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Abstract

Radiation dosimetry is a key element in medical, industrial, and scientific activities involving the use of ionizing
radiation. Accurate measurements of radiation doses ensure the safety and effectiveness of radiological practices, which is
critically important for protecting patients during medical procedures, adhering to industrial safety standards, and conducting
scientific research. International studies are carried out to achieve this high measurement accuracy.

The National Scientific Centre “Institute of Metrology” (NSC “Institute of Metrology”) actively participates in
international projects aimed at improving the accuracy and consistency of radiation dosimetry. These projects unite National
Metrology Institutes (NMIs) to standardize measurement and calibration methods, thereby enhancing the systems of ionizing
radiation dosimetry.

The relevance of such projects is driven by the widespread use of ionizing radiation in medicine and industry.
In medicine, particularly in radiotherapy, accurate dosimetry ensures effective treatment with minimal impact on healthy
tissues. In industrial radiography, high-precision dosimetry guarantees compliance with safety standards, reducing the risk
of excessive exposure to the radiation for workers.

Within the framework of this international project, involving the Physikalisch-Technische Bundesanstalt (PTB) and the
Central Office of Measures (GUM), new calibration protocols for various types of radiation are being developed, traceability
chains to ensure measurement accuracy are being established, and best practices are being shared among participants.

To achieve these objectives, preliminary comparisons were conducted among NMIs, with two Institutes acting as
reference laboratories. This approach allowed the participants to compare their results with control data and make all
necessary adjustments. Such collaboration has fostered knowledge exchange and stimulated the development of new dosimetry
techniques, which, in the long term, will enhance the precision and reliability of measurements.

The NSC “Institute of Metrology” participated in the project as Ukraine’s leading institution in the field of ionizing
radiation. The results of this collaboration are presented in the paper, specifically focusing on comparisons of ionizing
radiation using the "’Cs and °Co sources. Additionally, within the framework of the project, the comparisons of X-ray
beams with radiation qualities N-40, N-100, and N-200 were conducted.

Keywords: radiation safety; comparisons; dosimetry; ionizing radiation; X-ray beams.
Received: 14.11.2024

Edited: 09.12.2024 Approved for publication: 12.12.2024

Materials and methods of the study
Reference chamber

The Seibersdorf HSO1 ionization chamber was
used as a reference chamber for detecting ionizing
radiation (see Fig. 1) [1]. This spherical chamber has
a nominal volume of 1 litre, and its external diameter
is 140 mm. During the measurements, the partici-
pants applied the same voltage to the chamber.

© HHILI «Incturyt Metposorii», 2024

The chamber was equipped with a BNC con-
nector for current measurements and a Lemo connec-
tor for high-voltage (HV) connection. Appropriate
connectors and adapters, including a TNC adapter
shown in Fig. 2, were used for high-voltage supply.
These technical solutions ensured reliable connections
and stable system operation during calibration
procedures.
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Fig. 1. Seibersdorf HS01 reference chamber for H*(10) (Photo: Bildstelle PTB)

Fig. 2. High-voltage connection cable and connector details
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Procedures performed prior to the comparisons

The Seibersdorf HSOI reference ionization cham-
ber was used with the electrometers provided by the
project participants. The participants followed these
recommendations: “The measurement system shall
remain in the measurement chamber to achieve
thermal equilibrium, preferably for at least 12 hours.
The transport container shall remain closed during this
process, particularly in cold weather. The ionization
chamber shall be used following the installation
instructions provided with the transport container. The
electrometer shall be switched on at least one hour
before starting the measurements, and the chamber
shall operate at the voltage agreed upon among the
participants, applied to the collecting electrode (inner
electrode). While pre-irradiation of the ionization
chamber is not mandatory, it is recommended to
perform it for at least 10 minutes. Before taking
measurements, the chamber shall be prepared. The
electrometer (UNIDOS) shall be zeroed, and at least
10 leakage current measurements shall be conducted to
ensure that the leakage current does not exceed 0.1%
of the expected signal”.

The results obtained within the project for narrow-
spectrum X-ray beams, specifically N-40, N-100,
and N-200, were presented in a previous study [2].
The calibration of dosimeters involved the precise
measurement of the beam quality and energy spectrum.
Dosimeters were irradiated with a predefined gamma
radiation, ensuring that their readings were accurate.
The radiation energy characteristics are as follows:

« ¥Cs is a radioactive isotope that emits gamma
rays with an energy of approximately 662 keV. It is
widely used in defectoscopy, medical practices for
cancer treatment, and other fields involving gamma
radiation. Calibration of dosimeters for gamma
radiation involves exposing them to a '7Cs source
in reference setups. Dosimeter readings are corrected
using calibration coefficients obtained from primary
measurement standards, ensuring accurate gamma
radiation dose measurements.

« %Co is a radioactive isotope that emits gamma
rays with energies of approximately 1.17 MeV and
1.33 MeV. Its relatively high radiation energy makes it
suitable for various applications, including radiotherapy
and industrial radiography. In medical applications,
%Co is used for cancer treatment, providing deep
gamma radiation penetration necessary for effectively
targeting tumours. In industrial applications, it is
used for non-destructive testing of components and
assemblies. Dosimeters are calibrated against a “Co
source by exposing them to pre-defined gamma
radiation doses. The measured readings are compared
with reference values, ensuring precise reflection of
the delivered radiation dose across different fields.

The calibration of dosimeters for various
radiation qualities within the project aims to improve
the accuracy of gamma radiation measurements,

contributing to safer and more efficient radiation use
across different areas.

Calibration coefficients and factors influencing their
accuracy

Calibration coefficients play a critical role in
accurately converting initial dosimeter readings into
actual radiation doses. They are determined through
specialized calibration procedures that account for the
type of radiation, energy levels, and the dosimeter
characteristics. The project objective was to obtain
calibration coefficients to ensure high measurement
accuracy across various application fields [3]. The steps
in Determining Calibration Coefficients are:

* During the calibration, standardized radiation
sources were used, including narrow-spectrum X-ray
beams (N series) and gamma beams from 7Cs (Cs se-
ries) and “Co (Co series). These sources generated
controlled ionizing radiation fields necessary for
the calibration, with measurements performed using
reference dosimeters traceable to primary measurement
standards. The procedure was carried out in controlled
conditions to minimize the impact of temperature,
humidity, pressure, and background radiation, ensuring
the best conditions for determining the coefficients.

* Dosimeters were exposed to pre-defined
radiation doses from the standardized sources, and
their readings were compared to reference values.
The recorded measurements were used to calculate
the calibration coefficients through the comparison
method (counting method).

There are several factors that may influence the
accuracy of determining the calibration coefficients.
It is essential to consider these factors during the
calibration process [4, 5]:

* Energy Dependence. Calibration coefficients
vary depending on the radiation energy. Inaccurate
consideration of energy may lead to errors. A detailed
analysis of energy dependence is provided in the work
of Attix F.H., Introduction to Radiological Physics
and Radiation Dosimetry, Wiley, 1986.

* Detector Types. Different detectors have varying
sensitivities to radiation. The choice of a detector
may affect the accuracy of results. The characteristics
of different detector types are described in the book
by Knoll G.F., Radiation Detection and Measure-
ment, Wiley, 2010.

* Ambient Conditions. Temperature, humidity,
pressure, and background radiation may affect the
stability and accuracy of measurements. These aspects
are discussed in more detail in the book by Podgor-
sak E.B., Radiation Physics for Medical Physicists,
Springer, 2010.

Method for calculating the reference value and evaluating
the international comparison results

The Comparison Reference Value (CRV) was
calculated as the weighted average of the calibration
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coefficients (N,) reported by primary standard la-
boratories. These laboratories provided traceability
to their own primary measurement standards for air
kerma (Ka) or ambient dose equivalent (H*(10)).
The reference participants were designated as numbers
2 and 8 for all radiation qualities [3].

According to the equations provided in referen-
ces [6, 7], the CRV was calculated as follows:

CRV:"ZL L (1)

where n is the number of laboratories with tra-
ceable calibration to their own primary measurement
standard,

N, is the i-th calibration coefficient,

u; is the uncertainty of the i-th calibration
coefficient.

The uncertainty of CRV, u(CRV), was calcula-

ted according to the equation [6, 7]:

u*(CRV) = (z": %)*1. 2

i=l Y;

By calculating the deviation from the Compa-
rison Reference Value (d,) and the expanded mea-
surement uncertainty of this deviation, the degrees
of equivalence with the Comparison Reference Value
were assessed. The deviation was calculated according
to the formula d, =N, —CRV. Individual calibration
coefficients were compared against the CRYV, which
was derived using the calibration coefficients provided
by the primary standard laboratories. Covariation
was evaluated using the method described in [7].
If a laboratory contributed to the CRV, the equation
u(d,)* =u? —u(CRV)’ was applied. In that comparison,
the uncertainty due to the stable repeatability of the
transfer chamber readings, evaluated as the standard
deviation of at least four calibrations performed in
VINS (U,,,), was added to the uncertainty.

In the case of primary standard laboratories, the
uncertainty d, is calculated according to equation [6]:

u(d)* =u? ~u(CRV)* +u2,,. (3)

Any possible correlations were ignored in the case
of laboratories with secondary measurement standards,
and u(d,) was estimated according to equation [7]:

u(d,)’ =u’ +u(CRV) +u,,. 4)

Relative deviation and the associated uncertain-

ty were used to present the results, denoted as
D, =100-d,/CRV and u(D,)=100-u(d,)/CRV.

Laboratories used standard conversion coeffi-
cients, which did not introduce any correlation bet-
ween results because each laboratory implemented
its own gamma radiation measurement standards.
These standards differ in their “true” conversion
coefficient values. The differences between the true
and recommended conversion coefficient values were
distributed randomly. For monoenergetic radiation,
the conversion coefficients were assumed to have
no uncertainty [8].

Traceability for air kerma was maintained through
PTB or the IAEA. The uncertainty of the measure-
ment standard, which contributed to the uncertainty
of the calibration coefficient of the instrument, was
minimal — in most cases, this contribution was less
than 10%. This was calculated based on the uncertainty
budgets provided by the participants.

During the comparisons, some laboratories were
unable to achieve the recommended dose rate for
certain radiation qualities. Results for such cases are
shown in Tables 1—4 but were not corrected. Due to
the high linearity of the ionization chamber response,
it is expected that any deviations in dose rate will have
a negligible impact on calibration coefficients, even
outside the recommended range.

Results for gamma radiation from a ¥’Cs source (man-
datory for participants)

Table 1 presents the results obtained by the
NSC “Institute of Metrology”, identified as partici-
pant number 13 in the summary results. Table 2 shows
the intercomparison results for the radiation quality of
a ""Cs source. Uncertainties were determined according
to the BIPM Guide to the Expression of Uncertainty
in Measurement [9]. The uncertainties listed in the
tables were expanded with a coverage factor of k=2,
providing a confidence level of approximately 95%.
According to the criterion, the uncertainty reported by
a participant was confirmed if the condition |D,|< U(D))
was satisfied. Fig. 3 provides a graphical representation
of the results. If the uncertainty bar for a specific result
crosses the zero value of D, it indicates confirma-
tion of the reported uncertainty. This representation
allows for a visual assessment of measurement accu-
racy and reliability

CRV = (29.72 £ 0.61) uSv/nC (k = 2),
U, = 0.29 uSv/nC (k = 2).
The results of the comparison of gamma radia-
tion from the radionuclide 7Cs were consistent within
the reported measurement uncertainty.

Results for gamma radiation from a “°Co source
Table 3 contains the results obtained by the
NSC “Institute of Metrology”. Table 4 provides
the interlaboratory comparison results for the ra-
diation quality of a *“Co source. As in previous
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Table 1
Results obtained by the NSC “Institute of Metrology”
Radiation quality: S-Cs
Focus-detector-distance FDD: 200 cm
Field diameter: 60 cm
K, 12.864 mGy/h
H*(10) 15.437 mSv/h
N,, (comparison result): 29.594 uSv/nC
Reference H*(10) determination
Uncertainties in this table are stated with A=1
Source of uncertainty U % U % U, e %
Cal.lbratlon coefficient of the 0.01 0.42 0.42
national/reference measurement standard
Collected charge 0.01 0.06 0.06
Air density correction - 0.05 0.05
Source to chamber distance — 0.05 0.05
Conversion coefficient — 2.00 2.00
Other sources of uncertainty — - —
Combln.ed 2.05
uncertainty, H*(10)
Transfer chamber measurements
Source of uncertainty U % U % U %
Collected charge 0.01 0.06 0.06
Air density correction — 0.05 0.05
Source to chamber distance — 0.14 0.14
Other sources of uncertainty — - —
Combined uncertainty, Q 0.16
Combined standard uncertainty, N, u= z (ulz Vs ui2 B ) 2.05
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Table 2
Comparison results for '¥Cs radiation quality (all uncertainties reported with k=2)
.. H*(10),
Participant N, uSv/nC mSv/h h,, Sv/Gy D,, % um,), %
1 29.46 + 1.26 0.63 1.20 -0.87 4.81
2 (control participant) 29.99 + 0.85 5.95 1.210 0.91 2.22
3 29.04 + 1.54 5.27 1.200 -2.29 5.66
4 29.53 + 1.29 7.40 1.20 -0.64 4.90
5 29.24 + 1.22 6.44 1.20 -1.62 3.69
6 30.08 + 1.09 6.17 / 1.21 4.31
7 30.03 + 1.28 6.18 1.21 1.04 4.87
8 (control participant) 29.64 + 1.25 6.01 1.210 -0.27 3.80
9 29.64 + 1.24 0.80 1.20 -0.27 4.75
10 29.46 + 1.25 5.57 1.21 -0.87 4.78
11 29.84 + 1.34 6.01 1.21 0.40 5.05
12 29.51 + 1.33 4.49 1.21 -0.71 5.02
13 29.59 + 1.22 15.44%* 1.20 -0.44 4.69
10.00
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g
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i __ =
82 200
== Fy * +
9 t 0.00 ' ' ' ' ' ' ' ' ' ' T T , T T 1
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o -6.00 - -
_ -8.00
-10.00
1 2 3 4 5 6 7 8 9 10 11 12 13

Serial numbers of the comparison participants

Fig. 3. Relative degrees of equivalence for '*’Cs radiation quality

tables, the uncertainties listed were expanded with
a coverage factor of k=2, ensuring a confidence
level of approximately 95%. The uncertainty reported
by a participant was confirmed if the condi-
tion |D|<U(D,) was satisfied. Not all participating

laboratories were able to take part in this stage due
to the lack of necessary material and technical re-
sources.

Fig. 4 presents a graphical representation of the
results. If the uncertainty bar for a specific result
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Results obtained by NSC “Institute of Metrology”

Table 3

ref”

Radiation quality: S-Co
Focus-detector-distance FDD: 80 cm
Field diameter: 24 cm

et - 0.594 mGy/h
H*(10) 0.689 mSv/h

N,, (comparison result):

29.008 pSv/nC

Reference H*(10) determination

Uncertainties in this table are stated with k=1

i

Source of uncertainty u; , u; 5 u ¢
Cal.lbratlon coefficient of the 0.06% 0.40% 0.40%
national/reference measurement standard
Collected charge 0.06% 0.13% 0.14%
Air density correction - 0.05% 0.05%
Source to chamber distance - 0.13% 0.13%
Conversion coefficient - 2.00% 2.00%
Other sources of uncertainty - - -
Combined o
uncertainty, H*(10) 2.05%
Transfer chamber measurements
Source of uncertainty u; U g u; ¢
Collected charge 0.03% 0.13% 0.13%
Air density correction - 0.05% 0.05%
Source to chamber distance - 0.35% 0.35%
Other sources of uncertainty - - -
Combined uncertainty, QO 0.38%
2 2
Combined standard uncertainty, N, u= 2 (”i, AatU ) 2.08%
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Table 4
Comparison results for ®*Co radiation quality (all uncertainties reported with k=2)
. H*(10),
Participant N, uSv/nC mSv/h h,, Sv/Gy D, % uw,), %
1 28.26 + 1.20 2.03 1.16 -1.00 4.74
2 (control participant) 28.62 + 0.82 5.95 1.160 0.26 1.87
3 28.53 + 1.51 9.27 1.160 -0.05 5.72
4 +
5 28.24 + 1.63 376.00* 1.16 -1.07 5.28
6 +
7 28.36 + 1.21 6.05 1.16 -0.65 4.77
8 (control participant) 28.55 + 1.19 6.10 1.160 0.02 3.55
9 +
10 +
11 28.69 + 1.27 5.73 1.16 0.51 4.96
12 +
13 29.01 + 1.21 0.69 1.16 1.63 4.77
10.00
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w
& 400 — T ——
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S& 200 <
= =
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:‘3 8 re Y L 2
BE 200
5 1 i
= -4.00 C
k= I
o 600 = +
_ -8.00
-10.00
1 2 3 4 5 6 7 8 9 10 11 12 13

Serial numbers of the comparison participants

Fig. 4. Relative degrees of equivalence for ®°Co radiation quality

crosses the zero value of D, it indicates confir-
mation of the reported uncertainty, demonstra-
ting consistency with the declared measurement
accuracy

CRV = (28.55 £ 0.62) uSv/nC (k = 2),
U,, = 0.028 uSv/nC (k = 2).

Conclusions

The international comparison revealed short-
comings in the work of individual participants and
confirmed the effectiveness of such collaborations.
A detailed analysis of the protocols of all NMIs
involved in the project and subsequent adjust-
ments to calibration procedures will contribute
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to improving the accuracy and reliability of
measurements. The comprehensive approach to
calibration, measurements, and statistical analysis
has ensured significant progress. Dosimetric measure-
ments will remain a key tool for monitoring and
minimizing risks associated with the use of ionizing
radiation.

The NSC “Institute of Metrology” obtained the re-
sults demonstrating that ionizing radiation measurements
are at an appropriate level, with a minor systematic
error identified. The source of this error will be further
investigated. During the implementation of the project,
measurement practices were harmonized, and standardi-
zed protocols were developed, ensuring global consistency.

JlociKeHHsT HeBU3HAYEHOCTI BUMIPIOBAHb raMma-
BUIIPOMIHIOBAHHA 3 JpKepeaamu ne3ii-137
Ta K00aabT-60
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AHoTamis

Jlo3uMeTpisi BUMPOMiHIOBAHHS € KJIIOUOBUM €JIEMEHTOM Y MEIMYHili, TPOMUCIIOBII Ta HAYKOBiii MisIBHOCTI, TTOB’I3aHii1
i3 BUKOPUCTAHHSM iOHI3YI0OUOrO BUIIPOMiHIOBaHHSI. TOUYHICTH BUMIipIOBaHHSI 103 BMIIPOMiHIOBaHHSI 3a0e3rnedyye Oe3reKy
Ta €(hEeKTUBHICTh PAMiOJOTiYHUX MPAKTUK, 10 € KPUTUYHO BAXJIMBUM [UJISl 3aXMCTY MALiEHTIB Y MEAUYHUX MPOLEAypaXx,
NOTPUMAHHS TTPOMUCIOBUX CTAaHIAPTIB Oe3MeKU Ta MPOBENCHHS HAYKOBUX AOCTIIKeHb. Il MOCSITHEHHSI BUCOKOI TOYHOC-
Ti BUMipIOBaHb MPOBOJSATHCS MiXXKHAPOAHI TOCHTiIXKEHHS.

HHII “Inctutyt Metposorii” 6epe akTUBHY Yy4acTh Y MiXKHAPOAHMX MPOEKTAX, CIIPSIMOBAHUX Ha IMiABUIIEHHS TOYHOCTI
i y3rOIKEHOCTI A03UMeTpil BUNIpoMiHIOBaHHS. Lli mpoekT 00’€qHYI0Th HalliOHAJIbHI MeTpoJoriyHi iHCTUTYTH (NMI) misg
cTaHAapTU3allil METONiB BUMIpIOBaHHSI Ta KaJiOpyBaHHsSI, IO CIPUSE BAOCKOHAJIEHHIO CHUCTEM JO3MMETPii iOHi3yr04oro
BUTIPOMIHIOBaHHSI.

AKTYaJIbHICTh TaKUX MPOEKTIB 3yMOBJIEHA IIMPOKMM BUKOPUCTAHHSIM iOHI3yIOUOrO0 BUITIPOMIHIOBAHHSI B MEIMLMHI Ta
MPOMMCIIOBOCTI. Y MEIUIIMHI, 30KpeMa B pajaioTepartii, TOYHICTb TO3UMETPii 3a0e3mneuye eeKTUBHE JTiKyBaHHS 3 MiHIMaJIbHUM
BIUIMBOM Ha 3II0pPOBi TKaHUHU. Y TPOMMCIIOBIi pagiorpacdii BUCOKOTOUHA TO3UMETpisl rapaHTye JOTPUMAHHSI CTaHIAPTiB
0e3MeKu, 3HMXYIOUM PU3UMK HAaAMIpHOTO OMPOMIHEHHS MpaliBHUKIB.

YV paMKkax MiXXHapomIHOTO MpoekTy 3a ydyactio PTB (®isuko-texHiunoro denepanbHoro iHctutyty) Ta GUM (I'onoBHOTO
YIIPaBJIiHHS Mip) po3poO0JIsSIOTHCS HOBI MPOTOKOJM KajliOpyBaHHS /i Pi3HUX BUIIB BUIIPOMIHIOBAHHS, CTBOPIOIOTHCS HOBI
JIAHLIIOTY MPOCTEXYBAHOCTI [JIs1 3a0e3MeUYeHHs TOYHOCTI BUMIpIOBaHb, a TAKOX BilIOYBa€TbCSd OOMiH MpPaKTUKAMU MixX
y4yaCHUKaMHU.

7151 TOCSATHEHHST METU MPOBOAWIKCS MonepeHi 3BipeHHs Mixk NMI, ne nBa iHCTUTYTH Oy ONOPHUMM (3Pa3KOBUMU).
Takwuii migxig 103BOJMB ydacHMKaM 3BipUTHU CBOI pe3yJbTaTh 3 KOHTPOJbHUMU JAaHUMU Ta BHECTU HEOOXiIHI KOPEKTUBU.
Konabopauist cnpusiia oOMiHy 3HaAaHHSIMU i CTMUMYJIIOBaJla pO3poOKY HOBUX TEXHIK JO3UMETpii, 1110 B JOBTOCTPOKOBIiit
MepCIeKTUBI 3a0e3MeUnuTh MOJIMIIEHHS TOYHOCTI i HaIiliHOCTI BUMIipIOBaHb.

HHIL “Inctutyr MeTpoJorii” GpaB ydacTb Y MPOEKTI SIK TMPOBiIHA OpraHisaiist 3 Tajay3i i0Hi3yloUuMX BHUITPOMIHIO-
BaHb B YKpaiHi. Y CcTaTTi HaBeJeHO pe3yjbTaTu CIiBIIpalli, a caMe 3BipeHb iOHi3yI0YOTro BUIIPOMiHIOBAaHHS 3 JKepeaaMu
Cs i ®Co. TakoxX y paMKax IPOEKTY OyJI0 BMKOHAHE 3BipEHHS PEHTICHIBCHKUX ITy4KiB i3 SIKOCTSIMU BUIIPOMIiHIOBAH-
Hs: N-40, N-100, N-200.

KunrouoBi cioBa: paniailiiiHa 6e3reka; 3BipeHHs; TO3UMETpisl; i0Hi3yloue BUIIPOMiHIOBAHHS; PEHTI€HIBCbKi MyYKU.

56 Ukrainian Metrological Journal, 2024, No 4, 48-57



A. Pustovyi, K. Ozerskyi, V. Skliarov

References

1.

Duftschmid K.E., Hizo J., Strachotinsky Ch.
A Secondary Standard Ionisation Chamber for the
Direct Measurement of Ambient Dose Equivalent
H*(10). Radiation Protection Dosimetry, 1992, vol. 40,
issue 1, pp. 35—38. doi: https://doi.org/10.1093/
oxfordjournals.rpd.a081187

Pustovyi A. Study of the Accuracy and Reliability
of Dosimetric Measurements for X-ray Beams with
Radiation Qualities N-40, N-100, N-200. Ukrainian
Metrological Journal, 2024, no. 3, pp.37-47.
doi: 10.24027/2306-7039.3.2024.312477

Mutual recognition of national measurement
standards and of calibration and measurement
certificates issued by national metrology institu-
tes. International Committee for Weights and Mea-
sures, 2003.

Quantities and Units in Radiation Protection Do-
simetry, ICRU Report 51. International Comission
on Radiation Units and Measurements, 1993.

Hupe O., Diaz N.A.C. EURAMET supplementary
comparison of ambient dose equivalent H*(10) in
137-Cs and ISO Narrow Beam Series N-60 x-ray
beams at low dose rates. Metrologia, 2018, vol.
55(1A), 06011. doi: 10.1088/0026-1394/55/1A/06011
EURAMET Guide on Comparisons, Version 1.0
(05/2016). EURAMET Guide No. 4, 2016.

Cox M.G. The evaluation of key comparison data.
Metrologia, 2002, vol. 39, no. 6, pp. 589—595.
doi: 10.1088/0026-1394/39/6/10

ISO 4037-3:2019. Radiological protection — X and
gamma reference radiation for calibrating dosemeters
and doserate meters and for determining their
response as a function of photon energy. Part3:
Calibration of area and personal dosemeters and
the measurement of their response as a function
of energy and angle of incidence.

JCGM 100:2008. Evaluation of measurement data —
Guide to the expression of uncertainty in measure-
ment (GUM 1995 with minor corrections). 134 p.

Ykpaiucokuii memponoeiunuii ucyprnan, 2024, Ne 4, 48-57 57



