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Uticaj gama zraenja na mernu nesigurnost
brzog, kompenzovanog kapacitivnog delila

Nenad Kartalovié, Koviljka Stankovi¢, Member, IEEE, Dusan Nikezi¢, Tomislav Stoji¢, Uzahir
Ramadani i Uros$ Kovacevié¢

Apstrakt—U radu se razmatra uticaj gama zrafenja na
pouzdano merenje jednokratnih naponskih impulsa snopova
elektrona za injektovanje u plazmu tokom fuzionih
eksperimenata. U tu svrhu je konstruisano brzo, 10 GHz, delilo
napona. Visokonaponski kondenzator je bio gasni kondenzator,
a niskonaponski kondenzator je bila paralelna veza 10 liskunskih
kondenzatora. Pokazalo se da primljena doza zracenja ispravlja
prenosni odnos posSto poravnjava frekventnu karakteristiku
liskuna u oblasti prostornog naelektrisanja. Ova pojava je
objaSnjena i sa pozitivnog i sa negativnog aspekta sa efektom na
konkretnu primenu. Takode je ukazano na potrebu daljeg rada
na ovom problemu u cilju ustanovljavanja saturacione doze za
dobijanje konstantne frekventne karakteristike liskuna. Istaknut
je i interes za ponaSanje brzog delila u neutronskom polju.

Kljuéne reci— fuzioni eksperiment; merenje naponskog talasa
brzine 10 GHz; brzi delitelj napona; uticaj doze gama zracenja
na tacnost i ponovljivost merenja.

I. UvoD

SADASNJA koncepcija fuzionog reaktora se zasniva u
zagrevanju plazme Cesti¢nim snopovima (posto se pokazalo
da plazma nakon usijanja po¢ne da reflektuje laserski snop
koji je dugo bio predviden za zagrevanje plazme). Cestice
kojima se injektuje energija u plazmu smestenu u ,,magnetnoj
boci“ su elektroni. Ti elektroni se dobijaju standardnim
Marksovim generatorom impulsnog oblika 1.2/50. Impulsi
oblika 1.2/50 se sistemom provodnika i kondenzatora (kod
kojih je i provodnik i dielektrik dejonizovana voda) pretvaraju
u Hevisajdove (step) impulse $irine oko 5 ns i snage viSe
stotina GW. Posto je ideja energetskih fuzionih postrojenja da
desetak takvih elektronskih ,topova“ istovremeno injektuju
energiju od vise TW u plazmu njihove najvaznije osobine su
istovremenost okidanja (da nema jitera) i isti oblik izlaznog
napona. Prvi problem se reSava troelektrodnim okidnim
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iskriStem, a drugi primenom brzih, kompenzovanih
kapacitivnih sondi odnosno delitelja [1-5].

Posto brzi, kompenzovani delitelji mere naponski oblik
impulsa brzine nano sekunde i snage GW na njih deluje
visokoenergetsko polje gama zracenja. Cilj ovog rada je da se
odredi kako takvo polje gama zradenja deluje na pouzdanost
merenja brzog, kompenzovanog kapacitivnog delila.

Il. KAPACITIVNO DELILO

Koeficijent delenja kapacitivnog delitelja, slika 1, u praksi
je povezan sa spoljnim provodnicima i frekventnim
karakteristikama dielektrika kondenzatora. Induktivnost
spoljnih provodnika koji povezuju izvor napona i delitelja, u
prvoj aproksimaciji moze biti odredena kao induktivnost
konture koja iznosi oko 1 pH/m. U praksi se treba konstruisati
merni sistem sa minimalnom induktivno$¢u. Generalno
induktivnost u tehnici visokih napona predstavlja najveéi
problem posto lako dovodi do oscilatornih, pa i rezonantnih
pojava [6,7].

/
> < I YN Neoeo—
l ——
T
=— r——°
( UNEIR
//I/ ( —-I-I (1)
< O

Sl. 1. Uproséena zamenska Sema kola praznjenja generatora udarnog napona
sa deliteljem; L - ukupna induktivnost kola praznjenja.

Frekventna karakteristika je zavisnost dielektricne
konstante od frekvencije. Frekventna karakteristika zavisi od
tipa polarizacije materijala koji se koriste kao dielektrici
kondenzatora (visokonaponskog i niskonaponskog) kod delila
napona. Frekventna karakteristika je osnovni uzrok $to mereni
visoki napon (naroc€ito ako je brz), nije u linearnom odnosu sa
izmerenim naponom. To znaci da je koeficijent prenosa (u
najjednostavnijem obliku) funkcija frekvencije:

o, o)
n=—==—
U, € lw)

= f(w) (1)

Na taj nacin razdelnik napona ima razliite vrednosti
koeficijenta prenosa za razliCite frekvencije Sto deformise
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izmerenu vrednost [8,9].

Posto postoje elektronska, jonska 1 prostorna vrsta
polarizacije realna i imaginarna komponenta dielektri¢ne
konstante izgleda kao na slici 2. U praksi, pri izradi
kapacitivnog delila za frekvencije GHz treba dobro voditi
racuna o izboru pravog materijala za dielektrike kondenzatora.
Pored toga pri tako visokom redu veli¢ine brzine impulsnog
napona u razmatranje se mora uzeti induktivnost i otpornost
svih komponenti.
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SI. 2. Frekventna karakteristika materijala koji ima elektronski, jonski i

prostorni tip polarizacije; er je realna komponenta relativne dielektricne
konstante, er’ je imaginarna komponenta relativne dielektri¢éne konstante.

Usled toga kapacitivni razdelnik ne izgleda vise kao dva
redno vezana kondenzatora, slika 3a, ve¢ kao slozena
struktura, slika 3b. Prema tome da bi se izradilo delilo napona
sa kojim je moguée meriti izlaz iz fuzionog topa ono mora
imati minimalnu otpornost i induktivnost komponenata,
konstantne frekventne karakteristike u oblasti od 0 — 10 GHz.
Pored svega toga delila za ovu namenu moraju biti u
potpunosti otporna na polje gama zracenja Sirokog opsega (u
kome rade) [10-14].
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Sl. 3a. Kapacitivni delitelj napona sa skoncentrisanim kapacitetom u grani
visokog napona; Slika 3b. Zamenska $ema kapacitivnog delitelja napona uz
uzimanje u obzir njegove induktivnosti i otpora.

I1l. EKSPERIMENT

Da bi se izbegli prethodno pobrojani nezeljeni efekti
napravljeno je brzo kapacitivno delilo sa gasnim
visokonaponskim  kondenzatorom  tipa  kalota-kalota.
Spoljasnje i unutras$nje povrsine tog gasnog kondenzatora bile
su polirane do visokog sjaja. Komora gasnog kondenzatora
bila je napunjena SF6 gasom pod pritiskom 5 bar. Ovakvim
izborom  visokonaponskog kondenzatora izbegnuto je
nepovoljno dejstvo elektrostatickih i elektrodinamickih sila
(8to se desava u slucaju da je visokonaponski kondenzator tipa
ulje-papir). Na slici 4 prikazano je telo visokonaponskog
kondenzatora zajedno sa visokonaponskom kalotom [15,16].

Sl. 4. Fotografija kucista delitelja napona.

Kao niskonaposnki kondenzator kori§éena je paralelna veza
od po deset identi¢nih liskunskih kondenzatora zalivenih u
epoksilnu smolu. KoriS¢enje paralelne veze je omogucilo
deset puta veci kapacitet (Ce = 10C) i deset puta manju
induktivnost (Le = L/10). Na slici 5 prikazan je niskonaponski
kondenzator koris§¢en u radu. Merni izvod izmedu
visokonaponskog i niskonaponskog kondenzatora bio je
izraden u obliku talasovodnog 50 Q otpornika. Na gornjem
kraju talasovodni otpornik je zavrSavao na niskonaponskoj
kaloti visokonaponskog kondenzatora. Na donjoj strani
talasovodni  otpornik je prolazio kroz niskonaponski
kondenzator i zavr§avao BNC buksnom. Talasovodni otpornik
je primenjivan posto je njegova otpornost jednaka prilagodnoj
otpornosti od 50 (kori§éeni su 50 Q kablovi) a induktivnost je
nula. Sve veze u niskonaponskom kondenzatoru su izradene
da duzinski budu minimalne.

SI. 5. Fotografija niskonaponskog kondenzatora.

Na slici 6 je prikazan poprecni presek konstruisanog brzog,
kompenzovanog kapacitivnog delitelja [17-19].
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Sl. 6. Popreéni presek delitelja napona.

1- metal, 2— visokonaponski priklju¢ak, 3— metalni deo; 4— zaptivka, 5-
plasti¢na cev, 6— ventil za punjenje i praznjenje, 7— dielektrik niskonaponskih
kondenzatora, 8- metalni deo; 9— metalni deo, 10— plasti¢ni prsten, 11— fiksni
deo BNC konektora, 12— priklju¢na veza delitelja sa BNC konektorom (u
tacki izmedu visoko i niskonaponske grane), 13— plasti¢ni prsten, 14— SFs gas
5 bar.

Niskonaponski kondenzator, kao §to je reeno, bio je
izraden kao paralelna veza 10 identi¢nih liskunskih
kondenzatora. Liskunski kondenzatori su kori$¢eni zbog svoje
frekventne karakteristike. Frekventna karakteristika liskuna je
skoro konstantna s tim §to ima uocljivo ulegnuée u oblasti
delovanja polarizovanog prostornog naelektrisanja, slika 7.
Razlog za to je lisnata struktura liskuna.
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Sl. 7.  Frekventna karakteristika liskunskog dielektrika koris¢enih

kondenzatora za izradu niskonaponskog kondenzatora.

Od velikog broja liskunskih kondenzatora za izradu
niskonaponskih kondenzatora su izabirani oni sa identi¢nim
vrednostima kapaciteta, tangensa ugla gubitaka, paralelne
otpornosti 1 dielektricne konstante merena razli¢itim
naponima i frekvencijama. Od takvih kondenzatora je,

standardizovanim  postupkom, pravljen  niskonaponski
kondenzator delitelja. Ostatak kondenzatora, u grupama po
10, izloZeni su kontrolisanom gama zraéenju u laboratoriji za
Zastitu od zracenja i na jonizacionoj komori.

Zracenja su izvedena u kolimitiranom snopu
proizvedenom od izvora zracenja Co-60. 1zotop Co-60 izlaze
se beta raspadu, nakon ¢ega sledi fotonsko zracenje od 1,33
MeV i 1,17 MeV, sa verovatno¢om emisije blizu 1. Beta
Cestice koje se emituju tokom raspada ne doprinose dozi na
mestu ispitivanja zbog zastite izvora.

Referentne vrednosti su odredene sa mernom nesigurno$éu
od 2.3 % (k = 2). Kondenzatori su ozraceni jedan po jedan, u
laboratorijskim uslovima, na udaljenosti od 63.8 c¢cm od
izvora. Brzina doziranja na tacki ispitivanja bila je 13.5 Gy/h,
a vreme zracenja je odabrano tako da se sledece doze isporuce
u kondenzatore: 140 Gy, 170 Gy, 200 Gy, 220 Gy, 250 Gy,
280 Gy and 420.

Nakon ozracenja kondenzatora vrSeno je merenje istih
karakteristika kao i neozra¢enih kondenzatora. Zatim su i od
ozracenih kondenzatora iste doze, pravljeni niskonaponski
kondenzatori delitelja.

Nakon formiranja delitelja napona sa koncentrisanim
visokonaponskim kondenzatorom pristupilo se testiranju
delitelja kombinacijom numerickog 1 eksperimentalnog
postupka. Eksperimentalni postupak se sastojao od merenja
odziva delitelja na Hevisajdov naponski impuls brzine porasta
ns. Numeric¢ki postupak se sastojao primenom racunarskih
postupaka (EMTP ATP) na iste konfiguracije pod istim
uslovima. Na slici 8 prikazana je fotografija sistema za
snimanje odziva delitelja na primenjeni impuls. Na slici 9
prikazana je Sema generatora impulsa za dobijanje

Hevisajdovog step impulsa 5 ns [20-22].

________

Sl. 9. Sema kompenzovanog generatora za dobijanje Hevisajdovog step
impulsa porasta 5 ns; 1- kompenzaciona grana, 2- test objekat.
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U toku eksperimenta merni uredaj se nalazio u zastitnoj
kabini zastite preko 100 dB. Merni instrumenti u kabini su bili
galvanski odvojeni od delitelja. Snimanja odziva delila su bila
ponavljana po 100 puta. Na dobijenom statistickom uzorku

vrSena je detaljna statisticka analiza [23,24]. Merna
nesigurnost postupka je bila manja od 5 % [25-28].
IV. REZULTATI I DISKUSKA
Dejstvo primene doze na Karakteristike liskunskih

kondenzatora (a time i na niskonaponski kondenzator delila)
prikazano je u tabeli 1. 1z tabele 1 se vidi da se kapacitet,
tangens ugla gubitaka, impedansa i paralelna otpornost

ekvivalentne Seme realnog kondenzatora poboljSavaju sa
povecanjem doze zracenja. Ovaj neocekivani rezultat dolazi
naroCito do izrazaja u sluaju frekventne karakteristike
liskuna. Naime, efekat polarizacije prostornog naelektrisanja
izrazen u slucaju ozraenih kondenzatora znatno je manji
nego u slucaju da kondenzator nije primio dozu zracenja. Ova
promena frekventne karakteristike je jasno uocljiva ako se
uporede frekventne karakteristike liskuna sa slike 7
(neozraceni uzorci) i sa slika 10a i 10b (ozraceni uzorci). Sa
slika 10a i 10b se vidi da sa veCom primljenom dozom
zracenja vise opada odstupanje frekventne konstante.

TABELAI
VREDNOSTI KAPACITETA, IMPEDANSE, INDEKSA GUBITAKA | PARALELNOG OTPORA POJEDINACNIH NEOZRACENIH I OZRACENIH KONDENZATORA; ISPITNI NAPON
U =1V, ISPITNA FREKVENCIA F = 1000 Hz

Uzorak C7 Cc2 C4 C1 C6
Doza Gy 0 140 0 170 0 200 0 220 0 250
Kapacitet | C (nF) | 10.1930| 11.7310| 10.1720{11.6900| 10.2060(11.7350{ 10.2080| 11.7400| 10.1700| 12.2020
Impedansa| Z(kQ2) | 15.6140| 17.9480| 15.6460(17.9900| 15.5940(17.9470| 15.5910| 17.9500| 15.6490| 18.0550
Indeks 0. 0. 0.
gubitaka tan 3 |0.000698| 000665|0.000698| 000665(0.000698| 000665|0.000698(0.0006880|0.000698(0.000646
Paralelni
otpor Ro(MQ)| 22.3656| 24.5300| 22.4118(24.6442| 22.3371|24.5741| 22.3327| 24.6400| 22.4162| 24.6400
Uzorak c5 c3 c10 c9 cs
Doza Gy 0 280 0 420 0 1400 0| 14000 0 42 000
Kapacitet | C(nF) | 10.1420| 11.6600| 10.1100| 11.6150| 10.1350| 11.6570| 10.1740| 11.7500| 10.1980 11.7370
Impedansa | Z(k2) 15.6930( 18.0550| 15.7420( 18.1125| 15.7030| 18.0050| 15.6430| 17.9950| 15.7420 17.9100
Indeks
gubitaka tan & | 0.000698| 0. 000665|0.000698| 0.000665| 0.000175|0.000331| 0.000698| 0.000665| 0.000698| 0. 000665
Paralelni
otpor Ro(MQ)| 22.4781| 24.7530| 22.5492| 24.7501| 89.9744| 49.4889| 22.4070| 24.6098| 22.3546 24.5353
el Erd

6 6

4+ 41& ~ ~

2 B 2 B

1————— e G i i —_— = 1} 1

' g > | L 8 e 1 o
o 10° 10° A G of 10 10 10 f (Hz)
a) b)

SI. 10. Frekventna karakteristika liskunskog dielektrika koris¢enih kondenzatora za izradu niskonaponskih kondenzatora; a) doza 420 Gy; b) doza 42 000 Gy.
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Sl. 11. Odziv kapacitivnih delitelja na pravougaoni impuls (izracunato).

Ovaj efekat, koji je izuzetno povoljan u slucaju liskunskih
kondenzatora za niskonaponski kondenzator kapacitivnog
delila posledica je strukture liskuna. Liskun je izrazito lisnate
strukture. Kod liskuna van elektricnog polja dolazi do
poklapanja pozitivnog i negativnog naelektrisanja usled
Kulonovog efekta. To se desava izmedu svih slojeva liskuna.
Medutim pod dejstvom elektricnog polja ta pozitivna i
negativna naelektrisanja se razilaze i dolazi do polarizacije
liskuna. Medutim posto su listovi liskuna izuzetno tanki i
mala deponovana energija gama zraCenja moze da ih pri¢vrsti
(slepi) jedan uz drugi i time spreci njihovu polarizaciju. Po
tom objasSnjenju Sto je veca deponovana energija gama
zracenja dolazi do ve¢e homogenizacije liskunskog dielektrika
Sto za posledicu ima smanjenje efekta prostorne polarizacije.

Na osnovu rezultata prikazanih u tabeli 1 moze se zakljuciti
da parametri ispitivanih kondenzatora prate ocekivane
zavisnosti od primljene doze u skladu sa diagramima
prikazanim na slikama 7 i 9. lako se rezultati prikazani na slici
11 na prvi pogled Cine istim pazljivom analizom se moze
ustanoviti da numeri¢ki eksperiment u oblasti srednjih
frekvencija daje za preko 3 % vece vrednosti odzivne
funkcije. To je posledica ¢injenice da numericki eksperiment
koristi konstantnu vrednost realnog dela relativne dielektri¢ne
konstante. =~ U  slu¢aju  neozracenih  niskonaponskih
kondenzatora ovo odstupanje je preko 9 %. U oblasti visokih
frekvencija slaganje rezultata numerickog 1 realnog
eksperimenta je skoro 100 %. To se vidi na desnom delu slike
11.

V. ZAKLJUCAK

Dobijeni rezultati o uticaju gama zraCenja na brzi,
kompenzovani,  kapacitivni  delitelj sa  liskunskim
kondenzatorima u niskonaponskom kapacitetu pokazuju da
primljena doza deluje u pravcu poboljSanja prenosnog odnosa
delitelja. Medutim ni ovaj, prinudno pozitivan efekat, nije
pozeljan sa metroloske tacke gledista. Naime svaki rezultat
dobijen jednim mernim sistemom treba da bude
reproduktivan. Medutim, u uslovima primene brzog delitelja
napona koji se stalno nalazi u polju visokoenergetskog gama
zracenja on, tako reé¢i, kontinualno menja svoje prenosne
karakteristike. To je nepoZzeljno poSto sprecava poredenje
uzastopno dobijenih rezultata. 1z tog razloga, smatramo da
ispitivanje treba nastaviti sa ve¢im dozama zraCenja da bi se
utvrdilo da 1i uoCeni efekat ulazi u saturaciju. Takode
smatramo da stabilnost prenosnog odnosa naponskog delitelja
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namenjenog primeni u ekperimentima nuklearne fuzije sa
elektronskim injektovanjem energije u plazmu treba prosiriti i
na neutronsko polje. Naime, u ovom tipu eksperimenta
javljaju se i neutroni velike srednje slobodne duzine puta koji
mogu da interaguju sa niskonaponskim kondenzatorom
delitelja. Naravno dobijeni rezultat je vazan, i primenjiv, za
delila napona koja ne rade u polju gama zracenja posto
nepovratno popravlja njihove prenosne karakteristike.
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ABSTRACT

The effect of gamma radiation on the reliable measurement of
single voltage pulses of electron beam injectors into plasma during
fusion experiments is considered in the manuscript. For this purpose,
a 10 GHz fast voltage divider was constructed. The high-voltage
capacitor was a gas condenser, and the low-voltage capacitor was a
parallel connection of 10 mica capacitors. It turned out that the
received radiation dose corrects the transmission ratio since it aligns
the frequency characteristic of the mica in the area of spatial charge.
This phenomenon has been explained from both a positive and a
negative aspect with an effect on concrete application. The need for
further research on this problem was also pointed out in order to
establish a saturation dose to obtain a constant frequency
characteristic of the mica. The interest in the fast-divider behavior in
the neutron field is also highlighted.

Influence of gamma radiation on the measurement
uncertainty of a fast, compensated capacitive divider

Nenad Kartalovi¢, Koviljka Stankovi¢, Dusan Nikezic,
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Utilization of Waste-Based Geopolimers for
Radionuclide Immobilization — A Review

Slavko Dimovié, Ivana Jeli¢ and Marija Sljivié-Ivanovi¢

Abstract — The aim of this article is to review the utilization of
waste components for radionuclides immobilization by
geopolymerization. The geopolymers represent a wide range of
alkaline-activated aluminosilicates. Synthesis of geopolymers
from waste provides less raw material consumption and
addresses issues regarding the disposal of waste. Fly ash, red
mud, construction and demolition waste, or slags are the most
utilized waste types. The advantage of these waste materials
represents the possibility of utilization of any aluminosilicate-
containing waste that could be dissolved in an alkaline solution to
produce a matrix for radionuclide immobilization. Despite many
publications and investigations concerning the usage of waste
components in geopolymerization, the utilization of waste-based
geopolymers in the disposal of radionuclides has not yet been
developed enough.

Keywords — radionuclides;
reuse.

waste; geopolymers; recycle;

. INTRODUCTION

The fast technological progress led to a realization of a
large amount of waste to the environment, increased non-
renewable natural resource extraction, and energy
consumption [1-3]. The safe disposal of different kinds of
waste and industrial by-products has become a key concern
worldwide [4]. Problems arising from a substantial amount of
waste have gained great social and environmental importance
[1]. The investigation of waste reusing to produce new
products has been expansively carried out [5-6].

The term geopolymer and its description as cement-free
green cementitious material were introduced in the late 70s
[7]. In past years, geopolymerization technology has been
shown advantages in reusing various types of waste for the
production of the new materials for many purposes. These so-
called inorganic polymers [7], have been proposed for the
utilization of solid aluminosilicate waste and the development
of new materials [8]. Geopolymers have gained attention
primarily due to the ease of synthesis with little or zero-
emission of greenhouse gases [9]. Hence, the utilization of
geopolymers could show many advantages such as usage of
low-cost waste materials in production (e.g. slags, fly ash,
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various clays, and even agricultural wastes), saving natural
resources, ambient temperature production, and high
compressive and flexural strengths, in particular as compared
to cement [7-8]. All these characteristics are placing them in a
category of new eco-friendly and sustainable materials.
Geopolymers are structurally and chemically comparable to
rocks and are synthesized by condensation mechanisms
similar to organic polymers [7]. The geopolymerization
represents a process comprising of the dissolution of
aluminosilicate solids in a strongly alkaline medium followed
by condensation of free alumina-silica oligomers to form a
tetrahedral polymeric structure [7,10]. During this process,
activated aluminosilicate is dissolved in an alkaline solution to
form free SiO4~ and AlO4™ ions charge-balanced by hydrated
alkali cations. lons are tetrahedrally coordinated, forming
amorphous or semi-crystalline oligomers. Finally, geopolymer
gel is created by polymerization and hardening of oligomers

[11] (Fig.1).

l
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Fig. 1. Model of geopolymer structure [12]

The empirical formula of geopolymer could be shown as
[7,12-13]:
Mn[—(Si02)z—A|Oz_]n-- wH,0
where:
M — alkaline or alkaline-earth cation;
n — degree of poly-condensation;

z — number, generally <3 for three-dimensional structure;
w — number of crystalline water molecules.
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Compared to conventional construction materials, e.g.
concrete, the synthesized geopolymers show adequate
physicomechanical properties, such as high strengths [14].
Likewise, geopolymers are fire resistant up to 1400°C, heat,
and acid-resistant materials. They exhibit high early
compressive strength, low porosity, and freeze-thaw
resistance, e.g. long-term durability [7-8,12]. However, their
most important advantage is that, depending on their design,
they acquire properties tailored to the needs of the end-user
[8].

The aim of this article is to review the utilization of waste
components  for  radionuclides  immobilization by
geopolymerization. However, the immobilization of
radionuclides in the waste-based geopolymers was rarely
investigated, according to available data, unlike very
comprehensive  research on  heavy metals [15].
Geopolymerization technology has been proposed to stabilize
and solidify a simulated residue containing hazardous metals
[16]. Although, a few studies from the past several years have
pointed out that radionuclides could be immobilized in the
geopolymer matrix. Also, the results for some heavy metals
immobilization by geopolymers could be used for these
purposes.

Il. RADIONUCLIDE IMMOBILIZATION PRACTICE

The usual procedures for the immobilization of radioactive
waste are technological operations of converting these
materials into stable insoluble forms using matrix materials
(solidification). Standard matrices for immobilization of
radioactive waste are cement, mortar, concrete, bitumen,
polymers (e.g. plastics) or borosilicate glass, etc. [17-18].
Conditioning processes such as cementation and vitrification
are often used to convert waste into a stable solid form
insoluble and prevent dispersion to the surrounding
environment.

A systematic approach typically incorporates the
identification of a suitable matrix material that will ensure the
stability of the radioactive materials for the period necessary.
The type of waste being conditioned determines the choice of
matrix material and packaging. Conditioning of radioactive
waste implies operations of transformation into forms suitable
for later manipulation (handling, transport, temporary storage,
and permanent disposal).

Also, investigation of the sorption process in order to
prevent the interaction of radionuclides with living tissue and
their accumulation (since these ions are not biodegradable like
most organic substances [19], while radionuclides emit
extremely dangerous radioactive radiation [20]), as well as
monitoring the process of their migration in the environment
and finding technological innovations for their immobilization
is currently expanding. A large number of researches are
based on finding sorbents of the highest efficiency, i.e.
sorption capacity, and the lowest possible production costs.
Due to the topicality, numerous studies have examined
various sorbent materials that are readily available locally and
whose economic viability can justify their widespread usage.

Sorption of radionuclides from liquid radioactive waste
(LRW), i.e. from a suspension or solution, onto waste
materials is based on finding the sorbents with as much higher
sorption capacity while reducing the cost of their production
[21]. For example, the immobilization of LRW (and heavy
metals) using stony C&DW or its components has been
increasingly investigated over the last few years [21], due to
the similarity of the cement matrix usually used for
radionuclide immobilization. Various types of cementitious
material, namely concrete and facade material, clay-based
materials such as bricks, ceramic and roof tiles, as well as
waste asphalt, were consistently investigated [22-24].

Studies have shown that the immobilization of ions in
geopolymer matrixes also includes the sorption processes.
Sorption on a synthesized geopolymer could be studied as a
function of the geopolymer dosage, ions initial concentration,
contact time, pH, and temperature [25-27].

I1l. RADIONUCLIDE IMMOBILIZATION BY WASTE-BASED
GEOPOLYMERS

The very high costs of immobilization, temporary storage,
and final disposal of LRW and wastewater heavy metals
treatment, stimulate research into the development of cost-
effective materials, which during production or after usage
represent final waste [28]. Particular attention should also be
paid to European legislation that encourages the development
of a “circular economy”, which implies the efficient use of
materials [29]. However, the thermal stability and acid
corrosion resistance of cement-based materials are relatively
low [30]. Moreover, the utilization of other materials, such as
glass and resin, is limited by their high cost and complex
preparation [31]. Because of its excellent mechanical
performance, such as compressive strength, acid/alkaline
resistance, and heat resistance, geopolymers have become
ideal materials for solidifying toxic waste [15].

In recent studies, the waste aluminosilicates were used to
synthesize different geopolymers as heavy metal, as well as
radionuclides immobilizing matrixes. The raw materials
mainly used in geopolymerization are clays or pozzolanic
materials such as kaolin, calcined kaolin, different fly ashes,
and blast furnace slags partially dissolve in the alkali solution
[16]. Conversion of fly ash to an amorphous aluminosilicate
sorbent, i.e. geopolymer has been investigated under different
conditions and was paid great attention as a potential material
for removal of Ni(ll), Pb(I1), Cu(ll), and radionuclides: ¥'Cs
and %°Sr [32]. The geopolymer testing also included key
radionuclides such as Tc, I, Sr, and Cs [33-39], as well as
152Eu, ®Co, and >°Fe isotopes [40], which dominate the risk to
the environment. For example, 20 — 30 years after the nuclear
reactor shutdown, taking into account fission and corrosion
products, the most abundant radionuclides in contamination
residues generally include ®3Ni, ¥*’Cs, %°Co, and *°Sr [41]. In
solidification  systems made by geopolymerization,
geopolymers exhibit different immobilization efficiencies
toward different ions, and the mechanisms vary. Zhang et al.
[26] reported that Pb(11) could be immobilized in geopolymers
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more effectively compared to Cd(ll) and Cr(VI1). Wang et al.
[27] determined that solidification of Pb(Il), Cd(ll), Mn(ll),
and Cr(111) in a fly ash-based geopolymer occurs by exchange
with ions including Na(l) and Ca(ll). However, EI-Eswed et
al. [33] argued that rather than ion exchange, ions including
Pb(I1), Cd(1l), Cu(ll), Th(IV), and U(VI) are immobilized by
forming chemical bonds between Si—-O~ and AI-O~. Xu et al.
[34] and Peng et al. [35] compared the immobilization
efficiency of Sr(Il) and metakaolin geopolymer with cement
and found that Sr(ll) showed a higher leaching resistance.
They concluded that the geopolymer matrix appeared more
compact and dense, which encapsulated Sr more tightly.
Among the studies on Co(ll) immobilizing, metakaolin is
generally used as the starting material. Kara et al. [42] studied
the performance of the metakaolin geopolymer for Co(ll)
removal, but the immobilization rate for Co(ll) was lower
than for Mn(I1). EI-Naggar [43] improved the immobilization
effect of 60Co by adding blast furnace slag to Egyptian
kaolinite and reported that this geopolymer’s compressive
strength was significantly enhanced. In recent research, Q. Yu
et al. [44] compared the performance of immobilizing Co with
the Mn slag-based geopolymer and an ordinary metakaolin-
based geopolymer. The results strongly suggested that
divalent Co was oxidized to trivalent Co in the Mn slag-based
geopolymer matrix, resulting in enhanced Co solidification
capacity compared to a metakaolin-based geopolymer. The
results in this study indicate that the Mn slag-based
geopolymer's oxidation environment played an important role
in Co immobilization [44].

Although geopolymers are considered as promising
matrixes for waste solidification, the effects of the Si/Al molar
ratio of geopolymer on the immobilization efficiencies for
metal ions have not been fully studied and understood. Q.
Tian et al. [37], were synthesized and investigated
geopolymers with different Si/Al ratios from coal fly ash and
silica fume. Sorption tests were conducted to evaluate their
immobilization efficiencies for Cs*. The results indicated that
a geopolymer with a low Si/Al ratio could have a better
immobilization performance for Cs* than that with a high
Si/Al ratio. A high Si/Al ratio could contribute to a more
compact structure of geopolymer and better sorption process
[37].

Likewise, in novel investigations, a geopolymer was
applied to convert ion exchange resins contaminated with
radionuclides into a solid waste form. It was found that a
geopolymer has superior properties to enable the
encapsulation of spent resins [45-46]. However, there is
limited understanding of the chemical interactions between
encapsulated spent ion-exchangers, used for decontaminating
wastewater, and aluminosilicate matrix. This fact makes it
difficult to predict the long-term stability of the waste form
[46].

Radionuclides Cs and Sr are two of the most difficult
radionuclides to immobilize and are therefore suitable
elements to study in assessing geopolymers as matrices for
immobilization of radioactive wastes [39,47].

IV. CONCLUSION

With the increasing depletion of natural raw materials, their
sustainable usage is an important topic for consideration.
Therefore, the development of sustainable and low carbon
footprint materials is an important task for the future. Thus,
waste-based geopolymers have found a possible application in
the immobilization of radionuclides. This paper aims to
review so far knowledge related to the utilization of waste-
based geopolymers in radionuclides immobilization. All
results from cited studies suggest that waste-based
geopolymers represent promising matrix materials for the
solidification of radioactive wastes, but more precise
investigations are needed.
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APSTRAKT

Cilj ovog rada je pregled upotrebe otpadnih komponenti za
imobilizaciju  radionuklida  geopolimerizacijom.  Geopolimeri
predstavljaju Sirok spektar aluminosilikata koji se aktiviraju u
alkalnoj sredini. Sinteza geopolimera iz otpada ne samo da
omogucava manju potro$nju sirovina, ve¢ se bavi i pitanje odlaganja
otpada. Lete¢i pepeo, crveni mulj, gradevinski otpad i Sljaka su
najcesce koriSéene vrste otpada. Prednost ovih otpadnih materijala
predstavlja mogucnost upotrebe bilo kog aluminosilikatnog otpada
koji moze da se rastvori u alkalnom rastvoru kako bi se proizveo
matriks za  imobilizaciju  radionuklida. Uprkos mnogim
publikacijama 1 istrazivanjima u vezi Kkori§¢enja otpadnih
komponenti u geopolimerizaciji, upotreba geopolimera na bazi
otpada pri odlaganju radionuklida jo$ uvek nije razvijena.

Upotreba geopolimera na bazi otpada za imobilizaciju
radionuklida - Pregled

Slavko Dimovié, Ivana Jeli¢ i Marija Sljivié-Ivanovi¢
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Establishing the RQR radiation qualities in the
Secondary Standard Dosimetry Laboratory

Nikola Krzanovié, Milo§ Zivanovi¢, Olivera Ciraj-Bjelac, Predrag Bozovié, Andrea Koji¢

Abstract—Quality assurance in the area of diagnostic
radiology is performed by examining X-ray output parameters
under medical exposure irradiation conditions using calibrated
dosimetry equipment. The diagnostic radiology dosimeters are
calibrated in reference radiation fields established according to
IEC 61267 international standard. In practice, radiation
qualities are defined by the X-ray tube voltage and the half-value
layer and homogeneity coefficient. Comparison of these
parameters with the recommendations of the standard can be
used for incident photon spectrum characterization and
modification by improving the added filtration for each radiation
quality, thus acquiring the desired half-value layer for the given
X-ray tube voltage. For most of the diagnostic radiology
radiation qualities available at the Secondary Standard
Dosimetry Laboratory a deviation of the first half-value layer
less than +3% was achieved, with an exception of one radiation
quality where a correction would be required.

Index Terms—Diagnostic Half-value

Homogeneity coefficient, X-ray.

radiology; layer;

. INTRODUCTION

THE medical imaging procedures in diagnostic radiology
utilize radiation fields consisting of a wide range of different
X-ray photon energies. In order to improve the quality of
diagnostic procedures in hospitals, periodic quality assurance
(QA) testing of X-ray generators is performed. The dosimetry
equipment used for these measurements should be calibrated
in a Standard Dosimetry Laboratory, ensuring the traceability
to the primary standard for kerma free-in-air. For the
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dosimetry equipment calibration purposes, radiation fields
with specific parameters and known spectra are defined as
radiation qualities. Full characterization of the radiation
qualities can be performed by measuring the photon fluence
spectra. Due to the complexity of the X-ray spectrometry
measurements, in practice these radiation qualities are defined
with X-ray tube voltage and the half-value layer (HVL) [1].
For the equipment calibration in the direct beam in diagnostic
radiology, RQR (Radiation Qualities in Radiation beams
emerging from the X-ray source assembly) series radiation
qualities are used, as defined in IEC 61267 [1] [2].

By establishing the radiation qualities considering the
recommendations of the international standard, calibrations of
the dosimetry equipment can be performed in radiation fields
which are closely related to the radiation fields present under
the medical exposure conditions. For specific diagnostic
radiology applications such as mammography and
computerized tomography, IEC 61267 defined radiation
qualities RQR-M and RQT are used, respectively [2].

On the other hand, non-standard radiation qualities might
be more appropriate for specific fluoroscopy applications,
essentially those in interventional radiology and interventional
cardiology procedures. Therefore, in order to improve the
calibration procedures of the QA dosimeters, under the
framework of the VERIDIC project, a series of non-standard
radiation qualities, which closely describe medical exposure
radiation fields in interventional radiology and interventional
cardiology procedures, has been developed [3].

Due to the diagnostic radiation quality beam hardening it is
not sufficient to describe the beam by solely determining the
first HVL, therefore the determination of the first and second
HVL is required. Considering the exponential law of
attenuation of the primary beam, the first and second HVL are
defined as:

In2

HVL =dyp =— 1
1/2 P 1)
In4
HVLZ:d1,4—HVL1:—H ~HVL )

where w is the linear attenuation coefficient of the absorber
material, dy» and dy, are the absorber thicknesses which
attenuate the primary beam intensity (i.e. air kerma rate) to
half and to quarter of the initial value, respectively. By
comparing the values of the first and second HVL the
homogeneity coefficient h is defined [1].
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In the previous research regarding characterization of the
diagnostic radiology X-ray fields, the first and second HVL
and the homogeneity coefficient were determined only for a
part of the RQR series, due to the available radiation qualities
at the SSDL at the time [4]. Following the previous
characterization procedure the old X-ray generator
Phillips MG320 has been replaced by the current
Hopewell Designs X80-225 kV-E generator, requiring new
characterization procedure of the diagnostic radiology X-ray
fields.

In this paper values of the first and second HVL are
determined in order to establish the RQR series in the Vinca
Institute of Nuclear Sciences Secondary Standard Dosimetry
Laboratory (SSDL).

Il. MATERIALS AND METHODS

The RQR radiation quality series is used for the calibration
of dosimetry equipment which would be used under clinical
conditions that correspond to various radiography and
fluoroscopy procedures. These radiation qualities are based on
X-ray tube voltages in the range from 40 kV up to 150 kV. In
Table 1, the properties of RQR radiation qualities in terms of
X-ray tube voltage, first HVL and homogeneity coefficient are
displayed [1].

TABLE |

RADIATION BEAM EMERGING FROM X-RAY ASSEMBLY (RQR) RADIATION
QUALITY PROPERTIES USED FOR CALIBRATION OF THE QA DOSIMETERS [1].

Radiation U 1st HVL h

quality [kV] [mm Al]

RQR2 40 1.42 0.81
RQR3 50 1.78 0.76
RQR4 60 2.19 0.74
RQR5 70 2.58 0.71
RQR6 80 3.01 0.69
RQR7 90 3.48 0.68
RORS8 100 3.97 0.68
RQR9 120 5.00 0.68
RQR10 150 6.57 0.72

The diagnostic radiology beams were characterized for the
Hopewell Designs X80-225 kV-E X-ray generator which
operates in the continuous mode. The HVL measurements
were performed by using the 3.6 cm® secondary standard
spherical ionization chamber Exradin A3 (Standard Imaging)
with the UNIDOS Webline (PTW) electrometer. The
ionization chamber was calibrated together with the
electrometer in the IAEA Dosimetry Laboratory, establishing
traceability to the primary standard for all the RQR series
radiation qualities. The reference radiation quality in the RQR
series is the RQRS5 radiation quality. The standard ionization

chamber has negligible energy response dependence over a
wide energy range, not requiring correction factors for this
influence quantity.

The ionization chamber is positioned at the distance
specific for the calibration of the dosimetry equipment, being
100 cm. Owing to the fact that the fluctuations in the output of
the X-ray generator lead to variations in the measured air
kerma rate values, a correction for these variations is needed.
In order to correct the X-ray output variation, a plane-parallel
transmission ionization chamber is positioned after the
filtration of the primary radiation beam. The PTW 34014
ionization chamber with the PTW UNIDOS electrometer has
been used for the charge measurements during the air kerma
rate measurements with the reference standard.

The additional filtration absorbers are placed equidistantly
from the ionization chamber and the monitor chamber in order
to minimize the effects of scattered radiation during the HVL
measurements. The aperture at the position of the aluminum
absorbers has a diameter of 3.8 cm, leading to the field
diameter at the point of test of 5.8 cm. The distances between
the ionization chamber and the absorber and between the
absorber and the monitor chamber were 34 c¢m, which is
greater than five times the field diameter at the point of test.
By ensuring that this condition is fulfilled, the production of
scattered radiation from the aluminum absorber is negligible,
and the contribution of this radiation to the measured signal of
the ionization chamber and the monitor chamber is
minimized.

The measurement set-up for the HVL measurements is
displayed in Fig. 1, while the image in which the ionization
chamber, aperture where additional filtration is placed and the
X-ray generator are displayed in Fig. 2.

The first and second HVL were estimated by successively
increasing the additional filtration aluminum absorber
thickness, and measuring the air kerma rate. All of the air
kerma values were compared to the initial air kerma rate value
measured when no additional filtration has been added. In
order to determine the attenuation curves for all of the
radiation qualities, aluminum absorber thicknesses ranging
from 0.7 mm to 20.0 mm were used. Since the air density
represents an important influence quantity for the air kerma
measurements, all of the standard and monitor ionization
chamber measurements were corrected for the ambient
conditions (the effects of ambient temperature and pressure).

| 32 cm 34 cm 34 em

|
|- >

X-ray source

N
J
O

ionization chamber

monitor chamber aperture

Fig. 1. Measurement set-up for the HVL measurements. The aperture where
the additional aluminum filtration is added is positioned equidistantly
between the ionization chamber and the monitor chamber, due to the
minimization of the scattered radiation contribution. The ionization chamber
is placed on the calibration distance of 100 cm from the X-ray source.
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Fig. 2. HVL measurement set-up with indicated ionization chamber, monitor
chamber and the aperture where the additional aluminum filtration of various
thicknesses was positioned.

I1l. RESULTS AND DISCUSSION

For all the RQR radiation qualities the attenuation curve
(according to the exponential attenuation law in the absorber
material) has been recorded. The aluminum filter thicknesses
were successively increased, where the filter thickness
increase steps near the absorber thicknesses that correspond to
the targeted HVL values given in the standard [1] [2] were
smaller.

Due to the beam hardening the HVL cannot be estimated by
performing the attenuation curve fitting over the whole
dataset, therefore the first and second HVL were determined
by performing interpolation of the data for the absorber
thicknesses near the expected HVL values. In Figure 3 the
recorded attenuation curve for the RQR5 radiation quality is
displayed. All of the air kerma rate values were corrected for
the influence of the X-ray generator output variations and
normalized to the values measured when no additional
filtration was added at the position of the aperture, for each
radiation quality separately.

0,7
0,6
0,5 Q
0.4

03 o

Normalized air kerma rate [%)]

0,1

T T T T T T
2 3 4 5 6 7

Absorber thickness [mm Al]

Fig. 3. Attenuation curve recorded for the RQR5 radiation quality. Air
kerma rate was corrected for the output variation of the X-ray generator and
normalized to the value with no added filtration at the aperture position.

i Increased number of data points was measured for the aluminum thicknesses
S lose to the HVL standard values [1].

The first and second HVL values were estimated, and the

[ omogeneity coefficient has been determined by using the

equations 1-3. The obtained HVL values are displayed in
Table 2, along with the deviations from the reference values
(displayed in Table 1).

Deviation of the measured first HVL from the values given
in IEC 61267 [2] is less than £5% for all the radiation

gualities in the RQR series. The lowest deviation from the
Ireference HVL value was determined for the reference
“diagnostic radiology radiation quality RQR5 (-0.4%), while

he largest deviation from the standard was recorded for the
RQR9 and RQR10 radiation qualities. Regarding the second
HVL and the homogeneity coefficient, the largest deviation
from the standard [2] values is observed for the RQR4
radiation quality, while there was no deviation of the
homogeneity coefficient determined for the RQR3 and RQR7
radiation qualities.

TABLE Il
ESTIMATED FIRST AND SECOND HVL VALUES AND THE HOMOGENEITY
COEFFICIENTS FOR THE RQR RADIATION QUALITIES, AND THE DEVIATIONS
FROM THE REFERENCE VALUES.

Radiation Al A(h
quality HVL, | HVL, | h Ef’/;f) [O(/o ])
RQR2 1.40 | 178 | 079 | -14 | -25
RQR3 1.77 | 234 | 076 | -0.6 0.0
RQR4 217 | 3.04 | 071 | -09 | -41
RQR5 257 | 369 [ 070 | -04 | -14
RQR6 306 | 433 | 0.71 1.7 2.9
RQR7 355 | 526 | 0.68 2.0 0.0
RQRS8 401 | 6.08 | 0.66 1.0 2.9
RQR9 513 | 7.70 | 0.67 2.6 -1.5
RQR10 | 6.85 | 9.43 | 0.73 43 1.4

Considering the criteria set by the standard [1] [2], the
primary beam specifying quantities (X-ray tube voltage and
the first HVL) should be adjusted as closely as possible to the
values presented in Table 1, in such a way that the ratio of air
kerma rate with and without additional filtration at the
aperture position is in the range 0.485 - 0.515. If the estimated
air kerma ratio for the given HVL lies slightly out of the given
range, additional filtration thickness correction may be
needed. The maximum deviation for the secondary beam
specifying quantity (homogeneity coefficient) is +0.03 from
the values given in Table 1 for each of the radiation qualities.

The measured air kerma rate values for added filtration
corresponding to the first HVL, as well as the estimated
values of homogeneity coefficient, were in accordance with
the standard.
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IV. CONCLUSION

The Secondary Standard Dosimetry Laboratory represents
an important element in enforcing the metrology traceability
chain, improving the quality of dosimetry measurements in
diagnostic radiology by performing adequate calibration
procedures in the reference radiation fields established
according to the IEC standard. The first and second HVL
measurement results would contribute to the eventual
corrections of the manufacturer preset X-ray beam filtrations
in order to reduce the deviation from the standard HVL and
homogeneity coefficient values, ensuring that the X-ray
spectra are quantitatively well characterized. Employing
characterized X-ray fields for diagnostic radiology improves
the calibration and testing procedures of dosimetry equipment
designated for the use under medical irradiation conditions.
Furthermore, future introduction of new radiation qualities
with X-ray tube voltages and filtrations in close
correspondence with clinical conditions, and establishing
these new radiation qualities in SSDLs would result in

improvement of dosimetry equipment accuracy on-site.
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Uporedna analiza uticaja y 1 X zraenja na
karakteristike komercijalnih gasnih odvodnika
prenapona u impulsnom rezimu rada

Luka Rubinjoni, Srboljub Stankovi¢, Tomislav Stoji¢, Boris Loncar

Apstraki—Gasni odvodnici prenapona su izdrZljive i
pouzdane komponente za bezbedno odvodenje prenapona, koje
rade na principu jonizacije izolacionog medijuma - gasa.
Jonizujuée zracenje utic¢e na karakteristike odvodnika. U ovom
radu prikazana je uporedna analiza uticaja uticaja y i X
zrafenja na osobine komercijalnih gasnih odvodnika
prenapona u impulsnom reZimu rada, primenom
poluempirijske metode merenja impulsnog probojnog napona i
odredivanja impulsne (volt-sekundne) karakteristike.

Kljuéne reéi— Gasni odvodnik prenapona; y zradenje; X
zradenje; radijaciona otpornost.

. Uvobp

Prenapon nastaje kada potencijal jedne tacke nekog voda,
uredaja ili komponente postane vec¢i od dozvoljenog, u
odnosu na drugu tacku u kolu ili tacku nultog potencijala. U
zavisnosti od stepena prekora¢enja, prenapon moze dovesti
do privremenog ili trajnog poremecaja u radu uredaja,
oSteCenja uredaja, Cak i ugroziti bezbednost osobe koja
rukuje uredajem u trenutku nastanka prenapona. Prenaponi
mogu biti impulsni ili trajni. Nastaju direktno usled
komutacijskih procesa (poput ukljucivanja ili iskljucivanja
uredaja, promena rezima rada elektromotora i sli¢no),
elektrostatickog praznjenja i atmosferskog praznjenja unutar
uredaja ili komponente, ili unutar mreze na koju su uredaji
priklju¢eni; ili indirektno, kao posledica interakcije
provodnika (zicanih struktura komponente ili uredaja) sa
elektromagnetnim  impulsom.  Atmosferska praZnjenja
(munje i gromovi) su najopasniji izvor prenapona, jer se ne
moze uticati na uzrok njegovog nastanka[1].

Gasni odvodnici prenapona (eng. Gas Filled Surge
Arresters — GFSA) su komponente za prenaponsku zastitu
koje se sastoje od dve ili tri elektrode u simetri¢noj
konfiguraciji, zatopljene u keramicko ili stakleno kuciste
ispunjeno izolacionim medijumom — plemenitim gasom
(najCes¢e argon) sa odredenim primesama. Pri nastanku
prenapona dolazi do jonizacije gasa i posledicnog naglog
pada elektricnog otpora komponente, koji omogucava
bezbedno odvodenje prenapona mimo osetljivih delova
mreze ili uredaja. Gasne odvodnike prenapona odlikuje
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velika izdrzljivost i sposobnost odvodenja vrlo velikih struja
(do 60 kA, za pojedine komponente), ali se suo¢avaju sa
malom brzinom reagovanja u odnosu na druge tipove
odvodnika prenapona, i problemom gasenja odvodnika u
impulsnom rezimu.

U ovom radu predstavljeni su rezultati ispitivanja
karakteristika komercijalnih gasnih odvodnika prenapona,
proizvodaca Simens i Citel, u impulsnom rezimu rada, u
polju y i X zracenja.

Il. IMPULSNA KARAKTERISTIKA ODVODNIKA PRENAPONA

Impulsna  (volt-sekundna)  karakteristika  prikazuje
probojni napon gasne elektrodne konfiguracije u funkciji
vremena trajanja primenjenih naponskih impulsa. Egzaktno
eksperimentalno  odredivanje impulsne karakteristike
zahteva veliki broj aktivacija koriS¢enjem naponskih
impulsa razli¢itih oblika. S druge strane, primenom zakona
povrsina moguce je odrediti impulsnu karakteristiku samo
na bazi jedne serije merenja (koriS¢enjem jednog oblika
naponskog impulsa). Polazna tacka za izvodenje zakona
povrsina je pretpostavka da se brzina kojom se $iri plazma u
meduelektrodnom prostoru linearno povecava sa jacinom
elektri¢nog polja [2]:

v(x.t)=k[E(x.t)- E(x)] ®
gde je k — konstanta koja zavisi od mehanizma elektri¢nog
praznjenja i polariteta elektroda. Es je nazivna jacina polja,
koja odgovara nazivnoj vrednosti probojnog napona Us.

Posto jednosmerni probojni napon u(t) predstavlja
najmanju moguéu vrednost probojnog napona za specificnu
elektrodnu konfiguraciju, uslov da dode do impulsnog
proboja je da napon bude ve¢i od nazivnog napona Us.

Pod pretpostavkom zanemarivanja prostornog opterecenja
u meduelektrodnom prostoru jacina elektricnog polja se
mozZze napisati kao:

E(x,t)=u(t)-g(x) @
gde je g(x) funkcija koja zavisi od geometrijskih uslova i
odredena je geometrijom elektrodne konfiguracije.
Odavde je zamenom (2) u (1):

vx) == Kg0n-u] @

Kori$¢enjem izraza za srednju vrednost elektricnog polja:
d
- 1 U
Ez—JES(x)dx=—S ”
d ’ d

i jednacina:
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dobijamo:

v(x,t)=K-g(x)- {u(t)

Razdvajanjem  promenljivinh i
dobijamo [51]:

x Xy t+t,

J- 0 ju(t)—US]dt:P:const ®)

1

gde x=xk predstavlja tacku u kojoj Townsend—ov
mehanizam praznjenja prelazi u strimerski, a t = t; + t, je
odgovaraju¢i vremenski trenutak. U skladu sa izrazom (8) u
kome je prvi integral — integral rastojanja, a drugi integral
po vremenu, sledi da se konstantna geometrijska povrsina
mora formirati u naponsko — vremenskoj ravni izmedu u(t)
i U, kako bi moglo da dode do proboja. Posto povrsina P i
vrednost statiCkog probojnog napona, kao karakteristike
izolacije ne zavise od primenjenog napona, sledi da je
poznavanje ove dve veli¢ine dovoljno za izracunavanje
impulsne karakteristike i impulsnog probojnog napona[3].

Nakon dovoljnog broja merenja statiCkog probojnog
napona (najmanje 20) i impulsnog probojnog napona
(najmanje 50), na osnovu funkcije raspodele verovatnoce
mogu se odrediti granice oblasti impulsne karakteristike Uy i
Uy u procentima (najceSée se uzima x = 0,1%, y =
99,9%)[4]. Sa granicama odredenim na ovaj nadin i uz
poznavanje vrednosti statiCkog probojnog napona moze se
resiti sledeci sistem jednacina:

U(t)=US, t=t
u(t):Ux’ t=1, 9)
U(t)ZUy, t=tay

Vrednosti t;, t., t omogucavaju da se primenom zakona
povrsina odrede odgovarajuce povrsine Py i Py:

E, (x)} -

g(x)

integracijom kona¢no

t
P, = |[u(t)-U,]dt =const
4
t -+, (10)
P, = [u(t)-U,]dt = const

t1
Kada su odredene povrsine Py i Py moguce je koris¢enjem
zakona povr$ina odrediti x-ta i y-ta granica opsega slucajne
promenljive "impulsni probojni napon" za ma koji oblik
napona u(t). Ako se oblik tog napona uzme kao parameter u
odredenom vremenskom intervalu moguée je odrediti
impulsne karakteristike.

I1l. MATERIAL | EKSPERIMENT

Merenja su vrSena na slede¢im komercijalnim

komponentama: 1) SIEMENS gasni odvodnici nominalnog
napona 230 V, 2) CITEL BB bipolarni keramicki gasni
odvodnici jednosmernog prenapona 230 V. Spoljasnje
dimenzije i oblik svih SIEMENS, odnosno CITEL
komponenti su bili isti. Sva merenja su vrSena na
temperaturi od 20 °C u Metrolosko — dozimetrijskoj
laboratoriji Laboratorije za zaStitu od zracenja i zaStitu
zivotne sredine Instituta za nuklearne nauke Vinca.

Instrumentacija koriS¢ena u eksperimentalnim
ispitivanjima u impulsnom rezimu sastojala se od sledec¢ih
osnovnih delova:

1) komercijalni odvodnici SIEMENS i CITEL,;

2) gasno — vakuumska komora;

3) impulsni test generator Haefely tip P6T VF-tel 202671
sa priborom;

4) osciloskop Tektronix TDS 220 SNB036675;

5) izolacioni transformator Elektron Zagreb;

6) koaksijalni kablovi i prikljucci.

Blok Sema eksperimentalne postavke prikazana je na Sl. 1.

Uticaj y zraCenja na komercijalne GFSA komponente
odredivan je u polju ®°Co, primenom izvora uredaja IRPIK-
B. Jadina apsorbovane doze iznosila je 96 cGy/h, 960 cGy/h
i 1920 cGy/h, sa jaginom ekspozicione doze od 7,17*107®
Clkgs, 7,17*10° C/kgs i 1,43*10 C/kgs.

Uticaj X zracenja na komercijalne GFSA komponente
odredivan je u poljima generisanim uredajem Philips MG-
320, sa slede¢im parametrima: napon X cevi 60 kV, 150 kV
i 300 kV; struja cevi 15 mA, 10 mA i 10 mA (respektivno);
energija X zraka 45 kEv, 115 KEv i 250 KEv, uz primenu
filtracije prema ISO standardima. Jacina ekspozicione doze
iznosila je 2,83*10° Clkgs, 5,89%10° Cl/kgs i 3,45*10°
Clkgs.

Nakon kondicioniranja elektrodnog sistema (10-15
proboja sa pauzom od 30 sekundi izmedu proboja), izvrSeno
je po 50 merenja probojnog napona u impulsnom reZimu
rada, za tri brzine impulsa, i to: 1,2/50 us, 10/700 ps i
100/700 ps.

Visokonaponski
izvor

Y
P Gasna cev )

AUTOMATIKA

Impulsni
generator

Sl. 1. Blok Sema opreme za eksperimentalna ispitivanja

IV. REZULTATI I DISKUSIJA

Statistickom obradom utvrdenih vrednosti probojnog
napona konstruisana je impulsna  (volt-sekundna)
karakteristika gasnih odvodnika prenapona, primenom
algoritma za poluempirijsko  odredivanje  impulsne
karakteristike[3]. Impulsna karakteristika za Citel odvodnike
prikazana je na Sl. 2 i 3, a za Siemens odvodnike na Sl. 4 i
5.
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Sl

08
07
06
05

04

U (kv)

03

02

CITEL, Co

najbrzim kori§¢enim impulsima 1,2/50 ps, a najveée pri
najsporijim impulsima 100/700 ps.

2) Gama zracenje utice na karakteristike odvodnika, ali se
one ne menjaju po nekoj utvrdenoj zakonitosti sa
poveéanjem jaine doze. Jedino mozemo zakljuciti da kod

—e—CITEL, Co, bez zracenja
—=—CITEL, Co, 0,96

CITEL, Co, 9.6

CITEL, Co, 192

CITEL komponenti dolazi do neznatnog poboljsanja, a kod
SIEMENS komponenti do pogorsanja karakteristika.

0 1 2 3 4 5 6 7 8
t(us)

9 10

. 1. Volt — sekundne karakteristike za CITEL komponente u polju y

zracenja.

CITEL X

—s—CITEL, X, bez zracenja
—=—CITEL, X, 45

CITEL, X, 115

CITEL, X, 250

0 5 10 15 20
tus)

25

Sl. 2. Volt - sekundne karakteristike za CITEL komponente u polju X

U (kv)

zrafenja.

SIEMENS Co

—e—SIEMENS, Co, bez zracenja

—=—SIEMENS, Co, 0,96
SIEMENS Co, 9,6
SIEMENS, Co, 19,2

o 1 2 3 4 5 6 7 8
t(us)

9

Sl. 3. Volt — sekundne karakteristike za SIEMENS komponente u polju y

zrafenja.

SIEMENS X

—s— SIEMENS, X, bez zracenja

—=— SIEMENS, X, 45
SIEMENS, X, 115
SIEMENS, X, 250

0 2 4 6 8 10 12 14 16

t(us)

18

Sl. 4. Volt — sekundne karakteristike za SIEMENS komponente u polju X

zrafenja.

Sa prikazanih grafika mozemo zakljugditi sledece:
1) Najmanje rasipanje vrednosti probojnog napona je pri

3) X zracenje mnogo manje od gama zracenja utice na
karakteristike pomenutih komercijalnih odvodnika. Pri tom
je ocigledno da kod CITEL komponenti u polju gama
zratenja dolazi do degradacije njihovih performansi, dok
kod SIEMENS komponenti dolazi do poboljsanja
karakteristika (to jedino ne vaZzi pri najsporijim impulsima).
Mozemo reci da je uticaj X zraCenja na odvodnike neznatan.
Zakljucak

V. ZAKLIJUCAK

Dobijeni rezultati ukazuju na to da su u polju gama
zratenja otporniji Citel, a u polju X zradenja Siemens
komercijalni  odvodnici. Sve uofene promene su
reverzibilnog karaktera, i nakon odredenog perioda vremena
i Citel i Siemens komponente ponovo imaju iste
performanse, kao pre dejstva zraCenja, to jest, karakterise ih
dinamicka radijaciona otpornost.
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ABSTRACT

Gas filled surge arresters are durable and reliable components
for safe overvoltage conduction, that operate on the principle of
ionization of the isolation medium — gas. lonizing radiation
impacts the properties of the arrester. This paper reports a
comparative analysis of the effect of y and X irradiation on the
properties of commercial gas filled surge arresters in
impulse operation mode, by application of a semiempiric
method of measurement of impulse breach voltage and
determination of the impulse (volt-second) characteristic.

Comparative analysis of the effect of y and X radiation
to properties of commercial gas filled surge arresters in
impulse mode

Luka Rubinjoni, Srboljub Stankovi¢, Tomislav Stoji¢, Boris
Loncar
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Uncertainty budget for Ambient Dose
Equivalent Rate Measurements with Energy —
compensated GM Counters

Jelena Krneta Nikoli¢*, lvana Vukanac, Milos Zivanovi¢, Milica Rajaci¢, Dragana Todorovié,
Gordana Panteli¢ and Marija Jankovié

Abstract— Dosimetric measurements are readily used to
assess the exposure of public and working force to ionizing
radiation via monitoring various spaces and goods that are
imported or in transit through the country. This is done by
measuring the ambient dose equivalent rate on the surface of
the goods, in the transportation vehicle, or inside of the object
of interest. The instruments that are often used in this
monitoring type of measurement are compensated Geiger-
Muller tube counters. The indication of these instruments is
often count per second (cps) and therefore it has to be
multiplied by calibration coefficient to obtain result in Sv/h.
Due to this and due to the nature of the measurement itself, the
greatest challenge is to define the uncertainty budget and
calculate the measurement uncertainty accordingly. In this
paper we will present the analysis of the uncertainty budget for
4 types of dosimeters used in Radiation and Environmental
Protection Department, their calculated measurement
uncertainty and the comparison conducted between our
instruments and other calibrated instruments that are in the
quality management system.

Index Terms— dosimetry; uncertainty budget; measurement
uncertainty

I. INTRODUCTION

Dosimetric measurements are in wide use in radiation
protection, aimed both at continuous control of medical
instruments that are using the ionizing radiation sources and

Jelena Krneta Nikoli¢ is with the University of Belgrade, Institute for
Nuclear Sciences Vinéa, National Institute of Republic of Serbia, Radiation
and Environmental Protection Department Mike Petrovica Alasa 12-14,
Vinc¢a 11000 Belgrade, Serbia (e-mail: jnikolic@ vin.bg.ac.rs).

Ivana Vukanac is with the University of Belgrade, Institute for Nuclear
Sciences Vinca, National Institute of Republic of Serbia, Radiation and
Environmental Protection Department Mike Petrovica Alasa 12-14, Vin¢a
11000 Belgrade, Serbia (e-mail: vukanac@ vin.bg.ac.rs)

Milo§ Zivanovic is with the University of Belgrade, Institute for Nuclear
Sciences Vinca, National Institute of Republic of Serbia, Radiation and
Environmental Protection Department Mike Petrovica Alasa 12-14, Vinca
11000 Belgrade, Serbia (e-mail: milosz@ vin.bg.ac.rs)

Milica Rajaci¢ is with the University of Belgrade, Institute for Nuclear
Sciences Vinca, National Institute of Republic of Serbia, Radiation and
Environmental Protection Department Mike Petrovi¢a Alasa 12-14, Vinca
11000 Belgrade, Serbia (e-mail: milical00@ vin.bg.ac.rs)

Dragana Todorovi¢ is with the University of Belgrade, Institute for
Nuclear Sciences Vinc¢a, National Institute of Republic of Serbia,
Radiation and Environmental Protection Department Mike Petrovic¢a Alasa
12-14, Vin¢a 11000 Belgrade, Serbia (e-mail: beba@ vinca.bg.ac.rs)

Gordana Panteli¢ is with the University of Belgrade, Institute for
Nuclear Sciences Vin¢a, National Institute of Republic of Serbia, Radiation
and Environmental Protection Department Mike Petrovica Alasa 12-14,
Vinc¢a 11000 Belgrade, Serbia (e-mail: pantelic@ vin.bg.ac.rs)

Marija Jankovi¢ is with the University of Belgrade, Institute for Nuclear
Sciences Vin¢a, National Institute of Republic of Serbia, Radiation and
Environmental Protection Department Mike Petrovi¢a Alasa 12-14, Vinca
11000 Belgrade, Serbia (e-mail: marijam@ vin.bg.ac.rs)

exposure of patients and staff operating those instruments
[1]. Also, dosimetric measurements are readily used to
assess the exposure of public and working force to ionizing
radiation via screening of various spaces and goods that are
imported or in transit through the country [2, 3]. This is
done by measuring the ambient dose rate equivalent,
H*(10), on the surface of the goods, in the transportation
vehicle, or inside of the object of interest — ambient
monitoring.

Dosimeters used for ambient monitoring are often based
on compensated Geiger-Muller tubes, and most of these
instruments used in Radiation and Environmental Protection
Department in the Institute for Nuclear Sciences Vinca, are
made inhouse. Ambient dose equivalent rate is the quantity
that is used for ambient monitoring and it is expressed in
unit sievert per hour (Sv/h). Many ambient monitors have
indication directly in Sv/h, but other instruments have
indication in counts per second (cps) and the values in terms
of ambient dose equivalent need to be calculated based on
the calibration coefficient [4]. Due to this and due to the
nature of the measurement itself, the greatest challenge is to
define the uncertainty budget and calculate the measurement
uncertainty accordingly.

The uncertainty budget has to include all the contributions
to the uncertainty that may arise from the fact that, unlike
during the calibration in reference fields, radiation energy,
angle of incidence and dose rate are unknown. Therefore,
the position of the instrument with respect to the source, the
distance from the source and the discrepancy of measured
radiation fields in comparison to those used for calibration
of the instrument, can greatly influence the result.

In this paper we will present the analysis of the
uncertainty budget for 4 types of dosimeters used in
Radiation and Environmental Protection Department, their
calculated measurement uncertainty and the comparison
conducted between our instruments and other calibrated
instruments that are in the quality management system.

Il. MAIN RESULTS AND DISCUSSION

In the Radiation and Environmental Protection
Department of the Institute for Nuclear Sciences Vinca, the
instruments used for dosimetry are produced inhouse. The
following types of instruments will be analyzed: MOKO-
100, KOMO-100 RMK 10 and RMK-10P (total of 10
instruments). These instruments have an indication in cps
and therefore the indication has to be multiplied by a
calibration coefficient to produce results in Sv/h. However,
the position of the instrument in relation to the examined
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objects, the energy emitted from the present radionuclides,
as well as overall conditions of the measurement can widely
differ from the conditions in which the calibration was
performed. That is why the uncertainty budget has to
contain not only the contribution from the calibration factor
itself, but contributions from other parameters that are
influencing the measurement result. The task of defining the
contributions and measuring the value of each contribution
to the measurement uncertainty is by definition an
uncertainty budget.

A. Uncertainty budget

The first contribution to the uncertainty budget is the
calibration factor. The calibration is performed in the
Secondary Standards Calibration Laboratory in the
Radiation and Environmental Protection Department by
using the sources with the defined radiation quality, angle of
incidence and dose rate. Calibration coefficient is then
defined as the ratio of the refrence value and the indication
of the instrument. The calibration coefficient with the
appropriate  measurement uncertainty is stated in a
Calibration certificate. Exact functional dependence of
calibration factor on radiation energy, dose rate and angle is
not known and is different for each type of the dosimeter
(depending on the tube, casing, additional energy
compensation filters, software corrections, e.g. for dead
time, etc). Furthermore, even if this was known, analytical
treatment of uncertainty would be hard or impossible,
especially in case of energy dependence, because the
radiation is not monoenergetic, but is instead covering a
wide spectrum, with unknown distribution. Because of this,
it is assumed that energy, dose rate and angle can be
anywhere in the defined ranges (ranges are appropriate for
the planned use of the dosimeters). In this case, worst case
scenario is used — maximum variation of calibration factor
with energy, angle and dose rate and rectangular
distribution, which is wider than normal or triangular.

After the calibration coefficient is determined, the
linearity of the instrument response has to be evaluated. It is
done by exposing the instrument to the different dose
equivalent rates produced by the same or different reference
source. The range of instrument calibration coefficients for
different dose rates represents the range of linearity. Since it
is assumed that the distribution of the results follows
rectangular distribution, the range should be divided by 2 (to
obtain the half range needed for the usual way of setting the
uncertainty i.e. result + half of the range) and then by 1.73 in
order to obtain the standard measurement uncertainty with
coverage factor 1.

Also, the repeatability of the measurement should be
checked. For this purpose, we measured an enclosed point
source containing ®°Co, product number 9031-OL-591/09
with activity of 732.9 kBq on 01.08.2011, produced by
Czech Metrology Institute. Measurement was repeated 20
times and the standard deviation of the obtained values was
calculated. This source and setup were chosen because the
dose rate corresponds to the conditions occurring in routine
dosimetry measurements.

Finally, the dependence of instrument response to
different energies (qualities of the beam) and angles of

incidence was estimated. Special attention was given to the
range of energies. This should be as close as possible to the
range of energies that are expected to be encountered in the
real measurement situation. For this purpose, the sources
containing ®Co and "*'Cs were used, as well as radiation
qualities from narrow series produced by an X-ray unit
according to ISO 4037-1 [1]. Angular dependence was
evaluated together with energy dependence, as is
recommended by relevant IEC standards [5]. The range of
responses for both different angles and different energies
was recorded. Since the rectangular distribution was
assumed, the range was divided by 2 and then by 1.73 for
the rectangular distribution, in order to obtain the standard
measurement uncertainty with coverage factor 1 [6].

Exact functional dependence of calibration factor on
radiation energy, dose rate and angle is not known and is
different for each type of the dosimeter (depending on the
tube, casing, additional energy compensation filters,
software corrections, e.g. for dead time, etc). Furthermore,
even if this was known, analytical treatment of uncertainty
would be hard or impossible, especially in case of energy
dependence, because the radiation is not monoenergetic, but
is instead covering a wide spectrum, with unknown
distribution. Because of this, it is assumed that energy, dose
rate and angle can be anywhere in the defined ranges
(ranges are appropriate for the planned use of the
dosimeters). In this case, worst case scenario is used —
maximum variation of calibration factor with energy, angle
and dose rate and rectangular distribution, which is wider
than normal or triangular.

After all the contributions to the measurement uncertainty
were identified and assessed, the expanded combined
measurement uncertainty can be calculated using the
following Equation [6]:

u-2 S ®

where U represents the expanded combined measurement
uncertainty with coverage factor k=2 and u; are individual
contributions, as described in this section. It is assumed that
all the contributions to the uncertainty have the same
influence on the result, and that they are mutualy
independent, all weighing factors are set to 1. Coverage
factor 2 means that that the true value lies with
approximately 95% confidence level within the range of the
measured value + given uncertainty (normal distribution is
assumed for the combined uncertainty) .

B. Results and Discussion

The uncertainty budget contributions with the range of
values obtained for each contribution is presented in Table I.

The values of the contributions to the uncertainty were
obtained for each of 10 investigated instruments, using
procedures described in previous section of the manuscript.
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TABLE |
CONTRIBUTIONS TO THE MEASUREMENT UNCERTAINTY

Standard
Contribution uncertainty
range [%0]
Calibration factor 4.1-136
Linearity 1.0-5.8
Energy and angle 18.3-22.3
Repeatability 1.7-3.2
Expanded combined
measu rement 40-51%
uncertainty, coverage
factor 2

As it can be seen from the Table I, the range of different
contributions is wide, but it is noticeable that the energy and
angular dependence carries the largest part. It is to be
expected, due to the construction of the counting tube itself.
The repeatability test showed satisfying results, since the
indication of the instruments did not vary significantly.
Therefore, the contribution of the repeatability to the
measurement uncertainty is only 2-3%.

Linearity proved to be quite stable for all instruments,
contributing with 1.0-5.8% to the overall measurement
uncertainty. This contribution is of the order of magnitude
of the repeatability of measurements at a single dose rate,
and as such, can be attributed to the stochastic nature of the
interaction between the instrument and the radiation from
the source.

The measurement uncertainty of the calibration factor is
dependent on the process of the calibration and therefore can
not be influenced directly. It contains within itself, all the
contributions to the uncertainty that arises from the
procedure of calibration.

When all the contributions are combined according to the
Equation (1), the expanded combined measurement
uncertainty ranges from 39.8% to 51.2%, for coverage factor
2. This quite large uncertainty is not unexpected in this kind
of measurement as it can be seen from [5]. It is important to
note that all the investigated properties of the 4 dosimeter
types are within the limits defined by relevant international
standard [1].

Additional check-up of the performance of some of the
investigated instruments was conducted by comparison with
other calibrated instruments that are in the quality
management  system  (i.e. commercially available
instruments used in other accredited laboratory, in this case
lonization chamber Cardinal, AD6 probe and Scintilation
dosimeter ADb). The reported results, in form of mean value
of 10 measurements with appropriate measurement
uncertainty and also standard deviation of 10 measurements,
are presented in Table II. The results of the comparison
showed satisfactory agreement between the instruments,
since all the reported results did not differ within the limits
of the measurement uncertainty. Furthermore, the limits of
acceptability of the results were set on 2 standard deviations
of all reported results, calculated to be 0.27 puSvh-1 and all
instruments produced acceptable results. This proved the

accuracy of the measurements conducted using instruments
for ambient monitoring.

TABLE II
CONTRIBUTIONS TO THE MEASUREMENT UNCERTAINTY
Measured dose [uSvh-1]
10 measurements per instrument
Instrument
Reported Measurement
result uncertainty
KOMO
TL s/No. 001 2.23 1.07
lonization
chamber 1.36 0.33
Cardinal 451P,
s/No. 635
ADG6 s/No.
109737 2.12 1.22
Scintilation
dosimeter ADb, 2.06 0.95
109281
ATOMTEX
ATE130 2.13 0.58
MOKO 100
s/No. 1802 2.14 0.92
RMK 10P s/No.
0412 2.12 1.10
I11. CONCLUSION

In this paper we presented the analysis of the uncertainty
budget for 4 types of dosimeters used in Radiation and
Environmental Protection Department and their calculated
measurement uncertainty. The scenario for which the
uncertainty was estimated is measurement of dose rate in the
field of unknown radiation source from unknown direction.
The combined expanded uncertainty is between 40 and 51
percent, depending on the dosimeter type. The dosimeter
properties giving rise to the measurement uncertainty are
within the limits of tolerance given in IEC 60846-1 [5].
Although there are some contributions to the uncertainty
that can not be influenced (such as the calibration factor and
repeatability), there are some improvements that can be
defined in the measurement in order to diminish, to a
degree, some other contributions.
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