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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
alternative to the use of the Monte Carlo method. The article is based on a case with
a specific source of '°F 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 radiation doses units, and therefore the conclusion suggests
the most optimal of them in terms of physical efficiency, economic feasibility and
regulatory performance. Operational 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 maxanawviy makcamol HAyKACmapowvl UOHOAYULbL C)JleNeH)Oil
MeOUYUHANLIK KO3IHIH MepanusinvlK emec cayleleHyinen Kopeay oicone Monme-
Kapnoea 6anama 20ic 6olibinwa OHbIY Yi2al0biH ecenmey YWiH KabOvlp2a
KANbIHObIRIHLIY  HCEMKIIIKMINIZIH AHbIKMA) MaceleciH weuwlyin yculny. Ecenmey
yuiin 6acmanksl 0oepekmep peminde Kazaxcman Pecnybnuxaceinviy A0ponvik meou-
YUHA OPMATLIZLIHOA NATIOATAHBLIAMbIH KOPRAHBIWU KAOBIP2ACHIHbIY KAIbIHObIebl 29,5
MM 6onbhpam kommelinepinoezi bencenoinici 4 Ku 6onamoin °F paouonyknuomix
KO3l Kapanovl. 3epmmeydiy MiHOemmepi. Oencini 0encenoinikmiy paouoHyKIUOmi
KO3iHeH IKCHO3UYUSIbIK O03AHbIH KYyAmulH ecenmey, adam Kayincizoicin Kammama-
Cbl3 emy YUuiiH OHblH dICipey Jcuinicin ecenmey JcaHe OV YiH Kaxcemmi KYpuliblc
MamepuanbiHan KOP2aHvle KaniblHOblblH anblikmay. byn ecenmeynepoiy namuoicenepi
cayneneHyoiy apmypai mypaepiniy Oipaikmepin mikenell dcane Kepi camay a0iciHe
Oatilnanvicmel  632epyi  MYMKIH, OCbl2aH OQUIAHbICMbL KOPbIMbIHObL  (DUSUKATBIK
MUIMOINIK, IKOHOMUKATILIK OPLIHOBLILIK JHCIHE HOPMAMUBMIK-KYKbIKIMGIK OpPbIHOAY
MYPEbICLIHAH 011apObly el OHMAIbICLIH YcbliHaovl. Onepamusmi 003umMempusioq
He2i3iHeH paouayusnvly Kayincizoikmi OHMAulaHoblpy KAUOAMbIH iCKe dcblpy
JHCOHIHOe2l Macenenep wewineoi, 0J1 HOpMAIayMeH JHCoHe He2i30eyMeH mblebl3 Oatiia-
HBICMbl, COHOQU-AK OHOA JHCYMbIC VAKbIMbIH a3aumy, paouoakmuemi mMamepuana
Oeliinel KauwblKMulKmol YIaumy MHcoHe UOHOAY ARbIHGIH Jlcipememin KOpeaubill
9KPAHObL OpHamy ecebiHeH UOHOAYWbL CayleNeHy KO30epiH naudalany Kesinoe
aoamza mycemin 003ANbIK JHCYKMEMeHI Ic Jcy3iHOe KON JHcemepiik MaHee OeliH
azaumy yuzapwiiaosl. Onepayusnvik dosumempus ALARA npunyunin emneizy mace-
Jlecin wewedi JHcaHe paouayusiivlk Kayincizoikmi oHmatilanovlpy Maceielepin uie-
weoi. Adamea 003anblK HCYyKMeMeHi a3aumy HCYMblC YaKblMblH KblCKAPMY, Ca)JleNeH)
KO3iHe OelliHel KaubIKMbIKMbl YI2aUmy HcaHe KOPRAHbIC IKPAHbIH NAtOANIAH) apKbl-
a6l KON dcemKizinedi. Makanada paouonykiuomi ke30epoeH Kopaay YuiH KOpP2aHble
Mamepuanbli mayoay HcaHe OHbIH KAIbIHObI2bl CUNAMMATEAH.

Tyiiin ce3aep: sxcnosuyusnvly 003a, Ciyipinteen 003a, K8USAIeHmMmi 003d,
muimoi 003a, 003a Kyamwi, aicipey eceici, KOpeaHvlC IKPAHDL.
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AHHOTanus. [lenv Oannoli cmamvu 3aKn04aemcs 6 NpeoCmasieHuu Memoouxu
onpeoenerust 00CMAMOYHOCMU MOTWUHBL CIeHbL OJIsL 3aWUmsl NAYUEHMO8 Om Hene-
panesmuyeckoeo oonyuenus MeOUYUHCKUM UCMOYHUKOM UOHUSUPYIOWe20 U3TYYeHUs U
pacuemy ee ysenuueHusi no memooy, arvmepuamusHomy Moume-Kapno. B kauecmee
UCXOOHBIX OQHHLIX Ol PACYemA PACCMOMPEH PAOUOHYKIUOHbLI ucmounuk '°F ¢ ax-
muernocmvio 4 Ku 6 6onbhpamosom Koumelinepe ¢ MONWUHOU 3AUWUMHOL CTEHKU
29,5 mm, xaxue ucnonvsyromes 8 Llenmpe sioepnot meouyunvl Pecnyonuxku Kazax-
cman. 3aoauamu uccieo008anus A6IAI0MCs: paciem MOWHOCMU IKCNOSUYUOHHOU 00-
361 OM PAOUOHYKIUOHO20 UCMOYHUKA U36ECIMHOU AKMUBHOCMU, GbIYUCIEHUE KPATNHO-
cmu ee ocnabnenus 01 obecnevenuss OE30NACHOCMU Yell08eKa U YCMAHO8IeHUe Heo0-
X0OUMOUL OJ1s HMO20 MOIUUHBL 3AUUMbL U3 BLLOPAHHO20 CIPOUNETbHO20 MAmepuad.
Pesynomamot 0anHvlx 6bluUCIeHUL MOSYIT 8APLUPOBAMBCSL 8 3ABUCUMOCU O CHOCO-
ba npsamozo u 0bpamuozo nepecuema eOuHUY PasiuyHblX U008 003 00IVUEHUs, 8 C651-
3U € YeM bl800 npediazaem Hauboiee ONMUMATbHBIL U3 HUX C MOYKU 3peHus (husuye-
cKoll 3(hhekmuenocmu, IKOHOMULECKOU YeaecO0OPA3ZHOCMU U HOPMAMUBHO-NPABOBOLL
ucnoanumensuocmu. OnepamusHas 0o3uMempus peuiaem 3a0ayy peanu3ayuu npuH-
yuna ALARA, pewatromcsa 3adauu onmumuzayuu paouayuoHHOU 6e30naAcCHOCMmU.
CHudicenue 00306801 HAZPY3KU HA Yello8eKad 00CMU2Aencsl COKpaujeHuemM epemenu pa-
bomul, ygeruuenuem paccmosHus 00 UCMOYHUKA U3TYYEHUs U UCNONb308AHUEM 3a-
wumnozo sxkpana. Cmamoes onucvléaem blOOp 3aUUMHO20 MAMepuana u e2o moi-
WUHBL 0715 3aWUmbvl OM PAOUOHYKIUOHBIX UCTOYHUKOS.

KiioueBble ¢JI0Ba: 9KCNO3UYUOHHASL 003A, NO2NOWEHHASE 003d, IKEUBALEHMHAs
003a, a¢hghexmuenas 003a, MOWHOCMb 003bl, KPAMHOCMb OCAAONeHUS, 3AUUMHbIU
9KPAH.
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1 INTRODUCTION

According to the Hygienic standards (Giniat, 2022) and Sanitary and epidemiological
requirements 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
radionuclide 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 4w geometry. In accordance
with the requirements of hygienic standards (Giniat, 2022) %and sanitary rules (Tsoy, 2020) on
radiation safety, the acceptable equivalent dose rate when working with an ionizing radiation
source, including 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
radiation 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
attenuation multiplicity, is determined by the formula:

k=2n (1)

where £ is the required attenuation multiplicity, and # 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
"7 0,693
o, ()
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:
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R’ @)

RxmCi

rae Py is the exposure dose rate (R/hr); A — is the decay constant (for °F, A = 6.95 hrxcm®
(Melikhova, 2023)); 4 is the activity of the source (mCi); R is the distance from the source (cm).

By calculating the equivalent dose rate (Pu) 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
personnel:

per s (5)

where k is the multiplicity of attenuation of ionizing radiation, P is the effective dose rate from the
source of ionizing radiation, P, is the permissible dose rate for the personnel of group A, B or the
population, depending on the category of protected persons. Paqqa. 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:
6.95x4, OOO
P 2.78%
T 000 4’” (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 '*F source out of
protective 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:

1R = 0.0087Gy -

1.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
biological 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 (Pu) from the
considered source '°F at a distance of 1 m would be:

P, =2.78x0.0095=26.41mSv/ hr )
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The effective dose rate (Pg) of external irradiation is calculated by the formula:

Py =P, xK; ©)

where Kr 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
environment on the base of the absorbed dose in the air by using a conversion factor of 0.7
(Atamanyuk 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 (I 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
equivalent dose (Hp(6)/K) in a plate phantom according to Table IIl.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
radiosensitivity 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
hyperprophylaxis of potential radiation hazard, the calculation of the effectiveness of protecting
personnel and population from the source '*F of 4 Ci activity in a tungsten container with a wall
thickness 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 '°F of 4 Ci
activity is 50.26 mSv/hr;

— the multiplicity of attenuation (k) of the effective dose rate from an unprotected source '*F
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 '*F source with an activity of 4 Ci (Table 2).
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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 x 10° 1.9 x 10°

2. 0.5 1.5 x 10? 75

3. 1 394 19.7

4, 5 1.6 0.8

5. 10 0.38 0.19

Multiplication of the measured dose rate of 19.7 mSv/h by the maximum value of the
conversion 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
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 Hp(0.07) (Kim et al., 2019).

Considering that in order to determine the thickness of the protection in absolute terms by
applying 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
protection 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 '®F 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 '8F 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 '°F of 4 Ci activity during a
full working day;

— 4.2 cm — to protect “B” group personnel at 1 m from the source '8F 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).
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Radiation safety hygienic standards (Giniat, 2022), along with the main dose limits, also
indicate 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
multiplications 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 methodology for determining the maximum effective dose (Kudryashev & Kim, 2019).

4 RESULTS AND DISCUSSION

Thus, the thickness of the tungsten protection of 29.5 mm is quite sufficient to ensure an
acceptable 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 '*F of 4 Ci
activity is near an external wall or concrete partition adjacent to a permanent residence of
population, 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 '*F of
4 Ci activity is 26.41 mSv/hr. If the wall of the tungsten container with a thickness of 29.5 mm,
corresponding 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):

- 13.2x10° uSv/ hr
0.03uSv/ hr

=0.44x10°

(10)

Knowing the decay energy of '*F 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 cm, if a tungsten container with '*F 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
possible, 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
irradiation, 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
corroboration 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
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than the quotient 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 IDC.
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