth of 10 cm appearstobeby far
the most important variable.

Now we compare the multivariate methods for
classification of radon concentration by using the min-
imum set of climate variables that would give similar
results aswhen using the full set. While searching for
the best multivariate method for radon classification
indoors in this situation, we found that the BDT
method again gives the best result, with the signifi-
cance of 29.6 as compared to 30.6, when all the avail-
able climate variables for training and testing of
multivariate methods are used. The climate variables
chosen for training and testing in this case were: out-
door air temperature, humidity and pressure, outdoor
soil temperature at the depth of 10 cm, differences of

Table 1. Ranking of BDT input variables

Variable Variable importance
Temperature of soil at depth of 10 cm 1.37e-01
Outside air temperature 7.40e-02
Evaporation 7.16e-02
Outside air pressure 7.16e-02
P (outside) — P (radon monitor) 6.51e-02
Outside air humidity 6.40e-02
H (outside) — H (radon monitor) 6.12e-02
T (outside) — T (radon monitor) 5.79e-02
Humidity of soil at depth of 10 cm 5.74e-02
Solar irradiance 5.16e-02
Temperature of soil at depth of 20 cm 4.99e-02
Temperature of soil at depth of 50 cm 4.68e-02
Temperature of soil at depth of 30 cm 4.46e-02
Humidity of soil at depth of 20 cm 4.31e-02
Wind speed at height of 10 m 3.87e-02
Humidity of soil at depth of 30 cm 3.41e-02
Humidity of soil at depth of 50 cm 3.13e-02
Precipitation 0.00e+00

“1.37¢-01 read as 1.37-10"!
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outdoor and indoors temperature, and the indoors hu-
midity and pressure. One important caveat isin place
here. It concernsthe possibility that the two setsof in-
struments (for indoor and outdoor measurements) are
not identically calibrated, what may especially be the
case when two different groups or institutions conduct
the indoor and outdoor measurements. It is estimated
that theseinstrumental effectsdo not influencesignifi-
cantly the results of this study. In the case of calibra-
tion of MVA classification method, we need radon
monitor apparatus indoors and apparatusfor P, H, and
T measurements outdoors and an apparatus for mea-
surement of the outdoor soil temperature with the sen-
sor positioned at the soil depth of 10 cm. Whileaiming
at setting a“radon alarm” inthis case, we thus haveto
have two apparatuses for P, H, and T measurements,
indoor and outdoor, and an apparatus for measurement
of outdoor soil temperature with the sensor positioned
at the depth of 10 cm.

Next we compare the uses of multivariate meth-
ods for classification of radon concentration indoors
when using the simplest possible set of climate vari-
ables. The climate variables used for training and test-
ing were: outdoor air temperature, pressure and hu-
midity, and differences of outdoor and indoor
temperature, pressure and humidity. That means that
we need to have two devicesfor measurement and re-
cording of temperature, pressure and humidity, both
indoors and outdoors at the sametime. For calibration
and testing of multivariate methods, in case of using
this set of climate variables we would need one radon
monitor indoors, and an apparatus for measurement of
P, H, and T outdoors. For the purpose of seting the ra-
don alarm, wewould need to have two apparatusesfor
P, H, and T measurement. The best multivariate
method for radon classification indoorsin this caseis
also BDT method. Theresulting significanceis28.2 as
compared to 30.6 what we get when using the full set
of available climate variables for training and testing
of multivariate methods. This testifies that when we
drop out many climate parametersinthiscaseof analy-
sis the resulting significance decreases notably, but
still leaving MVA classification work good.

We also compared the multivariate methods for
classification of radon concentration using the sim-
plest set of climatevariablesin our Ground level labo-
ratory, which is, as said, an air-conditioned and only
seldom accessed space. The climate data are provided
by the4 km away and somewhat ol der automatic mete-
orological station. The methods are still found to work
satisfactorily — the resulting significance of the BDT
method now being 27.6 as compared to 28.2, obtained
with the simplest set of variablesin the case of the ac-
tively inhabited dwelling. The climate variables, re-
quirements for training and testing are the same asin
the previous case.

We also tested the smple set of only outdoor
measured climate variables consisting of the outdoor

air temperature, pressure and humidity, and the out-
door soil temperature at the depth of 10 cm. This
meansthat the devicesfor measurement and recording
of outdoor temperature, pressure and humidity aswell
as the device for measurement and recording of the
outdoor soil temperature at depth of 10 cm are re-
quired. Theresulting significanceisnow 27.2 ascom-
pared to 30.6 when using the full set of available cli-
mate variables, and 28.19 when using the two
apparatuses for P, H, and T measurements.

Comparison of multivariate methods for
classification of radon concentration indoors

The difference between this case and the previ-
ousonewith thefull set of climate variablesisthat in-
put events are now split at the value of radon concen-
tration of 100 Bg/m®, which is the recommended
limiting value between the acceptable and increased
radon concentration by the World Health Organi zation
(WHO). Previous method had a cut on thevaue of
40 Bg/m®, which was found to insure maximum em-
ployment of multivariate classifications. This particu-
lar valuereflectsthefact that the statisticson higher ra-
don concentrations are getting progressively lower. In
tab. 2, we present the significance and the signal and
background efficiency for several best multivariate
classifier methods. Again, the BDT (and BDT
decorrelated) multivariate method shows the best per-
formance in classifying the eventsinto the categories
of increased and acceptable concentrations.

Figure 4 showsthe distribution of BDT classifi-
cation method outputsfor input signal and background
events. These figures again demonstrate that classifi-
cation methods work well i. e., that the separation of
signal and background worksvery good. Also, thesig-
nificancevaluefor BDT ishigher for higher cut values
for splitting of input events. Interestingly, it appears
that other multivariate methods also give better results
under these new conditions.

Regression methods

Regression isthe approximation of the underly-
ing functional behavior defining the target value. We
tried to find the best regression method that will give

Table 2. Significance, signal, and background efficiency
for several best multivariate classifier methods in the
case of imposed limiting value of 100 Bg/m®

Classifier Ssgrt(S+ B) EffSig EffBkg
BDT 311 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
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output values (predicted radon concentration) closest
to the actual radon concentration that corresponds to
specific input climate variables. The best multivariate
regression method isfound to be BDT, and the second
oneisMLP, sameasin caseof multivariate classifiers.
Figure 5 presents the distribution of radon concentra-
tions and outputs from the BDT multivariate method
from regression of radon concentration using all cli-
mate variables.

To best way to estimate the quality of the method
istolook at the differences between the output values
fromBDT multivariate regression method and theval-
ues of measured radon concentrations(fig. 6). Thefig-
ure indicates the satisfactory predictive power of
multivariate regression methods as applied for predic-
tion of variations of indoor radon concentrations
based on the full set.

CONCLUSIONS

Thefirst test of multivariate methods devel oped
for data andysis in high-energy physics and imple-
mented in the TMVA software package applied to the
analysis of the dependence of indoor radon concentra-
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Figure 6. Difference of outputs from BDT multivariate
regression method and radon concentrations, vs.
radon concentration

tion variations on climate variables demonstrated the
potential usefulness of these methods. It appears that
the method can be used with sufficient reliability for
prediction of the increase of indoor radon concentra
tions above some prescribed value on the basis of
monitored set of climate variables only. Surprisingly,
this set of climate variables does not have to include
too many of those which are nowadays widely avail-
able. To confirmthese promising preliminary findings

more case studies of similar character are required.
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Huvurpuje M. MAJITIETUh, Baagumup U. YITOBUYNR, Panomup M. BAIbAHALI,
Hejan P. JOKOBWH, Anekcanpap JI. IPAT'MTh, Hukona 5. BECEJIMHOBWUh,
Jenena 3. PUTUITIOBU R

NOPEBEBE MYITUBAPUJAHTHUX METOJA NPU KTACUOUKALININ U
PETPECHIU PE3YJITATA MEPEIA PAJOHA Y 3ATBOPEHUM INTPOCTOPUJAMA

IIpencraBmbamo pesynraTe TecTHpama Kopuithewha MyJITUBAPHjaHTHIX METO/IA, Pa3BUjCHUX 3a
aHaNMM3y TofaTaka y (OU3WNM BUCOKWX CHEpPruja W MMINIEMEHTHPAHUX Yy MPOrPaMCKOM MaKeTy 3a
MYJITHABapHUjaHTHY aHAIM3Yy — y HaIlleM NpoydyaBamky 3aBUCHOCTH Bapwjallja KOHIEHTpaldje pafioHa y
3aTBOPEHMM TMpOCTOpHjaMa ¥ KJIMMATCKUX Bapujabmu. MynTuBapujaHTHH MeETOAM OMOryhaBajy
UCIATHBAHE MOBE3aHOCTH MIMPOKOT CIEKTpa KIMMATCKUX Bapujaliu U KOHIICHTpaldje pajoHa, U OHfla
Kaga Meby mmMa Hema 3HauajHHX Kopenanuja. [lokazamm cMO f[a MYyJITHBAapWjaHTHU METOAM 3a
KJacuguKanmjy u perpecujy paje qo6po, fajyhu kao pe3yaraTt HoBe MH(poOpMaIije 1 HHAUKaIWje Koje 6u
Morje OWTH KOpDUCHE Yy QajbeM H3ydyaBamky BapHjaldja KOHICHTpAalHWje pajoHa y 3aTBOPCHHUM
npocropujama. Kopunrhemem oBux metonia, mohu he fia ce mobe o penatuBHo 06pe Mohu npefiBubama
KOHIIEHTpaIja pajloHa, Kopuctehn camo mopaTke KIMMaTCKAX Bapujadiu.

Kmwyune peuu: padoH, myaitiusapujaHiina aHaiu3a, KAUMAIUCKU dapametiap
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DAILY AND SEASONAL RADON VARIABILITY IN THE
UNDERGROUND LOW-BACKGROUND LABORATORY IN

BELGRADE, SERBIA
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Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade 11080, Serbia
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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"” 2, Unfortunately, in the underground environ-
ments, radon level is extremely high (up to several kBq
m °) 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®~”. 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®,
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 m > to 99.99 kBq
m™3, accuracy equal to +25 %, sensitivity of 0.16
counts hour per Bq m™>. 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 vy, after start of the measurements, the data
were analysed and the obtained results were published®.

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, the obtained periodogram
show two periodicity, on the 1 dand 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®.
Also, the temperature profile defined two season, cold
(winter) and hot (summer). The winter time covered the
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Table 1. Descriptive statistics on the raw radon data. 20 -
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radon variability also has the interesting characteristic.

In Figure 4, the daily radon and the difference  Figure 5. The daily radon variability during two periods,
between outdoor and indoor temperature variability winter and summer.
during 1 d are presented. Two quantities are shifted in
phase. This means that, when the difference between also analysed due to different periods of the year,
the exterior and interior temperature decrease winter and summer.
(between 4 and 13 h), the radon level decreases The daily radon variability during two periods, winter
(between 6 and 16 h). The daily radon variability is and summer, is presented in Figure 5. The positions of
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VARIABILITY IN UNDERGROUND LOW-BACKGROUND LABORATORY

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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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 classification 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

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 (**Rn)
and thoron (**Rn)) are in the domain of radiation
physics, but since a few decades ago, subject of ra-
dioactive emanation involves many other scientific
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

J. Filipovi¢, D. Maleti¢, V. Udovi¢i¢™, R. Banjanac, the habits of people) impact the variation of radon,
D. Jokovi¢, M. Savi¢, N. Veselinovi¢ and therefore, it is important to study their correla-
Institute of Physics Belgrade, tion. In this paper, the results of correlative analysis
University of Belgrade, of indoor radon and meteorological variables are
118 Pregrevica Str., 11080 Belgrade, Serbia, presented. Furthermore, the results of multivariate
E-mail: udovicic@ipb.ac.rs classification and regression analysis is presented.
More details of this study can be found in [1].
Received: 4 January 2016 Indoor radon variation depends significantly on

Accepted: 24 March 2016 large number of factors, which include the local ge-
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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 classification and regression are already
integrated into the analysis framework ROOT [2],
more specifically, into the toolkit for multivariate
analysis (TMVA [3]). Multivariate analysis toolkit is
used to create, test and apply all available classifiers
and regression multivariate methods implemented
in the TMVA in order to find methods that are the
most appropriate and yield maximum information
on the dependence of indoor radon concentrations
on the multitude of meteorological variables. Clas-
sification methods are used to find 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 find 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 m?, 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.
Significant 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 filtering system. The first stage is a me-
chanical filter for dust removal. The second one is a
battery of coarse and fine charcoal active filters. The
concentration of radon is kept at an average value
of about 10 Bg/m®.

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 influence on gamma and cosmic ray measure-
ments in the laboratory were published in several
articles in international scientific 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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approximation of the underlying functional behav-
iour defining 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
artificial neural networks (ANN).

The determination of correlation coefficients 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 coefficient tables gives a good overview of
input data and their intercorrelations. In Fig. 1, the
correlation matrix of linear correlation coefficients
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 (P,., T,m, H»») and out-
door (P, T, H) and differences in measured values
of pressure (P - P,,), temperature (T - T,,) and
humidity (H - H,,,) 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 - T,,)
and humidity (H - H,,) 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 classification
function of radon concentration depending on me-
teorological variables. In the analysis, several mul-

Linear correlation coefficients In%

Radon| 17| 4| 25| 14| 5| 1| 13| 5| -14| 100
HHomm| 81 13| -73| 4| 10 79| 94| 8| 100| 14
PPmm| 9| 45| 13| 1| 15 100 8| 5
TTom| 80| 14| 77| 9| -14| 68| 100 94 13

43| 3| -18| 65| 3| 100 68 ™
P 4| 9| 12| 13| 100| 3 | -14| 15| 10| 5
T 86| 13| 80| 10| 13| 65| 9O 1| 04| 14

Hmm( 84) 17| 100| 80| 12| 18] 77| 13| -13| 25

Pmm| -7|100| 17| 13| 9| 3 | -14| 15| 13| 4

Tmm| 100] 7| 84| 86| 4| 43 60 9| 81| 17

TJ% P\% H% T P K T,r\mmp.p\mmﬂﬂ\mka%
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.
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Fig. 2. ROC curve for all multivariate methods in case of
house measurements.

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 classification 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 finding 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 classification 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 classification 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-

—— BDT output
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&
PR AR F - F L T T [ T T T T T 1T

L ST . T - TR s Y PSR PR T Y

400 500
Bg/m’®

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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Fig. 4. BDT evaluated (predicted) values of radon con-
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underground laboratory posted online and updated daily.
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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 efficient 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
efficient 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 classification
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.
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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 2'* 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™s™ at the ground level and 45(2) m™s™ 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.
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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.
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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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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/(m?s-2x-srad) in the ground level
laboratory, and to about 5000 photons/(m?s- 2x-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 21°Pb [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

* Corresponding author. Tel.: +381 11 3713 172; fax: +381 11 3162 190.
E-mail address: yokovic@ipb.ac.rs (D. Jokovic).
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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 m? 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 0.04mm (45mg/cm?) to 4.5mm
(5 g/cm?), 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.

Lead absorbers
HPGe detector

Lead shielding

Fig. 1. Detector assembly used in this study.

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 K
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 detector
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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.
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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.

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/
(m?s-2r-srad) on the surface, and about 5000 photons/
(m?s-2x-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
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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

INSTRUMENTAL BACKGROUND
CONTINUOUS SPECTRUM

IN THE GROUND LEVEL AND
IN THE UNDERGROUND LAB
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5000

4000 H

3000

counts/100 ks

2000
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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.

800 —

600

400 +

counts

200

0 T T T T T T T 1
0 100 200 300 400
Energy [keV]

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

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,

UNDERGROUND LABORATORY
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—— experimental spectrum

2614 keV
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0 1000 2000 3000 4000 5000 6000
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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.
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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 Nal 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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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.
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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/m>, the mean value being obtained from more than two
years long-term measurement. The UL is presented in more detail
by Antanasijevic et al. (1999), and the especially designed ventila-
tion system for radon reduction in the laboratory has been
described by Udovici¢ 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 x 60 cm,
weight of 40 kg) for radon adsorption.

The UL has an area of 45m? and volume of 135 m® what
required the rate of air inlet adjusted to 800 m?/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)°C. On the other side the rate of air outlet (700 m?/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 m?) 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 m? and volume of 75 m?>. It is air-
conditioned (average radon concentration of 50(30) Bq/m?).

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 (1 m? named PS1) situated
coaxially above the Gel 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 (0125 m?, 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 2'* 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 (2z 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
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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 (1¢-B-spline).
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Fig. 3. Variability of radon concentration measured by RM inside the sampling
chamber of the Ge2 detector (circles) and the sum of four post-radon lines
(squares) measured by Ge2 inside the GLL.

not hermetically sealed. The Ge detector can see the radon
daughters (*"*Pb and 2'Bi) 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
214pph, 609.3 keV and 1120.3 keV from 2'Bi) 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 dm?). 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 ??°Ra 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/
m?> and some kind of radon suppression method inside a sample
chamber must be applied (Neumaier et al., 2009).
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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.
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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], y-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
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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.1. 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 m?, 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 X 100 cm x 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
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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:

Y(E,h) - J(E,)dE
Ep

N(Ey )= @
1
where E is primary particle energy, i is type of primary particle (we
take into account protons and « particles), J;(E,?) is energy spectrum
of primary particles, h is atmospheric depth and Y;(E,h) is the so
called yield function. E,, 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:

[o]
Y, (E,h) = / /S,—(B,qb)-cD,-’y(E,-,h,E,H,qf))dEd.Q 2)
Ey,
where S(0, ¢) is the effective detector area and integration is performed
over upper hemisphere. @, ,(E;, h, E, 0, $) is the differential muon flux
per primary particle of the type i with the energy E;.

Total differential response function:

W (E, h,t)= Y Y(E,h)- J,(E,1) 3
1

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 a-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
B, = 22.61 pT, B, = 42.27 uT. Power law form of differential energy
spectrum of galactic cosmic rays J,(E) ~ E27 is assumed. Energy
range of primary particles is between 1 GeV and 2 - 107 GeV. Interval
of zenith angles is 0° < § < 70°. Low energy thresholds for secondary
particles are: 150 MeV for hadrons and muons and 15 MeV for electrons
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composition used in our work is taken from a geochemical study of
neighboring loess sections of Batajnica and Stari Slankamen [22]. Most

0.008
‘J abundant constituents are quartz (SiO,) 70%, alumina (Al,053) 15% and
0.006 IN quicklime (CaO) 10%, while others include Fe, 05, MgO, TiO,, K,O0,....
“H Inaccuracy of our knowledge of the soil chemical composition should
V ”M not strongly affect our results since, at relevant energies, dominant
0.004 4 , W energy loss mechanism for muons is ionization which, according to
y \h Bethe-Bloch formula depends mostly on (Z)/(A). Soil density profile
\‘ is probed during laboratory construction. It varies slowly with depth
0.0024 ‘ l‘,‘u | and average density is found to be (2.0 +0.1) g/cm?.
“ ',\‘Ml‘h m l“ | In the simulation, the effective area and angular acceptance of
f (T M“ A 1 l ll l K n J different modes of asymmetric muon telescope (single, coincident and
‘ iy it ‘M“‘ I l,A,MnNJ_A‘ I ‘.ilj.ﬂ.“"‘[‘ anticoincident) are taken into account.
0.000 0 ) 2(')0 ) 4(')0 ) 6(I)0 ) 8(I)0 ) ) 0'00' 12'00' | 4'00' ) GIOO' ) 8I00' 20'00 According to Dorman [12], response function can be parametrized
E . (GeV) as:
0, if E < Ey;
Fig. 3. Response function for multi-muon events in UL to galactic cosmic rays. W(E) = M’ otherwise; @
E®D(1 —aEZF)
th
with the high energy asymptotics: W(E) x a - k - E-*+D,
and photons. Selected atmospheric model is AT511 (Central European
atmosphere for May 11 1993). Observational level is at 78m a.s.1.
For calculation of response functions for underground detectors, sim- 3.1. Ground level
ulation of particle propagation through the soil overburden is performed
using the code based on GEANT4 package. For precise calculation of Calculated response function for ground level muon detector is
presented on Fig. 2, together with fitted Dorman function (4).

energy loss, chemical composition of the soil needs to be known. The
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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
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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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one located in the GLL (100 x100 x5 cm) and upper one is 50 x46 X5 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 E,,,. Primary particles with the energy be-
low E,,,; give 50% contribution to detector count rate. The energy inter-
val ((Eg o5, Eg 95) is responsible for 90% of registered events. Fitted value
of the parameter k from Dorman function (Eq. (4)) is also presented. The
parameters E s and E,,, are determined with 1 GeV accuracy, while
the uncertainty of E, o5 is much higher due to small number of very high
energy events and is conservatively estimated as 10%.
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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 E; s (and above E,)s)
contribute with 5% to the count rate of a corresponding detector. E,,, is median energy,
E,;, threshold energy and k is Dorman parameter.

det E, (GeV)  Eyos (GeV)  E,o, (GeV)  Eyos (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: AN/N ~ RV [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 y is obtained by the least-square fitting of
the data with the power function (Fig. 9) and found to be y = 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
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Maletié¢!, M Savié!, N Veselinovié¢! and J Puzovié?
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2 Faculty of Physics, University of Belgrade, Belgrade, Serbia
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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) x 10™*n/ecm? - 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'y) reaction on lead, gamma rays of 2041 KeV energy can be produced,
close to @ 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 m?, 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 x 100 x 5cm, equipped with four PMTs
directly coupled to the corners bevelled at 45°, is made by Amcrys-H of Kharkov, Ukraine. A
radiopure HPGe detector of 35% efficiency and 149 cm? volume, made by ORTEC, in its 12 ¢m
thick cylindrical lead castle is positioned beneath the center of the scintillator detector.

Published under licence by IOP Publishing Ltd 1
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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 2!4 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 (4004 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 EO, 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 s, shows at this statistics only two
interesting features (Fig.1).

800

600 \

511 KeV

400 71Ge(n,n'e')

T T T T T T 1
400 500 600 700 800 900 1000

Counts/400 days

692 KeV

Energy (KeV)

Figure 1. Portion of the background HPGe spectrum coincident with the plastic scintillator
with the delays in the range from 100 ns to 2 us, 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-T2.
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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) us 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)us (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:
Tsg2

Cp=Fk % (1)
introduced by Skoro et al. [8] has been reasonably verified in the past. Here, Igg2 is the count
rate in 692 KeV structure in counts per second, V is detector volume in cm® 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) x 107%n/em? - 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 Maleti¢', A Dragié¢', R Banjanac', D Jokovi¢', N Veselinovi¢', V Udovicié¢',
M Savi¢', J Puzovi¢® and I Ani¢in’

" Institute of Physics, University of Belgrade, Serbia
? 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 m’. 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 ps), appears flat
(figure 2). In these measurements the dead time of the system was from 1 to 4 ps, 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:

N (H,,) =6-102m™? s and Nyg(u,,,)=15-102m™>s™

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

Published under licence by IOP Publishing Ltd 1
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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 m*) sandwiched between the two small ones (0.125 m?), 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.

High Energy muons Low Energy Muons

AE(n)=Start~ E u!!
| G

AE(n)>=10 MeV Stopped . decays after T
="Singles" /% s

PLASTIC

AE(e)=Stop (Not EQ E(e) !l)
— .
(not nesessarily stopped)

/ — Find the spectra of Start and Stops

Separated in time exponentially with constant ~1/Singles.
They are forming high and flat bckg for stopped muon events.

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
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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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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‘".
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®. 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®.

When the ventilation system in the UL is switched
off, radon concentrations increase rapidly, indicated
by starting activities from <20 Bq m . After a few
days, the rapid increase of radon concentrations
becomes steady, with values of radon activities reach-
ing as much as 900 Bq m ™3, 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”. 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®™, more specifically, into the Toolkit
for Multivariate Analysis (TMVA)®.

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

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 m™3),
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 M VA 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
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Figure 2. TMVA response for classifier for best performing
MVA classifier, a method based on boosted decision trees.
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Figure 3. Initial and corrected evaluations of radon activity.

After corrections, the difference between measured and

corrected evaluation is closer to 0 for a whole range of radon
activities.
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Figure 4. Distribution of the values of radon activity for
measured (radon) and MVA regression methods’ evaluation
values (MLP and DBT methods).

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
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Figure 5. Calculation of relative variations of MVA
evaluated values from measured radon activities.

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 (4E) 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 AF spectra
at the ground level, which is absent in case of the underground detector.
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Figure 1. The cosmic-ray 4E spectra of the GLL detector (top left) and the UL detector (top right).
Experimental and simulated AE 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).

5000 - Constant fraction discriminator (CFD)

5000 <

Part of spectrum used in time series

4000 Part of spectrum NOT used in time series

count

3000 -
30% of maximum

2000

1000 <

M T T J
0 500 1000 1500 2000

channel

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:

h,
8I;=| a(h|-8Th|-dh

where 617 is the variation of the muon intensity due to the temperature eftect, 07(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): ol T T(hj, where / is atmospheric depth.

Temperature coefficient densities a(/) 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.
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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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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,x) 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 ’Li(p,x)x produced in the hydrogen
plasma focus is calculated. This calculation will be com-
pared with the measurements of « 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
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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 ¢(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 "Li(p,o)x 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 'Li(p,x)o produced in the
hydrogen plasma focus can be calculated. This calculation
is compared with the measurements of o particles pro-
duction rate using CR-39 detectors.

Theory

The rates of the charged-particle-induced nuclear reactions
for one par of the particles, (gv) are well-known from the
general theory of the nuclear reactions [6]:

7 exp(—1)S(Ep) (1)

1
ov) =720 x 1071
(ov) IVAVA
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C

A
c

Fig. 1 Pseudo-Feynman diagram
A 4+ a — ¢ + C +s reaction

representing the quasi-free

where v is the relative velocity of the particles, i is reduced
3E,

mass, T = 3= is undimensional parameter, Z;, Z, are the
charge numbers of the colliding nuclei and S(Ey) is the
astrophysical S factor for the Gamow energy E,.

Direct measurements of the astrophysical S factor at the
Gamow energies for the relevant fusion reactions, such as
"Li(p,x)o 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 — ¢ 4 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
"Li(p,)o using THM technique are reported [4].

The three-body reaction used in this case is "Li(d,oe0)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, ''B(p,x)2*He 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

@ Springer

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 pm)
placed on the CR-39 plate (2 x 2 cm). CR-39 nuclear
track detectors manufactured by the Intercast were used for
the detection of the o particles produced in the "Li(p,o)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 (10 cm™?). 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,oc)oc fusion reaction [4].
The obtained experimental results and theoretical calcula-
tions show that it is not possible to realized 7Li(p,oc)oz fusion
reaction in a small plasma focus device (stored energy of
5.76 k).
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CORRELATIVE AND PERIODOGRAM ANALYSIS OF DEPENDENCE
OF CONTINUOUS GAMMA SPECTRUM IN THE SHALLOW UNDERGROUND LABORATORY
ON COSMIC RAY AND CLIMATE VARIABLES

Dimitrije Maleti¢, Radomir Banjanac, Dejan Jokovi¢, Vladimir Udovicié,
Aleksandar Dragié, Mihailo Savié, Nikola Veselinovié

Institute of Physics University of Belgrade, Serbia

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.
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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/ms.
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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 45°, 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.

48

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

84000

Big plastic CAVERN

82000

Count/30min

80000

START March 12 2010, 11.45 GMT

T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700

Time [30min]

Fig. 3. The time series of the CR muon count of the big plastic
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Figure 4. Gamma spectrum of the HPGe detector in 12cm lead
castle in the Underground laboratory.



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 71981 7 60 | -30 | 10 | -24 | 42 | 100 | -64

CR |-14| 42| -65| 36 | -14 | -52 | 13 | 100 [ 42 | -25

HR|-2|30|-44| -1 | 42 |-59 | 100 | 13 | -24 | 51
P 141-13 | 80 | -8 | -22|100 | -59 | -52 | 10 | -22

1 | 43 | -16 | -41 [ 100 | -22 | 42 | -14 | -30 | 57

10| -63 | -15 | 100 | -41 | -8 | -1 | 36 | 60 | -86

H
P 111 -9 (100 | -15|-16 | 80 | -44 | -65 | 7 -9
T -6 1100 | -9 | -63 | 43 | -13 | 30 | -42 | -98 | 69

HPGe [ 100 | -6 11 10 1 14 | -2 [-14] 7 [-10

DT

= A T

HPGe

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 | 180-440 620-1330 | 1780-

keV keV keV 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
Tue +0.013 -0.029 +0.014 -0.012
Puc +0.149 +0.111 +0.091 +0.061
Huc -0.029 -0.068 -0.030 +0.028
CR -0.140 -0.179 -0.030 +0.036
Tue-T +0.076 +0.043 +0.046 +0.100
Hus-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.
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Figure 5. Lomb-Scargle periodogram of air humidity.
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Figure 6. Lomb-Scargle periodogram of air temperature.
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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
Republic of Serbia (2011-2015).
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BACKGROUND SPECTRUM CHARACTERISTICS OF THE HPGE DETECTOR LONG-TERM
MEASUREMENT IN THE BELGRADE LOW-BACKGROUND LABORATORY
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Veselinovi¢, Mihailo Savié, Aleksandar Dragié, Ivan Anicéin

Institute of Physics, Belgrade, Serbia

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/ms. 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 8ooms3/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)°C. The rate of air
outlet (7oom3/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 3om2 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.

UL-Underground laborator

| ,,[ e,

e

BGe-Big
Germanium
detector

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 9ookg, 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 50cmx23cmxs5cm 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
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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
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 1x1074 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.

BACKGROUND

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 4°K and 208T] (2614.5keV) at the end of the
spectrum with a lot of post-radon lines between them.
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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



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
Radionuclide/ MDA
Line/ series/ . (mBq)
. nuclear Intensity for
rigl\(;n reaction (103 s7?) 100ks
(keV) 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-Keo 3.1(1) -
75 Pb-X-Ku: 6.2(1) -
84.9 Pb-X-Ks: 4.2(1) -
87.3 Pb-X-Kpa 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 T;;‘;igg 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
- I -
803.3 Pb P2§_62(()%’n ) 0.11(2)
911.2 Ac-228/Th-232 0.25(2) 110
969 Ac-228/Th-232 0.11(2) 8o
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 2614'2%%2/“ 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 120cms3) 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=Lp/(t x Eff x p), where
the Lp=2.71+4.65B"/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 120cms.

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.

Acknowledgement: The paper is a part of the
research done within the projects OI171002 and
11143002.
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ok PETYBNVKA CPEMJA
S YHUBEPRATET V BECTP

Ha ocHoBy unana 82. 3akoHa o HayyHoucTpaxuBaukoj jenatHoctd ("CyxOeHu
riacHuK PenyGmke Cp6uje", 6poj 110/2005, 50/2006 - ucnp., 18/2010 u 112/2015),
yyana 33. Tauka 5. Craryra MHcTHTyTa 32 DM3UKY M 3aXTeBa KOjH j€ MOJHEO

HUKOJIA BECEJIMHOBHW R
Ha cenuuim Hayunor Beha MHctuTyTa 32 Qusuky oapxanoj 07.06.2016. rogune,
JIOHETa je

OJJIYKA
O CTUHABY UCTPAXKUBAYKOI 3BAIbA

HUKOJIA BECEJIJMHOBUh
CTHYE HCTPAXKHUBAYKO 3Bamhe
Hcempancuseau capaonux
Peuszbop

OBPA3J/IOKEBE

Hukxona BecenunoBuh je 13.04.2016. romuHe mnoaHeo 3axTeB 3a peusbop vy
MCTPAXUBAYKO 3Bamke MCTpakuBau capanuuk. HayuHo Behe MucmutyTa 3a GU3MKY je Ha
cemuuiM oapxkanoj 15.04.2016. rogune obpazoBano Komucujy 3a cripoBohiewme mocrymnka
y cacraBy ap Anekcanmap [lparuh, Buim Hay4yHu capaauuk, MHCTHTYT 3a (usuky, ap
Numutpuje Manetuh, Buinn HayuHu capagHuk, Muctutyt 3a dusuxky u ap Ilpenpar
Yjuh, Bumu Hayunu capanauk, MHCTUTYT 3a HykiaeapHe Hayke BUHYA. Hayuno Behe je
Ha cequun ox 07.06.2016. roguHe YyTBPAKJIO Jila MMEHOBAHU HCITYH-aBa YCJIOBE U3 YJlaHa
70. craB 3. 3akoHa O HaAYYHOMCTPaXHMBAYKO] MIENIATHOCTH 3a peu3bop y 3Bame
MCTPaXKMBaY CapajHHUK, 114 je OUTYYHJIO Kao Y U3PEI OBE OJIIYKE.

Opnyky MOCTaBUTH MOAHOCHOL, apxuBu VHCTUTyTa 3a (U3MKYy, KaJpOBCKOj CITyKOU
HucTutyTa 3a GpU3MKy M pauyHOBOJACTBEHO) ciry:kOn MHcTuTyTa 3a husuky.

IIpeaceannk Hayunor Beha
ap Mapwuja Pagvunosuh Pahenosuh | -

BN
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FHUBERBHTET ¥V BEOTPARY
SUIHYU K

Ha ocHoBy 4naHa 161 3akoHa O onwTem ynpasHom noctynky («CnyxbeHuu Jiucrt
CPJ» 6poj 33/97 n 31/01), w unaHa 120 Cratyta YHusepsuteTa y beorpagy - ®usunukor
dakynteTa, no 3axresy HUKONE BECE/IMHOBURA, aunnomupanor ¢usuuapa, usgaje ce

cnegehe

YBEPEMWE

HUKONA BECE/IMHOBWUE, avnnomupanu ¢pusnuap, aaHa 29. jyHa 2018. roguHe,
0A6paHMO je AOKTOPCKY AucepTauujy nog HasMBom

"PEAJTU3AUMIA OETEKTOPCKOI CUCTEMA Y NOA3EMHOJ NABOPATOPUIU 3A
WU3YYABAHE CONAPHE MOAY/TALIMIE KOCMWUYKOT 3PAYEHA Y XEJTMOCPEPU"

npeg Komucujom YHusep3uteta y beorpagy - ®usuukor dakynrteta, U TMME UCNYHWUO CBe
ycnoBe 3a npomouujy y JOKTOPA HAYKA — ®U3UYKE HAYKE.

i
YBepemwe ce u3faje Ha MYHU 3axXTeB, a CNYKU paju peryaucarsa npasa us pagHor
04HOCA 1 BAXXV A0 Npomouuje, 0AHOCHO aobujatba AOKTOPCKE AUNNOME.

Yeepeme je ocnoboheHo nnahara Takce.

' IEKAH ®U3UYKOT GAKYTETA

) npod};.-":p'p Jabnan [lojuvnosu
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