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Abstract

Standard reference materials of the composition and properties of substances and materials are used in both industrial
and non-industrial sectors of society to ensure measurement uniformity and traceability in those types of measurements
that cannot be provided using standards.

During times of war and increased nuclear threat due to a full-scale invasion by an aggressor state, there is a need for
heightened attention to the verification of ionizing radiation detection blocks, measurement channels of radiation monitoring
systems, radiometers, and radiometric installations, as well as alpha, beta, and gamma radiation spectrometers.

The aim of the paper is to demonstrate the method to evaluate the measurement uncertainty of reference materials
(Europium-152 (Eu-152), Caesium-137 (Cs-137), and Thorium-232 (Th-232)) when they are generated and calibrated
according to the international regulations. The evaluation of the measurement uncertainty of a radioactive reference material
with a natural half-life period is relevant and valid, considering its homogeneity properties and stability. To assess the

properties, as well as the measurement uncertainty, one-variant variance analysis was performed.
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Introduction

Evaluation of the metrological characteristics of
reference materials is one of the important stages
of work during the development and release from
production of batches or copies of standard samples.
In the National Standards on Radiation Safety of
Ukraine, the permitted levels of the intake of a ra-
dionuclide by the organs of the respiratory system,
as well as its permitted concentrations in the open air
at operating premises, are specified [1].

The creation of reference materials of Eu-152,
Cs-137, and Th-232 is driven by the need for their
application during the verification of legislatively regu-
lated measuring instruments used for assessing radiation
doses to the population, radiation hygiene monitoring,
and continuous control of radiation safety parameters.

Eu-152 is used for calibrating gamma spectroscopic
installations that are used for remote measurements of
building materials and food products.

State sanitary norms establish permissible levels
of radionuclide content, including Cs-137 (along with
Srontium-90), in food products and drinking water.
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The operation of nuclear power plants is the primary
sources of the intake of radionuclides of Cesium-137
into the ecosystem.

Th-232 is the most common radionuclide found
in building materials, along with Radium-226 and Po-
tassium-40. It is Th-232 specifically that is monitored
in building materials during the reconstruction of re-
sidential and industrial structures that were destroyed
during the war.

The assessment of homogeneity properties is
required in case of a batch calibration so that an
adequate level of homogeneity of samples of the batch
is maintained [1, 2].

The assessment of stability properties is required
to establish the instability degree of the original
reference materials (RMs) as soon as they are prepared
or to verify the continued stability of the material,
considering its natural half-life. Even so-called “stable”
materials can actually show some instabilities for one
or more than one parameter [3].

According to the paper topic, the homogeneity
properties and stability of the materials with the
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Table 1
Materials for investigation
Radionuclide Weight, g Activity, Bq-kg'!
Eu-152 1000 6990
Cs-137 1000 2000
Th-232 1500 2850

radionuclides of Eu-152, Cs-137 and Th-232 shall be
estimated (see Table 1).

Assessment of material homogeneity

For samples, being homogeneous is important
to guarantee that for each property the same values
are demonstrated by a sample of each RM; the
homogeneity is also essential if users divide the sample
material into some parts (subsamples).

Hypothetically, it is considered that a material is
totally homogeneous against specific activities when
there are no distinctions in the characteristic values if
we compare, for example, two samples. Nonetheless,
when it comes to practice, it is considered that
a material is homogeneous against a given parameter
if the characteristic values of two samples are not
exactly the obtained component of the measurement
uncertainty, for instance, resulting from estima-
tions.

For particular purposes, the homogeneity pro-
perties and stability inherent in the source of a ra-
dionuclide and its certain behaviour patterns (when the
weight of a material demonstrating a specific activity
(6990 Bqg-kg!, 2000 Bg-kg!, 2850 Bg-kg!, respectively)
is divided into several parts), are assessed according
to DSTU ISO 17034:2020. The overall number of
materials for testing, the fragments that contain Eu-152,

Cs-137 and Th-232, is partitioned by the quartering
technique into 20 individual parts of 50 grams each
(75 grams for Th-232). Fig. 1 shows the parts that
contain the material.

The homogeneity properties and stability were
studied for the most common behaviour patterns when
verifying legal measuring instruments. Moreover, the
behaviour of 6990 Bgkg!' (for Eu-152) is harmless
in terms of the workload on the detector of gamma
spectrometer and, which is most crucial, on the
personnel [4].

To measure the activity of the overall material
number as well as the material in individual parts,
the gamma-spectrometric method is used to further
determine the composition of nuclides, and Mari-
nelli beakers of the capacity that suits best. Fig. 2
shows the Marinelli beakers to measure the material
activity undergoing the test.

The homogeneity results for the materials that
contain Eu-152, Cs-137 and Th-232 are shown in
Table 2. For further calculations, we determine the
average value of each of the 20 portions of mate-
rials.

A SEG-002 “AKP-P” gamma radiation energy
spectrometer was used to study the specific activity
(Fig. 3). In Table 3, the metrological characteristics
are provided.

Fig. 2. Marinelli beaker o Ty

Fig. 1. Dividing the overall number
of material into portions (individual parts)

Fig. 3. General appearance
SEG-002 “AKP-P”
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Table 2
Test materials. The results of measurements
Result 1, kBq Result 2, kBq Result 3, kBq
g
E Eu-152 Cs-137 Th-232 Eu-152 Cs-137 Th-232 Eu-152 Cs-137 Th-232
1 349.2 99.6 142.4 349.4 100.2 142.9 350.2 100.2 142.2
2 349.8 99.9 142.0 350.0 100.5 142.0 349.0 100.2 142.9
3 349.6 99.6 142.4 349.4 99.9 142.4 349.1 100.2 142.6
4 349.5 99.8 142.6 349.6 100.5 142.7 3493 100.0 142.5
5 349.8 100.3 142.8 349.8 100.3 142.9 349.8 100.3 142.8
6 349.7 99.7 142.0 349.0 99.5 142.0 349.2 100.2 142.7
7 349.8 100.1 142.1 349.1 99.8 142.7 349.6 100.1 142.8
8 349.4 99.4 142.3 349.3 99.5 142.3 349.9 99.9 142.4
9 349.1 100.7 142.2 349.2 99.7 142.7 349.7 99.6 142.1
10 349.4 100.0 142.6 349.6 100.1 142.6 350.0 99.8 142.4
11 349.1 99.6 142.4 349.4 99.9 142.4 349.6 99.6 142.1
12 349.5 100.4 142.7 349.7 100.6 142.7 349.9 100.0 142,5
13 349.3 100.1 142.5 349.5 100.0 142.5 349.6 99.8 142.3
14 349.5 100.4 142.8 349.8 100.3 142.9 349.9 100.0 142.5
15 3494 100.6 142.9 349.9 100.4 142.1 350.1 99.7 142.4
16 349.5 99.6 142.0 349.0 100.0 142.9 349.1 100.2 142.5
17 349.6 100.4 142.7 349.7 99.9 142.7 349.9 100.4 142.6
18 349.6 100.2 142.6 349.6 100.4 142.6 349.7 100.1 142.5
19 349.4 100.6 142.8 349.8 100.0 142.8 350.1 99.9 142.4
20 349.7 100.1 142.6 349.6 100.3 142.6 350.0 99.7 142.7
Table 3
Metrological characteristics SEG-002 “AKP-P”
Metrological characteristic Value
Extended uncertainty of registration effectiveness (k = 2, P=0.95), % 6.0
Range of gamma radiation energies, keV from 50 to 2800
The energy resolution along the line is 1332 keV, keV 2.0
Integral nonlinearity, % 0.03
Long-term instability for calibration characteristic for 8 hours of operation, % 0.06
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Table 4
Study of homogeneity between samples Th-232
Square sums Degrees of freedom Mean square
Discrepancy source

(SS) (DF) (MS)
Between samples 1.46 19.0 0.0766
Within samples 2.77 40.0 0.0691
Total disagreement 4.23 59.0 -

To measure the specific activity, the following
conditions shall be observed: 19 °C of ambient
temperature; 31% of relative humidity; 98.3 kPa of
atmospheric pressure.

During further calculations, dispersion analysis
(ANOVA — Analysis of Variation) was applied.
This analysis is convenient to process data and evalua-
te the components of measurement uncertainty that
describe the homogeneity between samples or stan-
dard deviation among laboratories.

In case of the ANOVA variance analysis, the
effect of the distinction between the normal activity
in various groups is examined by looking at the
differences across the groups. As a result of dividing
the total variance into several sources, it is possible
to compare the variance caused by between-group
differences with the variance caused by within-
group variability. When testing the hypothesis,
the fact that there is no difference between the
groups is established. If the null hypothesis is
true, the estimate of the variance associated
with within-group variability should be close
to the estimate of the group variance. If it is
false, the values significantly differ by a wide
margin [5, 6].

Table 4 shows the variance analysis which
can be obtained on an Excel spreadsheet and with
the ANOVA package for Th-232 (as example).

In this way, taking into account the guidelines of
DSTU-N ISO Guide 35:2018, the change (variance)

in the values measured for certain behaviour of the

samples of Th-232 can be obtained as follows:

g2 MS,,  -MS,, ~00766-0.0691
b n 3

The square root of the variance is the standard
deviation across the samples, which is:

S,, =/0.0025 = 0.05 Bq-kg'.

The repeatability standard deviation can be
obtained as:

betwe

=0.0025 (Bq-kg').

etween

S, = MS_ =+00691 = 02628 Bq-kg'.

The calculation results for Eu-152, Cs-137,
and Th-232 are provided in Table 5.

The repeatability standard deviation is covered by
the uncertainty of the results of SEG-002 “AKP-P”
measurements.

Assessment of material stability

An important condition for the intended use of
a reference material is the sufficient stability of its
characteristics, so that the assigned value is anytime
reliable for users as long as the certificate on the re-
ference material is valid. Typically, the stability under
conditions of long-term storage, during transporta-
tion, and, if possible, under the conditions of storage
at the user’s laboratory shall be considered.

Table 5
The results for Eu-152, Cs-137, and Th-232
’ s s
between bb r
Eu-152
0.00442 0.07 0.2975
Cs-137
0.96 0.98 1.36
Th-232
0.0025 0.05 0.2628
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The measurement results during the investigation of the stability of Eu-152 material favle 0
Time .Cal.c. activity Thf.: measured . unEZﬁz?i;do ¢
o | e st | syl | DB | ey |21/
results, U, Bq
0 6990.00 6990.00 0 0 0
30 6959.46 6958.48 -0.98 418 0.0024
60 6929.04 6930.06 1.02 416 0.0025
90 6898.76 6899.75 0.99 414 0.0024
120 6868.61 6870.58 1.97 412 0.0048
150 6838.60 6837.62 -0.98 410 0.0024
180 6808.72 6807.74 -0.98 408 -0.00240
210 6778.96 6779.93 0.97 407 0.00238
240 6749.34 6751.27 1.93 405 0.00476
270 6719.85 6721.77 1.92 403 0.00476
300 6690.48 6689.53 -0.95 401 -0.00237
330 6661.25 6656.95 -4.30 399 0.0108
360 6632.14 6631.19 -0.95 398 0.0024
Table 7
The results of the stability study of Cs-137 material
Time (days) The measured activity of the material, Bq/kg
0 2015.1
30 2012.2
60 1999.6
90 1998.9

As part of the conducted work, the material
(a special-purpose radionuclide source) under-
went stability research regarding the reproduction
of Eu-152 content. The experimental data obtained
during the initial, 30, 60, 90, 120, 150, 330, and
360 days are presented in Table 6. In Table 6,
the measurement results are compared with the
calculated activity obtained taking into account
the half-life period of Eu-152.

The measurement results of the material (ra-
dioactive source of special designation — OISN-1)
underwent an investigation into the stability of
Cs-137 content reproduction. The experimental data
are presented in Table 7. Since the work is limited
to three months (April — June 2021), the stability
study was conducted for a period of 90 days.

According to [7], the difference A, is compared
to the uncertainty of the measurement result. If the
difference exists and |A,,|/U>1, it means that the

difference A, , cannot be explained by the uncertainty
alone but can be attributed to any changes in the
reference material during the investigation period.
If | A, |/U<1, it can be concluded that the investigated
reference material with Eu-152 content is stable.
The same with Cs-137 [8] and Th-232.

The obtained experimental data during the initial,
30, 60, 90, 120, 150, 330, and 360 days equaled
2850 Bq/kg, as Th-232 is the most long-lived isotope
with a half-life of 1.405X%10'° years, which is three
times longer than the age of the Earth and comparable
to the age of the Universe.

Evaluation of the measurement uncertainty of reference
materials

The activity is measured by the gamma-
spectrometric method to determine the composition
of nuclides, and the Marinelli beakers of the capacity
that suits best.
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Table 8
The budget of measurement uncertainty for Eu-152
Standard measurement uncertainty, rel. units A B
Rate of counting 0.010 -
Efficiency - 0.023
Mass 0.0002 —
Coefficient of quantum yield — 0.00225
Combined standard measurement uncertainty 0.025
Expanded measurement uncertainty, k = 2, 5.0
=095, % '
Table 9
The budget of measurement uncertainty for Cs-137
Standard uncertainty, rel. units A B
Rate of counting 0.009 -
Efficiency — 0.034
Mass 0.0002 -
Coeflicient of quantum yield — 0.0024
Combined standard measurement uncertainty 0.035
Expanded measurement uncertainty, k = 2, 70
p=095,% ‘
Table 10
The budget of measurement uncertainty for Th-232
Standard uncertainty, rel. units A B
Rate of counting 0.010 —
Efficiency - 0.023
Mass 0.0002 -
Cocfficient of quantum yield — 0.00235
Combined standard measurement uncertainty 0.025
Expanded measurement uncertainty, k = 2, 50
p=10.95,% '

The budget of the measurement uncertainty [9]
for reference materials that contain Eu-152, Cs-137
and Th-232 is given in Table 8—10.

So, for the specific activity set value of the
materials under consideration, the expanded mea-
surement uncertainty is covered by the range 5.0—
7.0%, respectively.

Discussion of the results

The homogeneity properties and stability of the
OISN-1 and KOISN sources, fragments with Eu-152,
Cs-137 and Th-232, using the quartering technique
according to existing international regulations have
been established and considered.

The grounds for additional studies of metrological
characteristics of the reference materials that are
used in the legal metrology field have been substan-
tiated.

The homogeneity properties and stability of
maintaining and reproducing the measurement unit of
activity, Bq, are provided by the reference materials
of Eu-152, Cs-137 and Th-232 that are produced by
the manufacturer. With the applied assessment method,
according to [I] and other international regulations,
metrological traceability of the reference materials to
the national measurement standards of Ukraine in
ionizing radiation is ensured. The preliminary data for
further studies have been amassed.
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Taking into account Ukraine's accession to the
Metric Convention and active participation in the
CIPM MRA Agreement, there is a need to intensify
efforts for further use of international normative
documents in the performance of scientific metrolo-
gical work.

Considering the existing problem of environ-
mental contamination with technogenic radionucli-
des (industrial emissions, active and closed power units
of nuclear power plants in Ukraine), it is necessary
to continue work on metrological control of sources
of ionizing radiation.

Conclusions

From scientific and practical point of view, the
significance of the work and obtained results is that
the values obtained for the stability and homogeneity
of the reference standard materials (Eu-152 OISN

Ne01-095-10, Cs-137 OISN Ne(01-140-14, Th-232
KOISN Ne01-0014-04), which are the source of
reference materials of Eu-152, Cs-137 and Th-232,
may be used in research to find the values of the
activity of the generated reference samples as the
amount of elementary radioactive decays in one gram
of Eu-152, Cs-137 and Th-232 including the values
of measurement uncertainties, considering the guide-
lines of DSTU-N ISO Guide 35:2018.
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AxoTanisa

O6'eKTOM HOCTIIKEHb € CTaHIAPTHI 3pa3KM: €Bpomiii-152, ue3siii-137, Topiii-232, AKi mependavyaeTbCcsl 3aCTOCOBYBATH
y cdepi 3aKOHOAABYO PETyJbOBAaHOI METPOJIOTIl T 4Yac TPOBEACHHS TOBIpKM 3aKOHOJIABYO PETYJIbOBaHUX 3acO0iB

BUMIpPIOBaJIbHOI TEXHiKHU.

CraHIapTHi 3pa3Ky CKJaay Ta BJACTUBOCTEH PEUYOBMH i MaTepiajiB 3aCTOCOBYIOTh Y BUPOOHMYI Ta HEBUPOOHMYIl
cepax misIBHOCTI CycniibcTBa /11 3a0€3MeUeHHs] €IHOCTI BUMIpPIOBaHb Ta IMPOCTEXYBAHOCTI B TUX BUIAaX BUMipIOBaHb,

SKi He MOXYTb OyTH 3a0e3IeueHi 3a JOMOMOIOI0 €TaJIOHIB.

VY nepion BiliHM Ta TOCWIEHHsS SAEPHOI 3arpo3u BHAC/IAOK MOBHOMACIITAOHOrO BTOPTHEHHSI arpecopa HeoOXimHO

MPUIUISTY TABUIIEHY yBary repesiplii OJIOKiB BUSIBJICHHSI 10HI3yI0UOTI0 BUITPOMIHIOBAHHSI, BUMIipIOBAJIbHUX KaHaJiB CUCTEM
paniamiiHoro KOHTPOJIIO, PaJioMeTpiB, paliOMETPUYHUX YCTAHOBOK, a TaKOX CIEKTPOMETpiB ajbda-, Oera- Ta ramMma-
BUITPOMiHIOBaHHSI.

OmHOPITHICT € OCHOBHOIO BMMOTOIO IS BCiX CTaHAAPTHUX 3pa3KiB i BKIOYAE N0 ceOe SIK OMHOPIMHICTh Yy Mexkax
eK3eMIUIsipa, TaK i OMHOPIAHICTh MK €K3eMIUISIpaMU, SIKa € BaXJIMBOIO U1 ONHAKOBUX 3HAYEHb BHYTPIiLIHbO-EK3EMIUISIPHOT
OIHOPIAHOCTI.

MeToto cTaTTi € JAeMOHCTpalliss MeTOAY OLiIHKM HEeBM3HAYEHOCTi BUMIpIOBaHb €TaJOHHMX MaTtepiaiiB, KOJU BOHU
TFeHEepPYIOThCS Ta KaliOpyIOThCs, BIiIMOBIAHO 10 MiXHapomHuX mpaBui. OLiHKa TMOXMOKM BUMIipIOBaHHSI pagioaKTUBHOIO
€TaJJOHHOTO Martepiajly 3 MPUPOJHUM TIEepioJOM HaMiBpo3Maay € akTyaJlbHOIO Ta HiliCHOIO, BPaxOBYIOUM KMOrO BJIACTUBOCTI
OJIHOPIHOCTI Ta CTaOIIbHICTh. JIJIs OLIHKM BIaCTMBOCTEM, a TAKOX MOXUOKM BUMIpIOBaHHS OYyJI0 MPOBEAEHO OAHOBApiaHTHUIA
NUCTepciiiHuil aHati3.
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HaykoBa Ta mpakTu4Ha ILiHHICTb pe3y/bTaTiB BUKOHAHUX POOIT MOJISITAE B TOMY, 1110 OTPUMaHi 3HaAY€HHST OJTHOPiITHOCTI

Ta CTAOUILHOCTI MarepiajiB, i3 SIKMX CTBOPIOIOTHCSI CTAHIAPTHI 3pa3Ku, a TaKOX BCTAHOBJICHI 3HAUEHHSI aKTUBHOCTEW LIMX

3pa3KiB, BiIMOBIIAIOTh BUMOraM MiXXKHAPOIHUX HOPMATUBHUX JOKYMEHTIB.

Koouosi cioBa: pamiauiiiHuii KOHTPOJIb; €TAJIOHHI MaTepialu; BJIACTUBOCTI OJHOPIAHOCTI; CTAOIbHICTh; HEBU3HAYEHICTh

BUMIPIOBaHb; METPOJIOTIUHI XapaKTepUCTUKMU.
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