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Influence of the irradiation geometry on the severity
of acute radiation damage
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The aim of this study was to demonstrate how the severity of radiation damage in the case of bone marrow
syndrome due to acute irradiation depends on the non-uniform irradiation of the body. We used the calculation
method that involves the evaluation of organism mortality as a function of bone marrow cells colony survival
vs dose for different radiation profiles. It was presumed that the probability of the death for the organism is the
same for the same value of survival level of the bone marrow cells regardless of the dose distribution by mass
of the organ. The dose of uniform irradiation that is equivalent to the dose for the L-th case of non-uniform
irradiation is calculate based on the survival level of the total marrow cells. After that the probability of the
death of the organism is estimated according to the dose response curve. Dose distribution in bone marrow of
computational MIRD-5-type stylized model adult man for different geometries of exposure by point source of
37Cs was evaluated. Larger non-uniformity of the dose distribution in the bone marrow at the same dose in
free air in the site of human location causes a greater probability of survival due to a greater proportion of bone
marrow cells that have preserved the possibility of reproduction. The values of mean 50% lethal dose for cases of
approximately uniform irradiation of the body surface (point source at a distance 10m) and sharply non-uniform
irradiation (point source at a distance of 0.5 m) differ approximately by the factor of 1.7 — 2.5 depending on
direction of irradiation. Additionally the values of conversion coefficients from the reading of an individual
dosimeter to the value of an effective dose for various geometries of irradiation of emergency workers from the
B37Cs point source were calculated. The average value of the conversion coefficient from personal dose to effective
dose for the considered exposure situations is 0.7 Sv Cy' and the 90% confidence interval is 0.49 — 0.99 Sv Gy™'.
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Cmambs nocesujeHa 0eMOHCMpAyuLU Mmoo, KaK msaxicecms paduayionHo20 HOPadceHus npu oCHpom
00nyMeHUU 6 cAyHae KOCMHOMO3206020 CUHOPOMA 3A8UCUM OM HEOOHOPOOHOCMU O00AYHEHUs OP2aHU3MA.
B cmambe ucnoav3osanu memoo pacuema, npu KOMopoM CMepHHOCMb OP2AHUZMA OUEHUBANACH HA OCHOGEe
GQYHKYUU BbIXICUBAHUS KACMOK KOCMHO20 M032d 8 3A8UCUMOCIU OM pacnpedeseHus 8 HeM NO2A0WeHHOL
do3zvl. [Ipednonaeanoce, umo eposmMHOCMb cMepmu 045 OPeAHU3MA 00UHAKO08A 0151 00HO20 U MO20 Jce 3HA-
YeHUsl YPOBHSL BbIJICUBAHUSL KACMOK KOCHHO20 MO32a He3a8UCUMO OM pacnpedeneHust 003bl HO MAcce OPeaHd.
Jlosa 00HopooHo20 00ayueHus, IK6uUarenmHas 0o3e L-eo cayuas HepagHoMepHo20 00nyuerus, paccuumol-
6a4ACb HA OCHOBE Q0NU BbINCUBUUUX KACMOK KPACHO20 KOCMH020 Mo32d. Tlocae smozo eeposmuocms cmepmu
OpeaHU3Ma 6 cayuae KOCHMHOMO3208020 CUHOPOMA OUEHUBAAACH C UCNOAb30BAHUEM 3A8UCUMOCMU CMeph-
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HOCMU OM NO2A0UWEHHOU 003bl 8 KAEMKAX KPACHO20 KOCMHO20 M032a NPU UX PABHOMEPHOM 00AyYeHUU.
Paccuumobiganocy pacnpedenenue no2noueHHoU 003bl 8 KPACHOM KOCHHOM Mo032€e 045 MAMeMamu4eckol
modeau MIRD-5 mena 83pociaoeo uenoseka 045 pasHvix eeoMempuii 00Ay4eHUs Om Mo4e4H020 UCMOYHUKA
B37Cs. BOavutas HepagHomepHoCmb pachpedenenus 003bl 8 KOCHHOM Mo32e Npu 00UHAKO0B0I 003¢ 8 80000~
HOM 6030yXe 6 Mecme PAcnoA0dCeHUs Panmoma 00yca06aU8aAa GONBULYIO BEPOSMHOCHTb GbINCUBAHUS U3-30
Oonvuteli 001U KAeMOK KOCMHO20 M032d, KOMOPble COXPAHUAU CHOCOOHOCMY K 80CNPOU3BEOeHUID. SHAYeHUS
cpedneil 50% nemanvHoil 0036l 0451 CAYHACE NRPUOAUSUMENbHO PAGHOMEPHO0 00AYHEHUS NOBEPXHOCIU (haH-
moma MIRD-5 (moueunwiii ucmounux va paccmosnuu 10m) u pe3xo HeoOHOPOOH020 00ayUeHUs (MmoUeuHbLl
ucmounuk Ha paccmosnuu 0,5 m) pazauuansucsy 6 1,7—2,5 paza é 3agucumocmu om HAnpaereHus NAOeHuUs
usnyuenus. Kpome moeo, 6vi1u paccuumarsl 3HaueHus Kodpouyuenmog nepexoda om NOKA3aHULL UHOUBU-
dyanvroeo dosumempa K 3hgexmuenoil 003e 045 pa3IU4HbIX 2eoMempuil 00ayueHuUs a8apuiiHbix pabom-
HUK06 2amma-usnyueruem moueurozo ucmounuxa ’Cs. Cpednee 3nauenue Kosgguyuenma nepexooa om
003bl, 3ape2ucmpupoB8anHoil UHOUBUAYANbHBIM 003UMEMPOM, K IQdekmusHoil dose 05 paccmampueaemsix
cumyayuii oonyuenus cocmasuno 0,70 Sv Gy npu 90% dosepumenstom unmepegane 0,49—0,99 Sv Gy~

KimoueBsie ciioBa: ocmpoe oonyuenue, paduayuoHHoe nopajicerue, KOCMHOMO0320801 CUHOPOM, 1emanb-

Has dosa.

Introduction

Arising acute tissue reactions (also referred to as
‘deterministic effects’) at whole body high-dose irradiation
to penetrating radiation for radiation protection purposes are
defined as possessing tissue-dependent dose thresholds
with a minimum of the order of ~1 Gy [1, 2].

We use the following definition of acute radiation syndrome
(ARS): “The acute radiation syndrome is a broad term used to
describe a range of signs and symptoms that reflect severe
damage to specific organ systems and that can lead to death
within hours or up to several months after exposure” [3].
Three specific clusters of symptoms, associated with damage
to three separate biologic compartments, point to the onset
of ARS. These are known as the hematopoietic or bone
marrow syndrome, the gastrointestinal syndrome, and the
central nervous system or cardiovascular syndrome. In this
respective order, they all occur with increasing whole-body
dose. The hematopoietic and gastrointestinal syndromes may
be accompanied by cutaneous radiation injury. Damage to the
skin can also occur in the absence of ARS, in the case of high
exposure by non-penetrating beta particles and low-energy
photons, or in the case of extremely non-uniform (contact)
exposure [4, 5].

Rapid emergency radiation dose assessment is necessary
to identify individuals for early medical intervention. Currently
medical intervention depends on the patient’s medical signs
and symptoms resulting from the radiation dose received.
Immediate treatment is needed for otherwise healthy persons
who have had whole or near-total body radiation exposure
exceeding 2 Gy. 3-5 Gy exposure without treatment would
result in at least 50% mortality within 3 to 6 weeks [3, 6].

Current state-of-the-art practice for determining acute
radiation doses relies on three methods using the following
medical indicators [2, 6]:

1. Time-to-onset and severity of nausea and vomiting.

2. Lymphocyte depletion kinetics.

3. Chromosome aberration cytogenetics.

But, these methods not satisfactory for managing the
medical casualties from radiological events and is need to
develop new capabilities to assess radiation dose quickly with
at least moderate precision [2].

IAEA has provided the following Generic Reference Levels
for medical actions during radiation emergency at external
exposure [7]:

BeBepgeHve

Mpu 06y4eHnn BCcero Tena NpoHMKaoLWmMM U3ny4yeHmem
B GOMbLIMX [03ax BO3HMKAKOLME OCTPble TKAHEBbIE peak-
UMK (Takxe HasdblBaeMble AeTePMUHUPOBaHHbIMN 3ddekTa-
MW) ONs Lenen paguauroHHON 3alumTbl ONPenensitoTCcsa Kak
MMetoLMe Nopor 403bl, 3aBUCSALLMIA OT TUNa TkaHu (opraHa),
C MUHUMabHbIM 3Ha4YeHem ~ 1 p [1, 2].

Mcnonb3dyem cnepyiollee onpeneneHne ocTporo pagu-
aumoHHoro (nyyesoro) cuHgpoma (OPC): «OcTpbiit pagna-
LIMOHHbIA CMHOPOM MCMOJNIb3YETCH AN ONMCaHUsl LUMPOKO-
ro Habopa MpPU3HAKOB M CUMIMTOMOB, KOTOpblE OTpaxarT
Cepbe3Hble NMOBPEXAEHNS ONPEAENEHHbIX CUCTEM OpPraHoB
1 MOTYT NPUBECTU K CMEPTU B TEYEHNE BPEMEHN OT HECKOb-
KNX 4aCOB [10 HECKOJIbKMX MECSILEB NOCNe BO3AENCTBUS U3-
nyyenus [3]».

Paznuuatot Tpm cneumduueckux tuna OPC, cBsA3aH-
Hble C NMOBPEXAEHNEM TPEX OTAENbHbIX CUCTEM OpraHM3Ma.
OHKM M3BECTHBbI KaK KOCTHOMO3rOBOWM CUHAPOM (KPOBETBOP-
Has ¢opma OPC), KMWEYHbI CUHAPOM W NMOPaXeHUE LIEH-
TpasibHON HEPBHOWN cucTeMbl. B TakoM nopsiake OHM BO3-
HUKAIOT C yBENMYeHMeM [03bl 00ny4yeHus Tena YenoBeka.
KpoeeTBopHas u knweyHas Gopmbl OPC MOryT COnpoBOX-
0aTbCa PaanaLMOHHBIM MOPaXeHNeM Koxu. PagnaumoHHoe
NOpPaXeHne KOXM Takxke MOXET BO3HMKATb NPW OTCYTCTBUM
OPC B cnyyae Bo3aeiicTeust 60bLUNX 0,03 CnabomnpoHmKato-
Liero 6eta-n3nyyeHnss UaM HU3KO3HepreTnyeckmx GOTOHOB
WM B CNly4ae Ype3BblyaliHO HEOOHOPOAHOMO pacnpeaeneHns
NMOrNOLWEHHOM O03bl MO TeNy YenoBeKa (KOHTakTHOe 0bny4ye-
Hue) [4, 5].

BbICTpas oLeHka f03bl B Crly4ae BO3HMKHOBEHMWS aBapuin-
HOW cuTyaumm Heobxoamma, B HaCTHOCTU, ANs uoeHTuduKa-
LK L, NOANEXALLMX PAHHEMY MEAMLIMHCKOMY BMeLLaTeb-
CTBY. B HacTosllee BpemMs MeOMLMHCKOE BMELIATENbCTBO
NPONCXOANT B 3aBUCMMOCTU OT HANYNS MEAVNLMNHCKUX CUM-
NTOMOB, U3BECTHbIX 1 XapakTePHbIX A5 TOW UAN UHOM A03bl
06nyyeHns Yenoseka. HemeaneHHoe MeaMUMHCKOe BMeLa-
TeNbCTBO HeoBX0AMMO 419 Ntofel, KoTopble MOrv UMETb
obulee obnyyeHme opraHmama B 0o3e, npesbiluaioLlein 2 Ip.
O6uiee 0bnyyeHune B no3e 3-5 p 6e3 nevyeHns NpMBeOET K He
MeHee 50% cmepTHOCTHM B TeveHune 3-6 Hegensb [3, 6].

CoBpeMeHHass MeamumMHCKas NpakTuka Ans OueHKn 003
npw OCTPOM PaAMaALMOHHOM MOPaXeHUM ONUPAETCH Ha UC-
NnoJib30BaHNE CReayoLMX MeONLIMHCKMX NokasaTenen [2, 6]:
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1.AD, ., > 1 Gy-Eq (is used to address external exposure
to the red marrow, lung, small intestine, gonads, lens of
eye, and thyroid from irradiation in uniform field of strongly
penetrating radiation).

2.AD,_ . > 25 Gy-Eq (dose delivered to depth of 0.5 cmiin
tissue from contact (e.g. source carried in hand or pocket)).

3.AD,,, > 10 Gy-Eq to 600 cm?.

The existing guidelines for determining radiation doses
usually state how to estimate the dose for a uniform irradiation
of the body. Emergency irradiation of the body is frequently
non-uniform. To select the proper method of treatment of
injured it is necessary to evaluate dose distribution across
the body or individual organs and tissues (for example, in red
bone marrow).

According to UNSCEAR data [1] majority of radiation
accidents with early acute clinical effects are linked to an
accidents involving sealed sources used in industrial facilities
and in medical applications. 146 radiation accidents related
to these practices with 1050 early acute clinical effects
were reported in 1945-2007 period; 97 people deceased
due to the high-dose irradiation. As a rule, these sources
contained such radionuclides as '*lr, '¥"Cs, ®Co. The first
rule in effective management is to be prepared. Preparation
requires becoming knowledgeable about various emergency
scenarios and thinking through appropriate responses to
them before they occur.

The main aim of this study was to demonstrate how the
severity of radiation damage due to acute irradiation in
the case of bone marrow syndrome depends on the non-
uniformity irradiation of the body with sealed sources of
gamma radiation.

When performing the work to liquidate the consequences
of accidents with sealed sources of gamma radiation doses
of emergency workers should be estimated in terms of an
effective dose on the basis of the readings of individual
dosimeters. We did not find the data in the literature about
the ratio of the readings of the individual dosimeters and the
effective dose for such cases of human irradiation.

Therefore, the accompanying aim of this study was to
calculate the values of conversion coefficients from the
readings of the individual dosimeters of emergency workers
to the value of effective dose.

Materials and methods

In case of damage of the hematopoietic system it is as-
sumed that the death of the organism with a given probabil-
ity occurs if the total activity of the system of cellular forma-
tion of the critical organ after irradiation is less than a certain
threshold.

T.D. Jones stated [8] that the procedure for evaluating the
organism mortality in the case of hematopoietic form of ARS
includes the search for the expression of organism mortality
as a function of survival of the red bone marrow (RBM) cells at
uniform irradiation and estimation of survival level RBM cells
vs dose for different radiation profiles in the cases of non-uni-
form distribution of radiation. Fig. 1 shows dose dependen-
cies of the survival fraction of a population of RBM cells at
uniform irradiation by photons with energy 660 keV obtained
based on T.D. Jones data [8].

In order to integrate the data of Fig. 1 over the widely dis-
tributed hematopoietic proliferative system in human the dose
distribution of RBM mass (marrow dose profiles) for different

1. Bpemsi Hayana nocne o06ay4eHnst 1 TEXKECTb NposiBe-
HWUSI TOLLUHOTbI Y PBOTHI.

2. KuHeTrka ncToLLeHns NM@OoLMTOB B KPOBU.

3. LUuToreHeTnyeckne wuccnenoBaHMs XPOMOCOMHbIX
abeppauuii.

OpHako B [2] ykasblBaeTcsl, YTO B AOMOJSIHEHME K 3TUM
MeaunKo-b1oNorMyeckuMm BO3MOXHOCTSAM HEOOX0AMMO pas-
paboTaTb HOBble MeToAbl Asa ObICTPOK duanyeckom (pac-
YETHO) OLLEeHKM [03bl 00y4eHNs NOCTPaAaBLUMX, XOTS Obl C
YMEPEHHOM NOrpPeLlHOCTbIO.

MATATO onpegensieT cneytowme obLme 0030Bble YPOB-
HW A5 MeAMLMHCKOrO BMeLLaTeIbCTBa Npu OCTPOM BO3aein-
CTBMWM BHELLHEro nanyyeHus [7]:

1. AD, ., (nosa obGny4eHus Bcero Tena) > 1 Ip (ucnosnb-
3yeTcs Mpy XapakTepUCTKE OONyYeHUs OTAENbHbIX Opra-
HOB — KpacHOro koctHoro moara (KKM), nerkux, TOHKOro ku-
LLIEYHNKA, rOHa, XPyCTaNMKOB Mas, WIMTOBUOHOM Xenesbl B
OLHOPOAHOM MOE CUIIbHO MPOHUKAIOLLErO U3NYHEHNS).

2. AD,, . (BO3a NIoKanbHOro 06y4eHnsa MArkMx TkaHem Ha
rny6uHe 0,5 cm n nnowaam 6onee 100 cm?) > 25 Mp (Hanpu-
Mep, OT MCTOYHMKA NEPEHOCMMOTO B pPyKe Ui KapMaHe).

3. AD_, . ([03a KOHTAKTHOrO 0G/y4EHVS KOXM MioLaibio
0o 600 cm?) > 10 I'p.

CywecTByioLiMe pykoBOASLWME AOKYMEHTbI Ans onpe-
neneHnst o3 nany4eHnst obblI4HO MOCBSILLEHbI OLEHKEe 403bl
paBHOMEpPHOro 065y4YeHUs opraHuama. ABapuiiHoe o06ny-
YeHne Tena YesoBeKa 4acTo He SBASIETCA PaBHOMEPHbLIM.
MoaTomy B 5TOM cinyyae, YTobbl BeibpaTh NPaBUIIbHbIM CMO-
cob neyeHnsi, HEOOXOAUMO OLEHUTb pacrnpeaeneHne Ao3bl
no Teny NoCTpaaaBLUMX UM NO OTAENbHBIM OpraHam 1 Tka-
HAM (Hanpumep, B KKM).

CornacHo gaHHbiM HKZAP OOH [1], 60nbLIMHCTBO pa-
OnaumnoHHbix aBapuii ¢ OPC cBa3aHbl C HECHACTHBLIMK Cy-
YagMM C  3aKPbITBIMM  WUCTOYHWKAMU  FamMMa-u3nyyeHus,
NCMNONb3YEMbIMM Ha MPOMBILLNEHHbIX OObEKTaX, a Takxe
B MeaunumHe. B 146 pagnaumoHHbIX aBapusx, CBS3AHHbIX
C 9TON peatenbHocTblo, B 1945-2007 rr. 6bI1M OTMEYEHbI
1050 paHHUX OCTPbLIX KAMHUYEecKkuX addekTos; 97 yenobek
norndnu n3-3a obnyyeHma B 6onblunx nosax. Kak npasuno,
3T UCTOYHMKU COIEpPXanu Takue pagamoHykKnuabl, kak '®2lr,
87Cs, %°Co. MNepBoe npaeuno B apdeKTVBHOM yrnpaBieHun
KPU3UCHBIMW CUTyauusIM1 — 3TO NpeaBapuTenbHas noaro-
TOBKA JaHHbIX O BO3MOXHbIX CLLEHApUsIX UX Pa3BUTUS U 3a-
©naroBpeMEHHbI MOMCK COOTBETCTBYIOLLMX PELLEHUI 1 Cro-
co60B pearnpoBaHus.

OcHoBHas LUenb 3TOr0 UCCNeaoBaHusl COCTosinia B TOM,
4yTOObl NPOAEMOHCTPMPOBATh, KaK TAXECTb paanauyoHHOro
nopaxeHus Ha NprYMepe 0CTPOro 06y4eHNs YesoBeka ram-
Ma-n3y4eHnem OT 3aKpPbITbIX MICTOYHMKOB B CJly4ae KOCTHO-
MO3roBOro CuMHApoma (KpOBETBOPHOM OpMbl ly4eBol 60-
JIE3HN) 3aBUCUT OT HEPABHOMEPHOCTM 06JTy4eHns ero Tena.

Mpwv BbINOAHEHMN PABOTHLI MO NMMKBUAALMMW NMOCNEACTBUIA
ABaPUIHbIX CUTYyaLMI C 3aKPbITbIMU UCTOYHMKAMUW raMMa-n3-
Jly4eHns 003bl aBapUiiHbIX PabOTHUKOB crieayeT OLeHVBaTh B
TEPMUHax apPeKTUBHON L03bl HA OCHOBE NOKa3aHU UHON-
BUAYyaNIbHbIX AO3MMETPOB. Mbl He 0BHAPYXWW B IMTepaTtype
[OaHHbIX O COOTHOLLEHMW MEXY NMOKa3aHNSIMU MHOVBUAYaSTb-
HbIX A03VUMETPOB U 3Ha4YeHUAIMN 3G DEKTUBHON A03bl AN Ta-
KUX CUTyaLnin 06ny4eHns Yenoseka.

MoaTomy BO3HWMKNA AOMOJSIHUTENbHASA LeNib UCCenoBa-
HWUSI, COCTOSILLAs B TOM, 4TOObI paccumTaTb 3HaYeHUs1 KOad-
GULMEHTOB Nepexona OT NokasaHuii MHANBUAYaIbHbIX 03U~
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irradiation scenarios must be calculated. That was performed
using a dedicated calculation software [9, 10], that allows cal-
culating the values of mean absorbed organ doses in 20 or-
gans and tissues in computational MIRD 5 type stylized adult
and pediatric models [11, 12], effective dose and ratios of ef-
fective dose to individual dosimeters readings for 48 points on
the surface of the phantom.

The bone marrow dose profiles were calculated for the
cases of point '¥’Cs source located in front, behind and side
of the phantom on different distances from vertical axis of
phantom on the height of 1m above the floor and for the case
when it was in contact with phantom (trouser pocket).

The fraction of RBM which preserved reproduction after
irradiation is determined by the Equation 1:

w_ W(PY. (DMLY — gL
S Zi:m, (D)-s(DP) =53 1)

where S is survival level of the total marrow cells; m*(D)
is the dose distribution of RBM mass at L-th case of non-uni-
form exposure; s(D(") is dose dependence of viability of RBM
cells (Fig. 1); 5 is a mean value of function S at L-th case of
non-uniform exposure.

It is further postulated that the probability of death for the
organism is the same for the same values of S/ regardless
of the dose distribution by mass of RBM. Dose D of uniform
irradiation equivalenttothe L-th case of non-uniformirradiation
is calculated based on the value of S (Equation 1) and dose
dependence of viability of RBM cells (Fig. 1). The final step is
to calculate the probability of death of the organism according
to the dose response function for hematologic mortality [8]
(see Fig. 2):

Mortality(%6) = EXP(3.84+5.35- LN(D/ LD,})), LD,, =25 Gy (2)

MEeTpPOB aBapUiiHbIX PaBOTHMKOB K 3HAYEHUSIM 3D PEKTUBHOM
[03bl.

Ma‘repuanhl n metToabl

B cnyyae nopaxeHuns KPOBETBOPHOW CUCTEMBI Npeanona-
raeTcs, 4TO CMepTb OpraHnM3mMa C HeKOTOPOW BEPOSTHOCTLIO
HacTynaeT, ecnv 06LLas aKTUBHOCTb CUCTEMbI KJIETOYHOIO
0OHOBEHNS KDUTUHECKOIO OpraHa, B JaHHOM Clyyae Kpac-
Horo kocTHoro mo3ra (KKM), nocne 065y4eHnsi MeHbLLE, YEM
onpeaeneHHbI Nopor.

T.D. Jones npegnonoxwun [8], 4To npouenypa OUEHKM
CMEPTHOCTM OpraHM3amMa OT KPOBETBOPHON (POpPMbI OCTPOW
JlyyeBO 0O0NesHW BKJIOYAET B CeOSA MOMCK BbIPAKEHUS
CMEPTHOCTN OpraHM3mMa Kak YHKLUUN BbIXXMBAEMOCTU Kile-
ToK KKM 1 Ou€eHKM COOTBETCTBYIOLLEN A03bl PABHOMEPHOIO
061y4eHNS KNETOK MO X YPOBHIO BbIXXMBaHWUS ANS Pa3NYHbIX
npodunen HepaBHOMEPHOIo pacnpeaeneHmsa nanydeHns. Ha
pucyHke 1 nokadaHa 4030Basi 3aBMCUMOCTb BbKMBAHWS KJie-
ToKk KKM npu paBHOMepHOM 00ny4eHnn GOTOHAMU C 3HeEpP-
rnen 660 k3B, nonyyeHHas Ha 0CHoBe AaHHbix T.D. Jones [8].

YT1006bl MCNONL30BaTb AAHHbLIE PUCYHKA 1 Npu paBHOMeEp-
HOM 0Ony4yeHuM Ona ciydaeB pPe3ko HepaBHOMEPHOro 06-
JlydyeHus, OblIv paccunTaHbl pacnpeneneHns nornoLeHHoM
003bl o macce knetok KKM (npodwunm 8osel) ons pasnnyHbix
cueHapveB 065y4eHust. [Ins aToro ncnonb3oBany cneuyanm-
31poBaHHOe nporpammMHoe obecneveHune [9, 10], no3sons-
IOLLLEE PACCHMTBIBATb 3HAYEHUS CPEAHMX MOMOLWEHHbIX 403
B 20 opraHax 1 TKaHsix B pacyeTHOM MoJenn Tena yenoBeka
MIRD-5 pasnuyHoro Bo3pacta [11, 12], apdpekTnBHYI0 003y,
pacnpegaeneHuve o3bl no macce KKM 1 cooTHOLEHMS MexXay
3 dexkTnBHOM 00301 1 nokazaHnaMn 48 MHAMBUAYANbHbLIX
O03MMETPOB, PACMONIOXKEHHBIX HA MOBEPXHOCTM haHTOMA.

Fig. 1. Dose dependencies of viability of red bone marrow cells at uniform irradiation by 660 keV photons [8]
[Puc. 1. Jo3oBasi 3aBMCMMOCTb BbIXXMBAEMOCTU KJIETOK KPACHOIO KOCTHOrO MO3ra npu 0AHOPOAHOM 061ydeHn hoToHaMu C aHepruen
660 kaB]
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The same computational software [9] was used for the
calculation of conversion coefficient values from the readings
of the individual dosimeter located in the “typical” position on
the body surface (see Fig.3) to the value of effective dose.
Geometry of irradiation of emergency workers corresponded
to different positions of point '*’Cs source in a front half-space
relative to the worker.

Results and discussion

The results of marrow dose profiles calculation in the cas-
es of point '¥’Cs source located in front, behind and side of
the phantom on different distances of 0.5m, 1m and 10m from
vertical axis of phantom and in the case when it is in the con-
tact with phantom (trouser pocket) are shown in Fig. 4. Then
data in Fig.4 were used according to the Equation 1 for eval-
uation of the survival level of the total marrow for each irradi-
ation situation. After that using Equation 2 the probabilities of
mortality in the case of bone marrow syndrome were estimat-
ed. Obtained results of our calculations are shown in Table 1.

Mpodunun ao3bl BbiIM paccunTaHbl 4SS Cly4aeB ToYeY-
HOro ncto4Huka '*’Cs, pacnonaraBlLUerocs crnepeauv, c3aom
1 cboKy OT paHTOMa Ha PasHbIX PACCTOAHMAX OT ero BEPTU-
KanbHOM OCY Ha BbicOTe 1 M Haf NosoMm, 1 Ans ciydas, Koroa
WCTOYHNK HaXOAMCs B KOHTakTe ¢ haHTOMOM (B OpIOYHOM
KapMaHe).

®pakuma knetok KKM, coxpaHumBLIas CNocOBHOCTb K
BOCMPOM3BEAEHNIO NMOCce 06yyYeHns, onpeaensnachb ¢ no-
MOLLLIO ypaBHeHus 1:

s® = ime”(D) -s(D) =5 (1)

roe: S — dpakupms knetok KKM, koTopasi coxpaHuna crno-
COBHOCTL K BOCMPOM3BEAEHMIo nocne obnyvenns; mt(D) -
pacnpeaeneHne normoLeHHom ao3bl no macce KKM gns L-ro
cnyyas HepaBHOMEPHOro Bo3aevicTeus; s(D/Y) — nozosas 3a-
BMCMMOCTb crnocobHocTu knetok KKM k BocnpousBemeHuio
NP1 PaBHOMEPHOM 0bnyyeHnn (cm. puc. 1); s — cpeonee
3HayeHve oyHkumMm S gng L-ro cnyyYas HepaBHOMEPHOrO
061y4eHmst.

Fig. 2. Response function for prediction of mortality due to the hematologic syndrome [8]
[Puc. 2. ®yHKUMS NPOrHO3a CMEPTHOCTU MPU FEMATONOrMY4ECKOM CUHAPOME]

Fig. 3. The “typical” individual dosimeter position, i.e., 14 cm below the thyroid and 9 cm shifted to the side
[Puc. 3. TvnuuHoe pacnonoxXeHne NHAMBUAYANbHOMO 403UMETPa — 14 CM HUXE LLIMTOBUAHOW Xene3bl CO CMeLLeHrem B60k Ha 9 cm]
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Fig. 4. The dose distribution of bone marrow cells for point '*’Cs source located on different distances in front, behind and side of phantom on
the height 1m above floor
[Puc. 4. PacnpeneneHue 0o3bl B KeTkax KpacHOro KOCTHOrO MO3ra [i1sl TOHeYHOro NCTo4HUKa '¥7Cs, pacnonoXeHHOro Ha pasHbIX
paccTosHuaX crnepeaun, c3aam 1 cooky oT paHToma Ha BeicoTe 1 M Hag, nosioM]
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Table 1

Estimated hematopoietic mortality for different geometry of acute irradiation of man by '*’Cs source

[Tabnvua 1

OueHeHHas remaToJiorM4eckas CMepPTHOCTb NPU OCTPOM 00JTy4eHUN YesloBeKa UCTOYHUKOM '¥7Cs B pa3finyHbiX reomeTpusix]

Kerma in free air (Gy) at a height of 1m on the vertical axis of phantom

Mortality,%

[Kepma B BO3ayxe (I'p) Ha BbICcOTE 1 M Ha BepTUKaNbHON OcK haHToma]

[CmepTHOCTD, Source in front Source behind Source side
%] [NcTo4Hwmk cnepeau] [McTouHmK c3aam] [UcTouHuk cboky]
10m im 0.5m 10m im 0.5m 10m im 0.5m pocket

10 2.1 2.6 3.4 1.7 1.8 2.3 2.6 3.3 4.6 7.2
30 2.9 3.5 5.0 2.3 2.6 3.8 3.8 5.1 9.0 12.7
50 3.2 3.9 5.8 2.5 3.0 4.5 4.4 6.0 11.1 15.3
70 3.4 4.2 6.2 2.7 3.2 5.0 4.7 6.5 12.5 17.0
90 3.6 4.5 6.6 2.9 3.4 5.3 5.0 6.9 13.5 18.2

The results of calculations of marrow dose profiles (see
Fig. 4) indicate that the closer the source is located to the
human body the more non-uniformly separate parts of the
red bone marrow are irradiated (wider dose distribution).
That can be explained mainly due to the enhancement of the
effect of inverse squares law. The most uniform distribution
of the dose by mass of the RBM is observed for the source
located at a distance of 10 m from the human body when
the level of irradiation is determined mainly only by different
absorption of radiation due to the different depth of the
location in the body of separate parts of the RBM. The higher
non-uniformity of the irradiation of the RBM at the same dose
in the site of human location causes a greater probability of
survival due to a greater proportion of RBM cells that have
preserved the possibility of reproduction. The values of mean
50% lethal dose (LD,,) for cases of approximately uniform
irradiation of the body surface (point source at a distance
10m) and sharply non uniform irradiation (point source at a
distance of 0.5 m) differ approximately by a factor of 1.7 -
2.5 depending on the direction of irradiation. Due to the
features of the distribution of the RBM in the human body
irradiation from the source located behind of the human
body is the most dangerous; from the source located on the
side of the human body - is the least dangerous. For the
case of '¥’Cs source located in the trouser pocket the most
significant effect is the severe local damage of the skin and
tissues near the radiation source. For example, doses in the
skin and in the tissues at a depth of 5 mm (averaged over an
area of 100 cm? near the source) will be approximately two
orders of magnitude higher compared to the average dose
in the RBM [13]. A practically zero probability of death from
the bone marrow syndrome (kerma in air at an height of 1
m on the phantom axis ~ 1Gy, the average RBM dose ~ 0.6
Gy) is accompanied by the absorbed doses in the skin and
in the tissues at a depth of 5 mm averaged by area 100cm?
near the source more than 100 Gy, which will lead to their
death. It should also be noted that for the range of distances
from the phantom less than 0.5m a combined damage of
several critical systems, for example red bone marrow and
gastrointestinal system, is possible, since the onset dose
for the appearance of the first symptoms for gastrointestinal
syndrome is approximately 6 Gy [6].

Hence, the cases of irradiation considered here can be
classified on the basis of spatial areas where the type of acute
radiation syndrome will be determined:

[Janee nocTynMpoBanoch, 4TO BEPOSTHOCTL CMEPTU AN
opraHMama oamMHakoBa OJi OOAMHaKOBbIX 3HadeHuin S He-
3aBUCMMO OT pacnpenenexms nosbl no macce KKM. losa D
paBHOMEPHOro 00sy4eHUs, aKBMBaNIeHTHas Ao3e L-ro cny-
yasi HepaBHOMEPHOro 06Ny4eHUs, paccyMTbiBasiacb Ha OC-
HOBe 3HavyeHus S (ypaBHeHue 1) 1 [1030BOI 3aBUCUMOCTM
xun3HecnocobHocTn knetok KKM (cm. puc. 1). MocnegHwuia
Luar 3akJiloyancs B pacyeTe BEPOSTHOCT CMEPTU OpraHM3mMa
B COOTBETCTBMM C J030BOI 3aBMCUMOCTbIO CMEPTHOCTM Asi
kpoBeTBopHOI Gpopmbl OPC [8] (puc. 2):

CmeprHOCTS (%) = Exp(3.84+5.35-In(D / LD,y)), LD,, =2.5 Gy (2)

370 Xe nporpaMmHoe obecrneyeHne [9] ncnonb3oBanocb
ONs pacyeTa 3HavYeHun koadbuUMeHToB nepexoga OT MNo-
Kas3aHWn UHAMBUAOYANbHOrO OO03UMETPA, PACMOIOKEHHOO
B «TUMNYHOM>» MOJSIOXKEHMM HA NOBEPXHOCTM Tena (puc. 3), K
3HayYeHno addekTMBHONM A03bl. [eomeTpus 06yHeHns aBa-
PUAHBLIX PabOTHMKOB COOTBETCTBOBAsA Pa3/INYHLIM MOJIO-
XEHUAM TOYeYHOro uctovHuka '*’Cs B nepemHem nosynpo-
CTPaHCTBE OTHOCUTESNILHO PABOTHYMKA.

Pesynbrathl n 06cyxpaeHvne

Pesynbrathl pacyeta npodunen nornoweHHon Ao3bl No
macce KKM B cnyyae ToueyHoro uctodnmka *’Cs, pacnona-
raBLUErocs cnepeau, caaam u cboky oT GpaHToMa Ha PasHbIxX
pacctosHusx (0,5 m, 1 m 1 10 M) OT ero BepTukanbHOM ocu, 1
B CNy4ae, Korga OH Haxoamncs B KOHTakTe ¢ GaHTOMOM (kap-
MaH 6pIoK), NokKa3aHbl Ha pUCyHKe 4.

Janee aTn faHHble NCMOJIb30BAINCL B COOTBETCTBUM C
ypaBHeHVeM 1 4519 OLEeHKM BbXMBLUEen ¢pakumm kneTtok KKM
ONs Kax[on cutyaumm obnydenust. lNocne aToro ¢ ncnosb3o-
BaHVWEM YpaBHEHWS 2 OblNn OLEHEHbl BEPOSTHOCTU CMEpPT-
HOCTW OpraHMama B cJjlydae KpoBeTBOpHOW ¢opmbl OPC.
PeaynbTaThl pacyeToB NpeacTaBneHbl B Tabnuue 1.

Pesynbrathl pacyetoB npodunent fo3bl B knetkax KKM
(cMm. puc. 4) ykasblBalOT Ha TO, Y4TO YeM ONIMXE MCTOYHUK
pacrnonioXeH K Tesy 4enoBeka, TeM 6onee HepaBHOMEPHO
obnyyaiotcs otaenbHble Yactu KKM (6onee wmnpokoe pac-
npeneneHne 0o3bl). 3T0 MOXET OblTb 0OBACHEHO, MMaB-
HblIM 00pa3om, 3ddeKkToM 3akoHa 06paTHbIX KBAOPATOB.
Hanbonee paBHOMEpPHOE pacnpeneneHne MnoroLLEHHON
0o3bl no macce KKM Habniopaetcs ons UCTOYHMKA, pacno-
JIOXEHHOrOo Ha pacctoaHum 10 M OT yenoseka. B atom cnyyae
YypOBeHb 06J1y4eHns oTaenbHbix Yacte KKM onpenensietcs,
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—damage to the hematopoietic system (“clear” bone mar-
row syndrome) — at the distance from a body more than ~ 50
cm;

— combined damage of several critical systems (red bone
marrow and gastrointestinal system) — at the distance from a
body less than ~ 50 cwm;

- severe local damage to the skin and tissues located near
the radiation source — when wearing the source in the pockets
of clothes or hands.

Calculated conversion coefficients from the readings of
the individual dosimeter (for “typical” dosimeter position) to
the value of effective dose for different geometry of irradiation
of emergency workers by '*’Cs source are shown in Table 2.

Values of these coefficients that are below unity indicate
an overestimation of effective dose by personal dose, values
above unity an underestimation. It can be seen that for
all irradiation geometries personal dose is a conservative
estimate or a close approximation of effective dose. The
average value of the conversion coefficient from personal
dose to effective dose for the considered exposure situations
is 0.70 Sv Cy' and 90% confidence interval 0.49 — 0.99 Sv Gy
. When applying Table 2 data to sources with radionuclides of
192r and ®°Co an additional error will not exceed * 20%.

Conclusions

The paper presents the data which demonstrate the
severity of hematopoietic mortality for different irradiation
geometry of man by '*’Cs (point source on different distances
—10m, 1m and 0.5m from the body). The values of mean lethal
dose LD, for cases of approximately uniform irradiation of the
body surface (point source at a distance 10m) and sharply non
uniform irradiation (point source at a distance of 0.5 m) differ
approximately in 1.7 — 2.5 times in dependence of direction
of irradiation. The most dangerous is the irradiation from
the source located behind of the human body and the least
dangerous from the source located on the side of the human
body. Additionally the values of conversion coefficients from
the reading of an individual dosimeter located in the “typical”
position on the surface of the body to the value of an effective
dose when the '¥’Cs point source located at distances 0.5 -
1m from the body were calculated. The average value of the
conversion coefficient from personal dose to effective dose for

B OCHOBHOM, TOJIbKO Pa3fiinem B MOMMOLEHUN U3NYHEHNS,
00YCNOBMEHHbIM PA3/IMYHON MYOUHOIM KX PACMONIOXEHUS B
Tene yenoeeka. bonee BbiCOKas HEOOHOPOAHOCTL 06NyYe-
Husa KKM (npu oavHakoBOM [03e B BO34yXe B MeCTe pacro-
JIOXEHWS YenoBeka) 00ycnoBaMBaeT BOJbLLYI0 BEPOSTHOCTb
BbKVMBAHUSI OpraHnama m3-3a 6onbluein nonu knetok KKM,
006/1y4eHHbIX B MablX [03aX Y MO3TOMY COXPaHMBLUMX CMO-
COOHOCTb K BOCMpOM3BeAeHNo. 3HaveHns cpeaHen 50% ne-
TanbHOM [03bl (LD,,) ang cny4yaes npubinsuTenbHO pasHo-
MepPHOro 06/1y4eHns MOBEPXHOCTU TeNa (TOYEUHbI UCTOUYHUK
Ha paccTosHun 10 M) 1 pe3ko HepaBHOMEPHOro 06yYeHNs
(TOYEYHBIN NCTOYHMK Ha paccTosiHuKM 0,5 M) oTanyaloTcs npu-
MepHo B 1,7-2,5 pasa B 3aBMCUMOCTW OT HanpasfieHns nage-
HUS n3nyyveHns. bnarogaps oco6eHHOCTSM pacnpeaeneHns
knetok KKM B opraHuame yenoseka, 06Jiy4eHne 0T UCTOUHU-
Ka, PaCnoNOXEHHOro €324y MO OTHOLLEHUIO K TNy YENOBEKA,
aBnsieTcs Hanbonee onacHbIM, a OT UICTOYHMKA, PACMONIOXEH-
Horo cboky OT Tenia YenoBeka, — HavMeHee OMacHo.

[ns cnyyqas uctodHrka '*’Cs, pacronoxeHHOro B kKapMaHe
OptoK, Hanbosee 3Ha4YNTENIbHbIM 3P DEKTOM ABNSETCS TAXEN0E
JIOKaJIbHOE MOPaXEHNE KOXM 1 TKAHEW, PACTONOXEHHbIX BOAN-
31 UCTOYHUKA. Hanprmep, 003bl B KOXE U TKaHSX Ha r1youHe
5 MM (ycpenHeHHble no nnowaay 100 cm? B6IM3n NCTOYHMKA)
OyoyT NpMbAM3UTENBHO Ha [Ba NOPSiZKa BhILLE MO CPABHEHWIO
co cpenHeri no3or B KKM [13]. B aToM ciyyae npy npakTu4ecku
HYNEBOI BEPOSITHOCTM CMEPTU OT KPOBETBOPHOM GopMbl OPC
(kepma B BO3ayxe Ha BbicoTe 1 M Ha ocu ¢paHToMma ~ 1, cpea-
Ha5 no3a B KKM ~ 0,6 'p) nornoLeHHbIe A03bl B KOXE U B TKAHAX
Ha mybuHe 5 MM, ycpeaHeHHble no nnowaay 100cm? B6nansm
MCTOYHMKa, OyayT 6onee 100 Mp, 4TO NPUBEOET K X OMepPTBe-
Huo. CnegyeT Takke OTMETUTb, YTO 419 Avana3oHa paccTo-
AHWIA UCTOYHMKA OT dpaHToMa MeHee 0,5 M BO3MOXHO KOMOU-
HMPOBAHHOE PafVaLMOHHOE MOPaKEHME KINETOK HECKObKMX
KPUTUYECKNX CUCTEM, Hanpumep, Takmx kak KKM 1 KiweyHuk,
MOCKOJIbKY MOPOroBasi 403a MOSIBAEHWS MEPBbIX CYMMTOMOB
kuweydHon popmbl OPC coctaenseT npumepHo 6 p [6]. Takum
06pa3oM, crydan 06y4eHus, paccMaTprBaeMble 30eCb, MOMyT
ObITb KNACCUPULMPOBAHLI HA OCHOBE MPOCTPAHCTBEHHbIX 30H
C BEpOATHbIM NpeobnagaHnem cneayioLuymx Tmnos OPC:

— MNOpaxeHne KPOBETBOPHOW CUCTEMBbI («4UCTbIA» KOCT-
HOMOS3rOBOV CUMHAPOM) — MPU PACCTOSHUAX UCTOYHMKA OT
Tena 6onee ~ 50 cwm;

[Table 2

Conversion coefficients from the readings of the individual dosimeter (for “typical” dosimeter position)
to effective dose for different geometry of irradiation of emergency workers by '*’Cs source

[Tabnnua 2

[KoadduumeHTbl NEpexoaa oT NokasaHMn UHAUBUAYANBHOIO AO03MMETPa (TUNUYHasa NoO3uLUS Ha Tene)
K 3¢ PeKTUBHOI [03€ AJiF Pa3/INYHbIX reOMeTpuii 06/1ly4eHUsl aBapuiiHOro NnepcoHana UCTOYHUKOM '¥’Cs]

The height of source over the floor,

Conversion coefficients, Sv Gy

[KoadduupmeHTsl nepexoaa, 3s Mp']

cm Source in front on the distance from the body Source side on the distance from the body
[BbicoTa nctoyHuka Hag nonom, cm]  [MicTouHuk cnepeam, Ha paccTositHUm oT Tenal [McTouHmK cOOKy, Ha paccTosiHUM OT Tena]
50 cm 100 cm 50 cm 100 cm
0 0.94 0.93 0.73 0.73
80 1.03 0.81 0.83 0.73
120 0.68 0.76 0.61 0.66
150 0.54 0.68 0.50 0.60
200 0.55 0.65 0.48 0.57
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the considered exposure situations is 0.7 Sv Cy' and the 90%
confidence interval is 0.49 — 0.99 Sv Gy"'. Such kind of data is
often necessary to assessing the effective dose in personnel
who performs the work to liquidation the consequences of the
accidents with sealed sources of gamma radiation.
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— KOMOMHMPOBAHHOE MOBPEXAEHNE HECKOSIbKMX KPUTU-
yeckux cuctem (KKM un kmweyHmnka) — npu paccTtossHUAX Uc-
TOYHMKA OT Tena meHee 4yem ~ 50 cm;

— TSXKEN0e NOKaNbHOE MOPaXeHNe KOXW U TKaHEN, pac-
MOMOXEHHbIX BONN3M NCTOYHUKA U3NYYEHUS, — NMPU KOHTaK-
T€ UCTOYHMKA C TENOM YesoBeka (ero HoLeHne B kKapMaHax
OAexXabl NN pykax).

PaccunTaHHble 3HavyeHns KoapduUMeHTOB nepexoaa oT
nokasaHun UHAMBUAYAIbHOrO Ao3nMeTpa (Ans «TUNUYHOM»
fioKkauumn Lo3MMeTpa Ha NOBEPXHOCTU Tena) K apPeKTnBHOM
[03e ANst PasnyHbIX reoMeTpuii 061y4eHNs aBapuinHbIX pa-
OOTHMKOB raMMa-u3flydeHMEM TOYEYHOrO0 UCTOYHMKa '*’Cs
npeacTasneHbl B Tabnuue 2.

3HaueHns aTux KoapdOUUMEHTOB HMXEe 1 yka3biBalOT Ha
nepeoueHKy 3 eKTUBHON A03bl HA OCHOBE N3MEPEHNIN UH-
OMBUAYanbHOro A03MMETPa, a 3HavyeHns Gonblue 1 — Ha ee
HepooLeHKy. MOXHO BUAETb, YTO L1l BCEX FreoMeTpuin obny-
YyeHuns 003a, 3aperucTpupoBaHHas MHAMBMAYANbHLIM 003U
METPOM, SBAIIETCH KOHCEPBATMBHOW OLLEHKON 3 DEKTMBHOM
003bl Uy 65113Ka K He.

CpenHee 3HayveHne KoadpduumeHTa nepexona OT A03bl,
3apPEerncTPUPOBAHHON UHOUBMAYANbHBIM  OO3UMETPOM, K
adbdeKTUBHOM 003€e O pacCMaTpUBaeMbIX CUTyaumini 06-
nyysenuns coctasuno 0,70 Sv Gy' npu 90% foBepuTENEHOM
nHtepsane 0,49-0,99 Sv Gy'. Mpn ncnonb3oBaHUN JaHHbIX
Tabnmupl 2 oNa 3aKpbITbIX UCTOYHMKOB C PaAMOHYKINOAMM
192|r 11 0Co gononHUTENbHasA OLNMOKA B OLLEHKE 3HAYEeHWUI KO-
adduUMEHTOB Nnepexoa He 6yaeT npesbiwaTh + 20%.

3akno4eHue

B cTtaTbe npencTaBnieHbl OaHHble, AEMOHCTPUpPYIOLIME
3aBMCUMOCTb TSXKECTU PaAMALMOHHOINO MOPaXeHUs opra-
HM3Ma 4enoBeka B cnydae kpoeTBOpHon dopmbl OPC ong
pasnnyHo reoMeTpumn 0BMyYeHus ramma-u3nyyeHnem To-
4ye4yHoro nUctoyHuka '*’Cs, pacrnofloXeHHOro Ha pas3HbIX pac-
ctosHuax (10 m, 1 m 1 0,5 M) oT Tena Yenoeeka. 3Ha4YeHUs
cpenHeit neTanbHON A03bl LD, AN ciy4yaes npuonnsntesib-
HO PaBHOMEPHOro 06ly4eHNss MOBEPXHOCTY Tesa (TOYeYHbIN
MCTOYHMK Ha pacctosHum 10 M) 1 pe3ko HepaBHOMEPHOrO
06/1y4eHNS (TOYEYHBIA UCTOYHUK Ha paccTosHum 0,5 M) pas-
nuyaitotes npubnunsntensHo B 1,7-2,5 pasa B 3aBUCUMOCTU
OT HanpaBfeHus nageHus nanydenus. Hanbonee onacHbiM
ABNSIETCA 00/lydeHNEe OT UCTOYHMKA, PACMONOXEHHOMO C3a-
O/ MO OTHOLLUEHMIO K TENY YeN0BEKa, a HAMMEHee OMacHbIM —
OT MCTOYHMKA, PACMoNoXeHHOro cOoky OT Tesa YesnoBeka.
Kpome Toro, 6binn paccymTaHbl 3Ha4YeHns KoadpduumneHToB
nepexoga OT NokasaHuii NHAMBMAOYaNbHOrO A03MMETpa, Ha-
XOAALLErocs B «TUMUYHOM>» MOJIOXEHMM Ha MOBEPXHOCTM Tena
paboTHMKa, K addekTMBHON A03e. feomeTpusa 06nyyYeHns
COOTBETCTBOBANA PA3NNYHBLIM MOSIOXKEHUSIM TOYEHYHOIO UC-
ToyHuka '¥’Cs B nepenHeM MnosyrnpoCTPaHCTBE HA PaccTos-
Hun 0,5-1 M oTHocuTenbHO paboTHuka. CpegHee 3HaveHve
KoadpdurumeHTa nepexoga OT A03bl, 3aPErnCTPUPOBAHHOMN
VHAMBMAOYaAIbHBIM OO3UMETPOM, K 3P dEKTUBHON O03€ CO-
ctaeuno 0,70 Sv Gy' npu 90% poBepuTeNbHOM UHTEPBae
0,49-0,99 Sv Gy''. Takme gaHHble 4acTO HEOOXOAMMbI Os
OLLEHKN 3PPEeKTUBHOM [03bl Y NepcoHasna, BbIMOJHSIOWEro
paboTbl NO MKBMAALMM NOCAEACTBMIA aBapUliHbIX CUTyaumi
006/1y4eHNS C 3aKPbITbIMY UCTOYHMKAMU FaMMa-U3NyYeHns.
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Ha\]‘thle cTaTtbun

BopoBaTtoB AnekcaHap BanepbeBuy — kaHouoaTt Guonormyeckux Hayk, 3aBegylolmii nabopatopueli pagmaumoHHON
TMrMeHbl MEANUMHCKNX OpPraHn3aumii, BEAYLMIA Hay4YHbIA COTPYAHUK CaHkT-MeTepOyprckoro Hay4HoO-MccnenoBaTebCkoro
MHCTUTYTa paanauVoHHOW rmrmeHsl Mexn npodeccopa M.B. Pam3aesa ®enepasnbHoi ciyxObl N0 HaA30py B cdhepe 3amThbl
npas noTpebuTenert n Gnarononyyns 4enoBeka; AOUeHT kadeapbl rurneHbl, CaHkT-INeTepOyprckuini rocyaapCTBEHHbIN
neauaTpuyecknii MeanumMHcknin yHueepcutet, CaHkT-lMNeTepbypr, Poccus
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