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Abstract. The purpose of this article is to present a methodology for determining
sufficiency of the wall thickness to protect patients from the non-therapeutic effects of
a medical source of ionizing radiation and calculating its increase in a way alterna-
tive to the use of the Monte Carlo method. The article is based on a case with a spe-
cific source of 8F activity of 4 Ci in a tungsten container with a wall thickness of 29.5
mm, which are used in the Center of Nuclear Medicine of the Republic of Kazakhstan.
The objectives of the study are the following: calculation of the exposure dose rate
from a radionuclide source of certain activity; calculation of the multiplicity of the
dose attenuation rate to ensure human safety and establishing the necessary thickness
of protection from the opted building material. The results of these calculations may
differ depending on the method of direct and reverse recalculation of various radia-
tion doses units, and therefore the conclusion suggests the most optimal of them in
terms of physical efficiency, economic feasibility and regulatory performance. Opera-
tional dosimetry solves the problem of implementing the ALARA principle, problems
of optimizing radiation safety are solved. Reducing the dose load on a person is
achieved by reducing the operating time, increasing the distance to the radiation
source and using a protective screen. The article describes the choice of protective
material and its thickness for protection against radionuclide sources.
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Angatna. byn makananvly makcamol HAyKAcmapowvl UOHOAYULbL CIYIleNeH)Oiy
MeOUYUHANLIK KO3IHIH Mepanusivblk emec caynelenyinen Kopeay oicone Monme-
Kapnoea 6anama 20ic 6otibinuia OHbIY Yi2al0biH  ecenmey YWiH Kabblp2a
KQaNbIHObIRIHBIY  HCEMKILIKMINIZIH AHbIKMAY MaceleciH weulyin Yculny. Ecenmey
yuiin 6acmanksl oepekmep peminde Kazaxcman Pecnyonuxaceinviy HA0ponvik meou-
YUHA OPMATbIZLIHOA NAUOATAHBLIAMBIH KOPRAHLIW KAOLIP2ACHIHbIY KATbIHObIebl 29,5
MM 6onbpam Kowmetinepinoezi 6encendinici 4 Ku 6oramoin BF paouonyknuomix
K63l Kapanovl. 3epmmeydiy MminOemmepi. Oencini 0enceHoinikmiy paouoHyKIUOmi
KO3iHeH IKCHO3UYUSILIK O03AHbIH KYAMbulH ecenmey, adam Kayincizoicin Kkammama-
Cbl3 emy YWiH OHbIH JNCIpey HCULNiciH ecenmey JHcoHe OYIl YUliH Kaxcemmi KYpPuliblC
MamepuanbiHan KOp2aHvlc KaniblOblblH anvikmay. byn ecenmeynepoiy namuoicenepi
caynenenyoiy apmypni mypJepiniy Oipaikmepin mikenel i caoHe Kepi canay adiciHe
batilnanvicmel  ©32epyi  MYMKIH, OCbl2aH OQUIAHBICMbL KOPbIMbIHObL  (DUSUKATBIK
MUIMOLNIK, IKOHOMUKATILIK OPLIHOBLILIK JHCIHE HOPMAMUSBMIK-KYKbIKIMGIK OpbIHOAY
MYPEbICIHAH 01apObly ey OHMAUILICHIH YCbiHaovl. Onepamugmi 003UMempusoaq
He2i3iHeH paouayusivlK Kayincizoikmi OHMAUIaHObpy KASUOAMbIH ICKe acbulpy
JHCOHIHOe2l Macenenep uiewlineoi, 0j1 HOpMAIayMeH JHCaHe He2i30eyMeH mblebl3 Oatiia-
HBICMbl, COHOAU-AK OHOA HCYMbIC YAKLIMbIH A3aumy, paouoakmuemi mamepuanzd
Oellinel KauwblKMulKmol YIAUmy MHCoHe UOHOAY ARbIHbIH 2JICipememin KOp2aHulul
9KPAHObL OpHAMY eceOiHeH UOHOAYWbl CayleNeHy KO30epiH nauddalany KesiHoe
aoamza mycemin O003ANbIK JHCYKMEMEHI ic JHCY3iHOe KON dcemepiik MaHee OeliH
azaumy yuzapwiiaosl. Onepayusnvly oozumempus ALARA npunyunin eueizy mace-
Jlecin weweoi dHcane paouayusivblk Kayincizoikmi oHmatilanovlpy Maceielepin ue-
weoi. Aoamea 003anblK HCYKMeMeHT a3aimy HCYMbiC YaKblmblH KblCKapmy, cayieneHy
KO3iHe OelliHel KaulbIKMbIKMbl YA2AUMY HCoHEe KOPRAHbIC IKPAHbIH NALIOANIAH) APKbl-
26l KON dcemkizinedi. Makanada paouonykiuomi ke30epoeH Kopeay YuliH KOpeauvic
Mamepuanbli mayoay HcaHe OHblH KAIbIHObI2bl CUNAMMATEAH.

Tyiiin ce3aep: sxcnosuyusnviy 003a, CiyipinteeH 003a, K8USAIeHmMmi 003d,
muimoi 003a, 003a Kyamwl, dacipey ecelici, KOpeaHvlC IKPAHbL.
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AHHOTanus. [lenv Oannoli cmamovu 3aKn04aemcs 8 NpedCmasieHuu Memoouxu
onpeoeierust 00CMAmMoOYHOCMU MOJWUHBL CIeHbL OJIsL 3auuUmvl NAYUEHMO8 OMm Hene-
panesmuyeckoeo oonydenus MeOUYUHCKUM UCMOYHUKOM UOHUSUPYIOWe20 U3TYYeHUs U
pacuemy ee ysenuueHusi no memooy, arvmepuamusnomy Moume-Kapno. B kauecmee
UCXOOHBIX OAHHLIX OIS pacYema paccmomper paouoHyKiuouwlli ucmounux BF ¢ ak-
muernocmvio 4 Ku 6 8onbhpamosom Koumelinepe ¢ MOMMYUHOU 3AUWUMHOLU CTEHKU
29,5 mm, xaxue ucnonvsyromes 8 Llenmpe soepnot meouyunvl Pecnyonuku Kaszax-
cman. 3aoauamu uccie008anus AIAI0MCA: paciem MOWHOCMU IKCHOSUYUOHHOU 00-
361 OM PAOUOHYKIUOHO2O UCMOYHUKA U36ECIMHOU AKMUBHOCMU, GbIYUCIEHUE KPAHO-
cmu ee ocnabnenus 071 obecnevenuss 6e30NACHOCMU 4el08eKa U YCMAaHOo8IeHUe Heoo-
X0OUMOIUL OJ1s SMO20 MOIUJUHBL 3AUUMBL U3 BLIOPAHHO20 CIPOUMETbHO20 MAMepUad.
Peszynomamot 0anHvlx blUUCIeHUL MO2YI 8APbUPOBAMBCSL 8 3ABUCUMOCU OM CHOCO-
ba npsamozo u 06pamHo2o nepecuema eOUHUY PasiuyHblX U008 003 00IVUEHUS, 8 C651-
3U € YeM bl800 npediazaem Hauboiee ONMUMATbHBIL U3 HUX C MOYKU 3peHus (husue-
cKoll 3hhekmuenocmu, IKOHOMUUECKOU Yeaeco0OPaA3ZHOCMU U HOPMAMUBHO-NPABOBOL
ucnoanumensrocmu. OnepamusHas 0o3umMempus pewiaem 3a0ayy peanu3ayuu npuH-
yuna ALARA, pewatromcsa 3adauu onmumuzayuu paouayuoHHOU 6e30nacHOCMmU.
CHudicenue 00306801 HAZPY3KU HA YelloseKa 00CMU2Aencsl COKpaujeHuem epemenu pa-
bomul, ygenruuenuem paccmosHus 00 UCMOYHUKA U3TYYEHUs U UCNOTb308AHUEM 3a-
wumuo2o sxpana. Cmamoes onucvléaem vlOOP 3aUUMHO20 MAMepuala u e2o moj-
WUHDBL OJIs 3aUUmMbl OM PAOUOHYKIUOHBLX UCIOYHUKOS.

KiroueBble ¢JI0Ba: 9KCNO3UYUOHHASL 003, NO2NOWEHHASI 003d, IKEUBANCHMHAS
003a, a¢hchexmuenas 003a, MOWHOCMb 003bl, KPAMHOCMb OCAAOIEHUS, 3AUUMHBLU
9KPaH.
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1 INTRODUCTION

According to the Hygienic standards (Giniat, 2022) and Sanitary and epidemiological re-
quirements for ensuring radiation safety (Tsoy, 2020), the main criterion for the safety of systems
used for storing and transporting ionizing radiation sources is not exceeding the radiation doses of
personnel (20 mSv) per 1700 hours for “A” group and 5 mSv per 2000 hours for “B” group) and the
population (1 mSv per 8800 hours).

The multiplicity of attenuation of the dose rate of ionizing radiation generated by the radionu-
clide source contained in the package is ensured by implementing the ALARA principle by using
the walls of the transport packaging set as a protective shield in 4x geometry. In accordance with
the requirements of hygienic standards (Giniat, 2022) %and sanitary rules (Tsoy, 2020) on radia-
tion safety, the acceptable equivalent dose rate when working with an ionizing radiation source, in-
cluding its transportation in a container, to ensure uniformity of occupational exposure of personnel
should not exceed 11.76 mSv/h under normal operating conditions or 117.65 mSv/h — in case of
emergency (based on the dose of the planned increased exposure equal to 200 mSv (Giniat, 2022).

In the simplest case, the protective material and its thickness for shielding from ionizing ra-
diation source is chosen taking into account the multiplicity of the half attenuation of the flow of
photons and ionizing particles. There is a directly proportional relationship between the thickness of
the protection and the density of the shielding material.

2 LITERATURE REVIEW

In the simplest case, the number of half-attenuation layers, depending on the required attenua-
tion multiplicity, is determined by the formula:

k=2" 1)

where k is the required attenuation multiplicity, and n is the number of layers of half attenuation.
In order to avoid irrational calculation of n through the logarithm of k by the formula:

_Ink
0,693 )
we can use approximate data from Table 1.
Table 1
Approximate relationship between the multiplicity (k) and the number of half-attenuation layers (n) [3]
k 2 4 8 16 32 64 125 250 500 1000
n 1 2 3 4 5 6 7 8 9 10

If it is required to attenuate the radiation intensity by 8000 times, i.e. 8000 = 2", then k can be
calculated by adding n layers necessary to provide 8- and 1000-fold attenuation:

n=3+10=13. (3)

To determine the effective thickness of protective shield when working with radionuclide
source of specific activity, we need to use the formula:

AxA
TR @
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R x mCi

rae Py is the exposure dose rate (R/hr); 4 — is the decay constant (for 18F, = 6.95 hrx cm’ (Me-
likhova, 2023)); A4 is the activity of the source (mCi); R is the distance from the source (cm).

By calculating the equivalent dose rate (PH) or measuring its value using a dosimeter, it is
possible to calculate the attenuation multiplicity, which would allow to select the thickness of shield
according to the reference book (Melikhova, 2023).

The frequency of attenuation of ionizing radiation is calculated as the ratio of the effective
dose rate from a certain source to the permissible annual dose rate limit set for “A” group person-
nel:

per , (5)

where Kk is the multiplicity of attenuation of ionizing radiation, Pk is the effective dose rate from the
source of ionizing radiation, Pper is the permissible dose rate for the personnel of group A, B or the
population, depending on the category of protected persons. Pada. for the personnel of “A” group is
11.76 mSv/h, for the personnel of “B” group it is 2.5 mSv/h, and for the population — 0.11 mSv/h.

It is known that the activity of the produced source with the isotope ®F is 4 curies (A = 4,000
mCi). This means that the exposure dose rate from an unprotected source at a distance of 1 meter (R
=100 cm) would be:

6.95x 4,000
P, =———=278R
Y1007 Hr | (6)

To further determine the multiplicity of attenuation of the effective dose rate, it is necessary to
carry out a number of transformations that cannot be limited by the assumption that 1 Sievert is
equal to 100 roentgens (1 Sv # 100 R). If the exposure dose rate (Px) from 8F source out of protec-
tive container, measured at a distance of 1 meter (100 cm) or calculated by formula (4), is 2.78 R/hr,
then it should be taken into account that in the conditions of electronic equilibrium, when the total
energies of electrons leaving and entering a certain volume are equal, the following correlation is
established between the units of measurement of the exposure and absorbed dose in the air:

i.e., the exposure dose of 1 R corresponds to the absorbed dose in the air equal to 0.87 rad, however,
this value differs from the dose that a person would receive if exposed to radiation in the same field.
The dose in the air is caused mainly by the presence of nitrogen, carbon and oxygen, whereas bio-
logical tissue contains hydrogen (10.1% by weight), characterized by twice the absorption capacity
compared to other elements, therefore, the biological tissue exposure dose of 1 R corresponds to the
absorbed dose equal to 0.0095 Gy.

Since for X-ray, beta and gamma-radiation, the equivalent dose is equal to the absorbed one,
then 1 R/hr can be taken equal to 0.0095 Sv/hr, and the equivalent dose rate (PH) from the consid-
ered source 8F at a distance of 1 m would be:

P, =2.78x0.0095=26.41mSv/ hr (8)

The effective dose rate (Pg) of external irradiation is calculated by the formula:

PE:PHXKT’ (9)
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where K is the coefficient of transition from an equivalent dose to an effective one, which is equal
to:

1. 0.642 — due to the division of 0.7 by 1.09. The UN Scientific Committee on the Effects of
Atomic Radiation recommended to calculate the effective dose from all radionuclides in the envi-
ronment on the base of the absorbed dose in the air by using a conversion factor of 0.7 (Ata-
manyuk et al., 2023) to account for radiation shielding by various organs and tissues and its
backscattering, and indicated more accurate coefficients for converting the absorbed dose in the air
into an effective dose for ionizing particles and photons of various energies. When measuring the
absorbed dose with air equivalent dosimeters, it is required to translate the measured results into
units of equivalent dose in biological tissue, which requires knowledge of the ionizing radiation
spectrum. In the absence of data on the spectrum and small differences in the dose rate from the
background, the transition coefficient from the absorbed dose in the air to the equivalent dose in the
tissue can be assumed to be equal to 1.09 as a result of the ratio of the equivalent of an off-system
unit of the exposure dose (1 R) in biological tissue (0.0095 Gy) to a similar indicator in the air
(0.0087 Gy);

2. 1.903 is the maximum value of the conversion coefficient of the air KERMA into an equiv-
alent dose (Hp(6)/K) in a plate phantom according to Table Ill.1a (IAEA Safety Standards, 2015);

3. 1 —according to the definition of the effective dose in the sanitary rules (Tsoy, 2020), since
the sum of the weighting coefficients taking into account the radiosensitivity of various organs and
tissues is equal to 1.

In the first case, the exposure dose rate of 2.78 R/hr would be equal to the effective dose rate
of 16.96 mSv/hr, in the second case — 50.26 mSv/hr, in the third case — 26.41 mSv/hr.

The necessary multiplicities of attenuation of these dose rates, calculated according to formula
(5) for various categories of protected persons, would be respectively:

— for “A” group personnel — 1,442; 4,274 and 2,246;

— for “B” group personnel — 6,784; 20,104 and 10,564;

— for the population — 154,182; 456,909 and 240,091.

If we use the classical definition of the effective dose from the sanitary rules (Tsoy, 2020) as
the result of multiplying the equivalent dose by the sum of the weighting coefficients of the radio-
sensitivity of organs and tissues of the whole organism, equal to 1, and also take into account the
margin factor in the design of biological protection equal to 2, then according to the principle of hy-
perprophylaxis of potential radiation hazard, the calculation of the effectiveness of protecting per-
sonnel and population from the source 8F of 4 Ci activity in a tungsten container with a wall thick-
ness of 29.5 mm should be based on the following data:

— the effective dose rate (Pg) at a distance of 1 m from an unprotected source 8F of 4 Ci activ-
ity is 50.26 mSv/hr;

— the multiplicity of attenuation (k) of the effective dose rate from an unprotected source 8F
of 4 Ci activity is equal to 4,274 — for “A” group personnel; 20,104 — for “B” group personnel and
456,909 — for the population.

At first glance, the validity of the chosen calculation option is not confirmed by the dose
equivalents that had being measured for over 2 hours by means of the Harshaw 6600 Lite individual
dosimeters at various distances from 8F source with an activity of 4 Ci (Table 2).

Multiplication of the measured dose rate of 19.7 mSv/h by the maximum value of the conver-
sion coefficient of the air kerma into an equivalent dose of 1.903 equals to 37.49 mSv/h, which is
25% less than the conservative calculated value of 50.26 mSv/h. This is due to the fact that the
measurements were carried out by the Harshaw 6600 Lite instrument manufactured in the USA,
where a different approach to determine the individual equivalent of the whole body radiation dose
Hp(10) is used. According to the domestic standard, the entire ionization energy is converted into
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Hp(10), whereas the American colleagues attribute the Compton scattering energy of the charged
particles entering the limit of annual irradiation to the dose on the skin Hy(0.07) (Kim et al., 2019).

Table 2
2-hour individual dose equivalents by exposure to *®F radionuclide source with an activity of 4 Ci [author’s material]
Individual dose

N/a Distance from the source R, m . Dose rate, mSv/hr.
equivalent, mSv

1. 0.1 3.8 x10° 1.9 x 10°

2. 0.5 1.5 x 10? 75

3. 1 39.4 19.7

4, 5 1.6 0.8

5. 10 0.38 0.19

Considering that in order to determine the thickness of the protection in absolute terms by ap-
plying the data in Table 1, it is necessary to know the thickness of the layer of the deep attenuation
of the absorbed dose rate of brake-, X-ray, gamma- and beta-radiation, which is 0.3 cm (30 mm)
(Dreyzin et al., 2022) for tungsten with a density of 19.25 g/cm?. In this case, the tungsten protec-
tion thickness of 5, 6 and 8 cm, respectively, is required to protect the personnel of groups “A”, “B”
and the population at 1 m from the source 8F of 4 Ci activity during the full working day. However,
this is a very rough approximation, since these results were obtained using the express method of
choosing a protective material and its thickness, applicable only in an emergency situation.

Knowing the decay energy of ‘®F radionuclide (E = 0.25 MeV) and the necessary multiplicity
of attenuation of the created dose rate, it is easy to find the thickness of the tungsten wall, which
would be:

— 3.6 cm — to protect “A” group personnel at 1 m from the source 18F of 4 Ci activity during a
full working day;

— 4.2 cm — to protect “B” group personnel at 1 m from the source '®F of 4 Ci activity during a
full working day;

— 5.5 cm — to protect the population at 1 m from the source ®F of 4 Ci activity during a full
working day.

3 MATERIALS AND METHODS

Today, the cornerstone in calculating the thickness of shielding against ionizing radiation is
the determination of the effective dose, which characterizes the value of the risk of the long-term
effects of radiation exposure overall human body and its individual organs and tissues, taking into
account their radiosensitivity. The rule of calculation of the individual dose equivalent in the whole
body to the effective dose is of the fundamental importance, since the concept of effective dose was
introduced to assess the risk of stochastic effects of irregular irradiation of the whole body, and its
values are now normalized values of radiation exposure on the human body, established by
international and national standards. Calculation of effective dose according to the formula
proposed by the sanitary rules (Tsoy, 2020) is rather complicated task due to the lack of information
about the equivalent dose in organs, therefore, in practical work, there is used an approximate
method based on the additivity of the effective dose determined by the formula (5).

Radiation safety hygienic standards (Giniat, 2022), along with the main dose limits, also in-
dicate dose coefficients in terms of effective or equivalent dose per unit of external radiation flux or
1 Bq of radionuclide in the body through the respiratory organs or food tract for the most critical
age group and the most toxic chemical form of the radionuclide. Thus, if we include the multiplica-
tions of magnitudes of each monofactor effect on its dose ratio, then in sum, we obtain a value equal
to or greater than the actual effective dose received. This method became the basis of the methodol-
ogy for determining the maximum effective dose (Kudryashev & Kim, 2019).
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4 RESULTS AND DISCUSSION

Thus, the thickness of the tungsten protection of 29.5 mm is quite sufficient to ensure an ac-
ceptable level of radiation safety of “A” group personnel, especially if we take into account the
short half-life of 8F (T12 = 109.77 min) and the exponential decrease in the dose load from one
source per person over time.

If we assume that a tungsten container (wall thickness of 29.5 mm) with the source 8F of 4 Ci
activity is near an external wall or concrete partition adjacent to a permanent residence of popula-
tion, in which the equivalent dose rate should not exceed 0.03 mSv/hr according to the sanitary
rules (Tsoy, 2020), then it is necessary to assess the sufficiency of the concrete thickness of 20 cm
according to the project of the Center of Nuclear Medicine.

Calculated according to equations (6) and (8), the equivalent dose rate from the source ‘8F of
4 Ci activity is 26.41 mSv/hr. If the wall of the tungsten container with a thickness of 29.5 mm, cor-
responding to the thickness of the polymer attenuation layer (30 mm), reduces the initial dose rate
by half, i.e. up to 13.2 mSv/hr, then the additional attenuation multiplicity must be calculated by the
formula (5):

3
K= 13.2x10° uSv/ hr _0.44x10°
0.03u5v/hr _ (10)

Knowing the decay energy of 8F radionuclide (E = 0.25 MeV) and the necessary multiplicity
of attenuation of the created dose rate, we find that the required thickness of concrete protection is
70 cm (according to the reference book (Melikhova,2023)).

5 CONCLUSIONS

Thus, in order to comply with the requirements by maintaining the equivalent dose rate in a
room for population at the level of 0.03 mSv/hr, it is necessary to increase the thickness of adjacent
concrete walls and partitions up to 70 c¢m, if a tungsten container with ‘8F source of 4 Ci activity
stays near it. Depending on the method of determining the effective dose rate, its value varies by 3
times, which will certainly affect the magnitude of the attenuation ratio and, therefore, the shielding
thickness, which would be either insufficient or unnecessarily expensive. In the first case, it is pos-
sible, guided by the principle of hyper-prevention of danger, to take advantage of the equality of
effective and equivalent dose rate established by the sanitary rules. The choice of Kt equal to 0.642
would make it possible to heighten accuracy of calculation of the effective dose of internal irradia-
tion, since the above coefficient takes into account the screening of radiation by various organs and
tissues and its backscattering as well. In the second case, when the effective dose rate in corrobora-
tion with the requirements of the IAEA should be almost twice the equivalent, it is also reflected in
Kazakhstan's sanitary rules, according to which the permissible equivalent dose rate in premises of
permanent being of A group personnel is 6 uSv/hr, which is on average 1.9 times less than the quo-
tient of the ratio of the annual limit of the effective dose (20 mSv) to the shortened working time
(1,700 hr). The application of the third method, which implies the equality of the effective and
equivalent dose modules, is convenient in assessing the external effects of multifactorial chronic
exposure through instrumental 1IDC.
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