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The main objective of this study was to investigate the correlation between the indoor and
outdoor ambient dose equivalent rates measured by the ion chamber inside and around the
historical sacral objects at a few locations in Bosnia and Herzegovina. The investigated objects
made of the traditional building materials were built in the Late Medieval, Post Medieval, and
Ottoman Period of Bosnia and Herzegovina history. The LUDLUM Model 9DP instrument
based on a pressurized ion chamber was selected for natural low level radiation measurements
since the ionisation chambers have higher sensitivities than the other types of detectors. The
detection capability of the LUDLUM Model 9DP pressurized ion chamber was examined in
the laboratory conditions with a source of low activity and under natural environmental radi-
ation conditions by measuring the indoor and outdoor dose rates. A weak positive correlation
was found between the ambient dose equivalent rates inside the historical sacral objects and
the dose rates outside the objects. The average evaluated value of the indoor to outdoor dose
rate ratio of 1.07 for the studied historic objects is less than that obtained for the contempo-
rary building materials such as concrete. No study on the indoor to outdoor dose rate ratio in
Bosnia and Herzegovina measured by the LUDLUM 9DP dose rate meter based on an ion
chamber has been conducted yet. In addition to direct measurements, the first gamma spec-
trometric analysis of a few samples of building materials from the Late Medieval period in
Bosna and Herzegovina was performed. The results of the gamma analysis revealed almost
uniform distribution of primordial radionuclides in the investigated samples. It was demon-
strated that such materials had the reduced content of radioactive isotopes compared to the
contemporary building materials and therefore they could have potential advantages in spe-
cific applications related to the environmentally sustainable architecture.

Key words: ambient dose equivalent rate, indoor/outdoor dose rate, pressurized ion chamber,
gamma spectrometry

INTRODUCTION

Natural environmental radiation is subjected to
temporal and spatial variations to a great extent and
therefore there is a clear need in Bosnia and
Herzegovina (B&H) for gamma radiation survey data
acquired in a shorter time interval at various locations
in addition to a few gamma radiation monitoring sta-
tions working in continuous mode at fixed locations.

* Corresponding author; e-mail: aadeno@bih.net.ba

The LUDLUM Model 9DP pressurized ion chamber
[1] as a radiation dosimeter of the compact size and
higher sensitivity than the other types of radiation de-
tectors was available for survey of indoor and outdoor
ambient dose equivalent rates. For the purposes of di-
rect measurements and routine radiation protection the
International Commission on Radiation Units and
Measurement (ICRU) has developed an operational
quantity ambient dose equivalent H*(10) which can be
defined as a measurable estimate of the effective dose
for a potentially irradiated individual at the point of the
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monitoring instrument taking into account a phantom
approximation of the human body [2].

The dose rate measurements were carried out in
one category of the historic sacral objects from the
Late Medieval, Post Medieval, and Ottoman Period of
B&H history. The historic objects were selected for in-
vestigation considering their similar building structure
such as the number of bulkheads, ceilings and walls
that were made mostly of the local traditional materi-
als of simpler composition compared to the contempo-
rary building materials.

The main goals of our study were to investigate
the correlation between gamma dose rates inside and
outside the studied objects measured with the
LUDLUM 9DP dosimeter as well as to determine the
average indoor to outdoor dose rate ratio for the his-
toric objects.

Gamma spectrometric analysis of a few building
material samples from the Late Medieval period of
B&H history collected in accordance with the relevant
institutions for protection of cultural monuments was
carried out in addition to the direct measurements of
ambient dose equivalent rates. The main purpose of
the gamma analysis with an HPGe spectrometer was to
evaluate gamma absorbed dose rates in air due to sam-
ples of the old building materials and to compare the
obtained results with the ones associated with modern
building materials.

Performances of the LUDLUM 9DP instrument
were examined in the laboratory conditions with a
radionuclide of low activity and in field conditions in
order to gain more useful information that could be
helpful for a clearer interpretation of the measured
data. The results obtained during this study could be of
greatinterest in further work on outdoor and indoor ra-
diation level baseline information in B&H.

MATERIALS AND METHODS
Measurement equipment and locations

The direct measurements of ambient dose equiv-
alent rates at a few locations in B&H were carried out
by using the LUDLUM model 9DP pressurized ion
chamber designed to measure gamma and X-ray ener-
gies above 25 keV. The instrument measures the ambi-
entdose equivalentrate — H*(10) in the range from 0 to
50 mSvh™!. Energy response of Model 9DP is flat
within £ 25 % from 60 keV to 1.25 MeV. The volume
of the chamber is 230-10° m® with 99.89 % of nitro-
genand 0.11 % of argon under pressure of 8.1-10° Pa

The gamma spectrometric analysis of a few his-
toric building material samples was carried out to eval-
uate the gamma absorbed dose rate in air and to com-
pare the calculated values with the dose rates from the
modern materials. The approvals for the gamma spec-
trometric analysis of the Late Medieval building mate-

rial samples were obtained from the authorities of the
relevant institutions such as the National Museum of
B&H, the Museum of Eastern Bosnia and the Institute
for the Protection of Cultural Monuments of the Fed-
eration of Bosnia and Herzegovina (FB&H). The sam-
ples were extracted from the investigated objects dur-
ing the previous restorations at four various historic
sites (St Nicholas monastery, Bobovac fortress,
Pocitelj fortress, and Soko fortress built in the 16™
century, 14™ century, 15" century, and 15" century, re-
spectively). The gamma spectrometric analysis of the
samples was performed at the Radiation Protection
Center — the Institute for Public Health of FB&H in
Sarajevo. The presence of primordial radionuclides
such as ?*°Ra, 23?Th, and *°K in the investigated sam-
ples was recorded by using an HPGe gamma spec-
trometer of the n-type with a 30 % relative efficiency at
1.33 MeV and an energy resolution of 1.9 keV at 1.33
MeV (ORTEC, USA).

Indoor and outdoor ambient dose equivalent
rates were directly measured at a height of 1 m in the
air above the ground surface at the following loca-
tions: Tuzla (44°32'19.15"N, 18°40'21.20"E) with 6
historic objects, Sarajevo (43°51'22.531"N, 18°
24'47.075"E) with 2 historic objects, Bihaé
(44°48'43.22"N, 15°52'02.67"E) with 1 historic ob-
ject, Petrovo (44°35'48.92"N, 18°19'51.56"E) with 1
historic object, Jajce (44°20'31.31"N, 17°16'14.12"E)
with 1 historic object, while the samples of the Late
Medieval building materials were collected at the fol-
lowing sites: Pocitelj (43°07'60.00"N, 17°43'59.
99"E), Gracanica (44°42'11.05"N 18°18'36.36"E),
Bobovac fortress located near Vares (44°09'51.98"N
18°19'41.99"E) and Petrovo. The map of B&H with
the 11 measurement locations related to the selected
historic objects and 4 sites of origin of the Late Medi-
eval building material samples is given in fig. 1.

The direct measurements with the LUDLUM
9DP instrument include at least three measurement
points inside the historic objects greater size whereas
for the objects of smaller size one measurement point
in the center of the building was considered as repre-
sentative enough. The outdoor measurements were
performed at least at two various measurement points
a few meters away from each object. Measurements
were repeated more times at each measurements point
according to the evaluation of the number of repeated
readings described below.

Distribution of experimental data

The stochastic nature of radiation and the detec-
tion process itself contribute to the uncertainty in nu-
clear measurements. In order to estimate inherent sta-
tistical fluctuations of the instrument used in this
investigation 50 measurements of the ambient dose
equivalent rate were performed inside the Atik
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Figure 1. The map of B&H with the
measurement locations and sites of
origin of the Late Medieval building
material samples
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Figure 2 Histogram and fitted log-normal distributions
for indoor ambient dose equivalent rates measured by
using the LUDLUM Model 9DP instrument

mosque in Tuzla. It was demonstrated that the mea-
sured results in the range of 30-130 nSv™! follow
log-normal distribution (given in fig. 2) with the geo-
metric mean value of 61.9 nSvh™! and geometric stan-
dard deviation (GSD) of 1.3 nSv!.

Coefficient of variation and the
number of repeated readings

In order to investigate the response and sensitiv-
ity of the LUDLUM 9DP dosimeter used in this study
the measurements of ambient dose equivalent rates
were conducted at different distances (5 cm to 25 cm

: Ml
“1.Sarajevo

W
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BOSNIA AND HERZEGOVINA ‘

with a step of 5 cm) from a '*’Cs radioactive source
with a low activity of 0.12 MBq at the time of measure-
ments in the Nuclear Physics Laboratory at the Uni-
versity of Tuzla. The coefficient of variation (CV) as a
ratio of the standard deviation to the mean value was
calculated for the experimental results obtained in the
laboratory conditions. The CV represents a measure of
relative variability of data associated with the preci-
sion of ameasurement technique [3]. Ascanbeseenin
fig. 3(a) that the LUDLUM Model 9DP dose rate me-
ter based on an ion chamber is more reliable for moni-
toring higher dose rates compared to environmental
dose rate levels. It was found that the contribution
from the '*’Cs gamma source with activity of 0.12
MBq at the distance of 30 cm is not significantly dif-
ferent from the background radiation.

Itis well-known that it is desirable to repeat mea-
surements more times in a longer sampling interval in
order to obtain more reliable results. However, since
no unified protocol for all dose rate meters has been
developed yet there is a need to examine the device
used in our study individually. A procedure for selec-
tion of the number of manual readings required to ob-
tain a representative mean value of the measured quan-
tity was suggested recently [4]. The LUDLUM 9DP
indoor ambient dose equivalent rate data set of 50 data
points was analyzed with the goal of estimation of the
number of repeated readings taking into account the
relative margin of 5% and the confidence level of
95 % regarding the two-tailed inverse of the Student's
t-distribution [4]. Figure 3(b) shows dependence of
the relative margin on the number of repeated readings
and it is obvious that about three readings are enough
to achieve the relative margin of less than 5 % for the
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Figure 3. The CV as a measure of relative variability of

ambient dose rates (a) and the relative margin
as a function of the number of repeated readings (b)

dose rate measurements using the LUDLUM 9DP
dose rate meter.

RESULTS AND DISCUSSION

Gamma spectrometric analysis
of the historic building material samples

In addition to direct measurements, gamma
spectrometric analysis of a few building material sam-
ples from the Late Medieval period of B&H history
was carried out. Since indoor radiation is mainly deter-
mined by the building material itself there was a clear
need to examine the radioactive isotope concentration
in the traditional materials in order to compare the ob-
tained results with the radioactivity content of the
modern building materials.

The presence of primordial radionuclides such
as 2?6Ra, 232Th, and *°K in the investigated samples (St
Nicholas monastery, Bobovac fortress, Pocitelj for-
tress, and Soko fortress) was detected by using an
HPGe gamma spectrometer. The spectra were col-
lected and processed using a multi-channel analyzer
(DSPEC jr 2.0, ORTEC) and the GammaVision soft-
ware (ORTEC). It was applied the standard procedure
for the sample processing was applied [5, 6]. The ac-
quisition time of 86400 seconds was long enough to
reduce the counting error. The gamma dose rates in air
(nGyh™!) due to gamma radiation from the building
material samples were estimated taking into account
the measured values of specific activity of natural ra-
dioisotopes *?°Ra, 2*’Th, and *°K and the parameter
values proposed in [7]

where Ar,, An, and Ak are the specific activities (Bq
kg ') of the primordial radionuclides.

The results obtained for the specific activity of
radioisotopes in the investigated historic samples are
presented in tab. 1. The reported uncertainty of the
measured results was calculated from counting statis-
tics, i. e., taking into account the number of counts un-
der the gamma peak with energy of interest after the
correction for background counts. In order to corre-
spond approximatelly to a confidence level of 95 %,
the reported uncertainty was based on a coverage fac-
tor k = 2. The same table includes the calculated ab-
sorbed dose rates in air with the uncertainties obtained
by using the error propagation procedure. The specific
activities of the studied medieval samples were found
to be less than the average activity concentrations for a
block made of concrete (40 Bgkg™!, 30 Bgkg™!, and
400 Bgkg™!' for radium, thorium and potassium, re-
spectively) and close to the lower limit (within+1 o) of
the range for the contemporary materials from the EU
member states [7]. The gamma analysis results re-



S. Avdi¢, et al.: Comparative Analysis of Gamma Dose Rates Measured ...

Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 2, pp. 157-164

161

Table 1. The specific activities of primordial radionuclides for the historic building material samples and
estimated absorbed dose rates in air

Specific activity [Bqkg™'] Mean + 2* standard deviation
Radionuclide St. Nicholas Monastery Bobovac fortress Pocitelj fortress Soko fortress Gracanica
16™ century 14™ century 15™ century 15™ century
K 66.78 +23.36 216 + 74 6.87 +3.16 2437 +9.66
26Ra 8.97 £3.38 16.42 + 6.06 24.53 +8.84 22.79 + 8.30
B2Th 11.62 +3.26 22.31+6.24 1.18 +0.34 0.48 £0.14
Abs"fgﬁf_l/ﬁf’lsf rate 2638 +5.10 56.93 + 10.64 2442+8.14 23.44+7.66

vealed almost uniform distribution of 22°Ra, 232Th,
and “°K radionuclides in the investigated samples
taken from the Late Medieval objects in B&H.

Table 1 shows that the calculated gamma dose
rates in air for the studied samples are near the lower
boundary of the worldwide values in the interior of
buildings ranging from 20 to 200 nGyh™! [8]. The re-
sults of the gamma spectrometric analysis of the avail-
able historic samples indicate that the traditional
building materials reduce the values of gamma ab-
sorbed dose rates when compared to the modern build-
ing materials. It could be their potential advantage for
specific applications as a complementary material in
environmentally sustainable architecture [9].

Evaluation of the indoor to outdoor
dose rate ratio in the historic objects

The several historic public objects in B&H with
the similar building structure were selected for investi-
gation of the detection capacity of the available porta-
ble dose rate meter for measurements of natural radio-
activity. The sacral objects were chosen because they
have the similar building construction related to the
number of walls, bulkheads and ceilings. Table 2 con-
tains the basic information on the studied objects and
the indoor and outdoor ambient dose equivalent rates
for each object measured by using the LUDLUM 9DP
device. The reported uncertainty was obtained accord-
ingto [10] in order to get a confidence interval of 95 %
for the geometric mean values.

Figure 4 shows the indoor and outdoor histo-
grams for the experimental data aqcuired in and
around of all the objects being examined. It shows a
somewhat broader indoor distribution with the shift to
higher dose rate values compared to the outdoor distri-
bution.

Figure 5(a) indicates a positive correlation be-
tween the LUDLUM 9DP outdoor and indoor ambient
dose equivalent rates measured around and inside the
historic objects, respectively. Since the construction
materials of the historic objects are supposed to have
the same geological composition as the surrounding
soil a high positive correlation between the mentioned
quantities could be expected. However, taking into ac-
count that the LUDLUM 9DP dose rate meter is not

Table 2. Geometric mean (GM) and the uncertainty for
the indoor and outdoor ambient dose equivalent rates
measured inside and around the historic objects,
respectively

Buildi LUDLUM 9DP dosimeter
. uilding 4 1
Objects material/Built in GM £ GSD [nSvh ]
Indoor Outdoor
Atik mosque -
Tuzla Brick/1888 1042+1.7 | 974+1.7
Hajji Hasan .
mosque Tuzla Brick/1548 1613£1.5| 1149+2.0
Husein Caus
mosque Tuzla Clay, wood/1701| 1332 +1.7 | 96.9+1.5
Mejdan
mosque Tuzla Clay, wood/1644| 140.8 £ 1.5 | 1156+ 1.5
Turali-begova
mosque Tuzla Stone/1572 101.2+1.7 | 81.6+2.0
St.Peter and
Paul Stone,
Monastery marble/1986 97.5+17 | 98.0+2.0
Tuzla
St. Nicholas Sandstone,
Monastery |limestone/1284-1| 951+ 1.7 | 116.5+1.3
Ozren 316
The Jewish
Museum-The
oldest Stone,
synanogue in | marble/1581 545+2.0 | 66.2+13
B&H,
Sarajevo
Brusa
; Stone,
SBem_stan wood/1351 614+17 | 1093+1.5
arajevo
Catacombs th
(underground SE%?]%M 672+1.5 89.0+ 1.5
church) Jajce 24
Fethija .
mosque Biha¢|  Stone/13'
(former century 1304+1.7 | 1234426
church)

suitable for natural radioactivity measurements with a
high reliability as it was presented in fig. 3(a), the ad-
justed R-Squared of 0.27 for the investigated data indi-
cates a weak positive correlation. The result obtained
is in accordance with the LUDLUM 9DP perfor-
mances and limitations.

The indoor to outdoor dose rate ratio is generally
due to terrestrial radiation while in our study the con-
tribution of secondary cosmic radiation was included
in the LUDLUM 9DP signal. However, it was a com-
mon procedure applied by other authors as well [11].
The evaluated indoor to outdoor ratios obtained with
the LUDLUM Model 9DP instrument for all the stud-
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ied historic objects ranged from 0.56 = 0.01 to 1.65 £ e
+ 0.02 with the average value of 1.07 £0.20. The eval- 60 ' ®
uated ratio range of 0.56-1.65 is within the lower part ®
of the ratio range for dwellings ranged from 0.6 to 2.3
[8]. Most of the obtained ratio results are within the a0l . . ‘
range of 0.8-1.2 which can be attributed to houses 50 100 150
made of construction materials with nearly the same (a) Outdoor dose rate [NSvh™]
radioactivity content as the surrounding soil [12 and
references therein].
2 -
CONCLUSIONS
1.8
The results of our study represent the first at-
tempt of experimental determination of the indoor to 2 )
outdoor dose rate ratio by using the LUDLUM 9DP © 16|
portable dose rate meter based on an ion chamber. The %
ambient dose equivalent rate measurements were per- o 14 - @ ®
formed in and around the historic objects made of the §
traditional building materials mainly from the Late P | »
Medieval, Post Medieval, and Ottoman Period of S L
B&H history. Detection capabilities of the available ‘é a ™
instrument were investigated in laboratory conditions 2 1 i)
with a source of low activity and it was found that the g
instrument is more reliable for measuring a higher E 0.8 - i) ®
dose rate level when compared to low level environ- ) ®
mental radiation. The results of our study indicated
that there was a weak positive correlation between the 06 & »
indoor and outdoor data for the historic objects. It was
experimentally verified that the shielding capability of 0.4 -
light construction materials such as the traditional
building materials is lower than that for the modern
materials. The obtained average dose rate ratio of 1.07 02
is within the ratio range of 0.8-1.2 for houses made of
materials with radioactivity content similar to that of 0 : : : :
the local soil. 60 80 100 120 140
The gamma spectrometric analysis of a few (b) Outdoor dose rate [nSvh™']
building material samples from the Late Medieval Pe- . . .
riod in B&H history performed using an HPGe spec- l;:f:srjri‘i Sg::el}::;:l;al;e;:;igetilr'er;‘i?)o((l”r) and outdoor
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trometer has shown that the measured specific activi-
ties were close to the lower limit of the range for the
contemporary materials from the EU member states.
Such traditional materials therefore could have a
potentional for specific applications in environmen-
tally sustainable architecture.

This paper deals with the first indoor and outdoor
dose rate measurements in B&H performed using the
portable LUDLUM 9DP instrument based on an ion
chamber as well as with the first gamma spectrometric
analysis with an HPGe spectrometer of a few building
material samples from the Late Medieval Period in
B&H history. The data acquired in our study and their
analysis represent a significant stage in developing the
project on the indoor and outdoor dose rate database in
B&H for different categories of buildings.
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Cenama AB[INh, Annan BETAHOBUWH , Apmun IATYMIINJA, Campa CAAUKOBWH, beho
NEXJINBAHOBUWR, Jamup JEMUPOBUh, Upma KAIIUH

KOMITAPATUBHA AHAI/IN3A JAYMHE T'AMA J0O3E MEPEHE
INOMORY JOHU3AIIMOHE KOMOPE YHYTAP N1 U3BAH UCTOPUIJCKHUX
CAKPAJ/IHUX OBJEKATA Y BOCHU U XEPHEIrOBUHU

I'maBHU 1UJb OBOT UCTPaKMBaWka OUO je Jla ce UCMUTA Kopesaluja u3Meby jaunHe npocTopHOTr
eKBUBAJICHTA JI03€ TraMa 3padcihba M3MEpeHEe jOHM3AIMOHOM KOMOPOM YHYTap M HM3BaH HCTOPHjCKHX
cakpajiHUX o0jeKaTa Ha HEKOJIMKO jJokanuja y bocan u Xepuerosunu. McnutiuBanu 06jeKTH HallPaBIbEHH
of] TpaflullMOHANHUX IPabeBUHCKUX MaTepHjana carpabeHu cy y KaCHOM CpeilbbOBEKOBHOM U OTOMaHCKOM
ucropujckoM nepuopy. Macrpyment LUDLUM Monen 9DP koju ce TeMesby Ha jJOHU3a1lMOHO] KOMOPH MO
IPUTHCKOM OfiabpaH je 3a Mepermha NPUPOHE PaTHOAKTHBHOCTH HICKOT HABOA jep jOHU3AIOHE KOMOpe
nMajy Behy oceTibmBOCT Off pyrux Bpcra feTekTtopa. CrocoOHOCT JIeTeKIWje jOHM3anuoHe KOMOpe
LUDLUM Mopen 9DP ucnuraHa je y 1a6opaTOpUjCKUM yCI0BUMa KopucTehr H3BOp HUCKE AKTUBHOCTH U
y yCloBUMa NPUPORHOT PagUOAKTUBHOT 3payeha Ha HEKOJIMKO JIOKalfja YHyTap U U3BaH CEJICKTOBAHUX
o0jekara. YTBpheHa je cnada mo3uTrBHa Kopesaiyja usmeby Op3uHe MpoCTOPHOT €KBUBAJIEHTA 103€ ramMa
3paydera YHyTap M U3BaH UCTOPUjCKUX caKpanHux objekarta. [Ipocedyna BpelHOCT OHOCA YHYTpallbhe U
CIOJbaAlllbE jaulHE MPOCTOPHOr €KBUBAJIEHTA J103€¢ raMa 3pauewa of 1.07 3a mpoydaBaHe HCTOpPHjCKE
o0jexTe Mama je Off OHOT JOOUjeHOr 3a caBpeMeHe IrpabeBUHCKe MaTepujaje Kao MITO je OeTOH. Jour Huje
CIPOBEJEHA CJIMYHA CTY/Idja O OJHOCY jaYrMHe raMa J03€ yHyTap U U3BaH UCTOPUjcKUX oOjekaTa y bocHu u
XepleroBuHN Ha OCHOBY €KCIIEpUMEHTANIHUX NofaTaka fo0ujeHux nomohy jonusanuose komope. ITopen
JUPEKTHUX MEpPEeHa jaulHe TaMa 03¢, U3BPIIEHA je IpBa rama CIeKTpOMeTpHjcKa aHanus3a y bocHu u
XeplUeroBuHu HEKOJIHMKO y30paka IpabeBHHCKUX MaTepHjalla U3 KACHOT CPEeHOBEKOBHOT IIEpUOfa.
PesynraTu rama ananuse nmokasainu cy TOTOBO YHU(OPMHY AUCTPUOYLIN]y TPUMOPAUjATHUX PAJUOHYKIIUIA
y HCTPaKMBAaHUM Yy30pLUMa. YCTAaHOBJbEHO je Ja TaKBM MaTepujald HMajy CMamEHH CajpxKaj
PaJUOaKTUBHUX U30TOINA y Nopebemy ca caBpeMeHUM rpabeBUHCKUM MaTepujanuMa U CTora Mory UMaTu
MOTEHIUjaHE IPEAHOCTH Y CIEeNU(PUUHIM aIIMKalijaMa BE3aHUM 3a €KOJIOLIKY OIP3KUBY aPXUTEKTYPY.

Kwyu peuu: jauuna ambujenitiante exgusaneriline 003e, ja4uHa YHYpaulrbe/cilonauitbe 003e,
JOHU3AUUOHA KOMOPA HOO UPUIIUCKOM, 2aMa CUeKIpomeiipuja




