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ABSTRACT

RAPID ACUTE DOSE ASSESSMENT USING MCNP6

Acute radiation doses due to physical contact with a high-gctadlioactive source have
proven to be an occupational hazard. Multiple radiation injuries have bewtecegue to
manipulating a radioactive source with bare hands or by placingoactide source inside a
shirt or pants pocket. An effort to reconstruct the radiation dose mpstioemed to properly
assess and medically manage the potential biological effectsstromdoses. Using the
reference computational phantoms defined by the International CommissRadmiogical
Protection (ICRP) and the Monte Carlo N-Particle transport code (MCNP® rdte
coefficients are calculated to assess doses for commtedases due to beta and photon
radiation sources. The research investigates doses due to havirgpatraglisource in either a
breast pocket or pants back pocket. The dose rate coefficients afatedléor discrete energies
and can be used to interpolate for any given energy of photon or bietacemrhe dose rate
coefficients allow for quick calculation of whole-body dose, organ dos#pr skin dose if the
source, activity, and time of exposure are known. Doses are calculatetievdose rate
coefficients and compared to results from the International Ate&mérgy Agency (IAEA)
reports from accidents that occurred in Gilan, Iran and Yanango, Ranwarfsl organ doses
calculated with the dose rate coefficients appear to agree, but theaege discrepancy when
comparing whole-body doses assessed using biodosimetry and wholddsedyassessed using

the dose rate coefficients.
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| ntroduction

The purpose of this project is to develop a means of rapidly esigrskin, organ, and
whole-body doses from high activity external radiation sources aseurae has been placed in
close proximity of an individual’s body (e.g. either in a shirt breast pocket or pants pocket). The
motivation for this project is provided by radiation accidents that beserred in the past due to
the misplacement of high activity radiation sources and which feswdted in acute doses to the
individuals involved. The individual receiving the dose will be representecefgréhce Man or
Reference Woman (collectively referred to from hereon as referersmnggas defined by the
International Commission on Radiological Protection (ICRERP, 2002). The reference
personswhole body, organ, and skin doses are calculated using Monte Carlo metjiesl ébr
beta, gamma, and x-ray sources. The simulation results for discrete bataa,gand x-ray
energies are used to interpolate for doses from radiation energgeshan the discrete energies
simulated. The dose rate coefficients calculated will be usedtspettively assess acute dose
and validated by comparing doses calculated with the coefficieptstzhed data from past
accidents.
Radioactive Decay

The nucleus of an atom is comprised of neutrons and protons, collectitezhed to as
nucleons. Two fundamental forces in nature significantly inflaehe nucleus, the strong
nuclear force and the electromagnetic force. The strong nucleabiodsethe nucleons
together, but it only has a range of femtometers. The strong nucleaidqawerful enough to
overcome the electromagnetic force which causes like changiss case protons, to repel each
other. As the number of protons increases, the nucleus becomes larger and negu&re

neutrons to bind the nucleus together. If the prateneutron ratio is too high or too low to



balance the two forces, the nucleus is unstable and will emitlpartio become stable. A
nucleus with a particular set of protons and neutrons is called a nikatidexample!C is a
nuclide of carbon that contains six protons and six neutrons. (Turner, 2007)

While all nuclei of a given element contain the same numbgrotons, it is observed
that atoms of a single element can have variations in the nahbeutrons. For example,
magnesium is defined as having twelve protons, but three stable sygeni@gnesium exist
having twelve, thirteen, or fourteen neutrons. These different specdles sdme element are
called isotopes, atoms that contain the same number of protons buirdiffe number of
neutrons. The total number of protons and neutrons an atom hasiterthe mass number.
Isotopes of a single element are not equally abundant in nature, gvdbuhdance, for example,
of Mg, ®Mg, and*®Mg being 79%, 10%, and 11%, respectively (NNDC). Most elements
contain several isotopes and because of the different combinations os@ntbneutrons for a
given element, not all isotopes of an element are stable. (Cembestarsdd, 2009)

A nucleus is said to be radioactive if it decays. Decay is theftamation from an
unstable nucleus to a more stable nucleus via the release of patickeas alpha particles,
electrons, positrons, and/or photons. When a nucleus decays, the endatpjealea release is
determined by the difference in the mass of the decaying nucleus (the padehy arass of the
nucleus to which the parent decays (the daughter). The modes of deteyatassified into one
of the following three categories: alpha emissions, isobansitians, and isomeric transitions.
Of these, isobaric and isomeric transitions are most impdidahis project. (Cember and

Johnson, 2009)



I sobaric Transitions

Nuclear transitions in which the atomic mass number of the dauglber same as the
atomic mass number of the parent are referred to as isobaricitr@sithile the total number
of nucleons remains constant, the number of protons changes by plusisrome) the number
of neutrons changes accordingly to keep the mass number consiaypé&s of isobaric
transitions are beta emission, positron emission, and electranea@ember and Johnson,
2009)

Beta emission results from a nucleus having a nedtpneton ratio that is too high. It
is the transformation of a neutron into a proton and an electron whegleth®n is ejected from
the nucleus. The emitted electron is called a beta particle. A béitdeps indistinguishable
from an atomic electron. When a beta particle is emitted, an atitmeis emitted in the same
process. The antineutrino is a particle without charge and with negligéss. The transition
can be represented by the formula below. (Cember and Johnson, 2008)

72X 2 zAV + B4V

Since each decay releases a specific amount of energy andréieve particles
released, the total energy available has to be divided betivedeta particle and the
antineutrino. Therefore, the beta particle emitted may have an energy fisimbaution of
possible energies. The energy distribution for the beta particle hasium value which
occurs when the antineutrino has negligible kinetic en&kthen discussing beta emitters, the
energy that is released via the decay is reported as either thumagnergy or the average
energy of the beta particle energy distribution. As a rule of thumby#énage energy is about

one-third the maximum possible energy of the beta. (Cember and Johnson, 2008)



Positron emission results from a nucleus having a netxrpnseton ratio that is too low.
A positron is almost identical to a beta particle except tipaisétron has a positive charge. The
emission of a positron is the result of the transformation oftamioto a neutron and a
positron. A neutrino is emitted along with the positron. As with betiaston, the resulting
energy that is released from the nucleus is divided between titpasd neutrino, so there is
an energy distribution that describes which energies each away The rule of thumb applies
for positron emission also; the average energy of the positrboug ane-third the maximum
possible energy. The transition can be represented by the formula below. (Cethbein@son,
2008)

A1X > , Y+t +v

A third isobaric transition is electron capture (EC) which competdspaiitron
emission. If the neutrote-proton ratio is too low in a nucleus, then the nucleus may absorb an
orbital electron fromaninner electron shell and combine it with a proton to create a neutron. The
nucleus will usually undergo EC if the unstable parent’s mass is less than two electron masses
heavier than the daughter. Physically, the energy conservation requsdordfC are easier to
satisfy than for positron emission. The transition can be represgnted formula below.
(Cember and Johnson, 2008)

X+e -,V +v

As shown above, only a neutrino is emitted when EC occurs. Sisdhet only particle
emitted, the neutrind monoenergetic. After the transition occurs, there is an electron vacancy
in the inner shell (typically K-shell) of the electron cloudslenergetically preferred for
electrons to fill inner shells when possible, so an electron frooutan shell (e.g., L-shell) will

fill the vacancy. When this occurs, a characteristic x-ray it&in The x-ray has an energy



equal to the energy difference between the two electron shells, ahdriacteristic of the
daughter since it occurs after the transformation. Another transition thatcar when there is
a vacancy in a lower electron shell is the emission of an Augetreh. This occurs when, for
exampleanL-shell electron is ejected after a different L-shell e@tdrops to fill the K-shell,
thereby leaving two vacancies in the L-shell. This transitioypisal of elements with low
atomic numbers. (Turner, 2007)

| someric Transitions

Nuclear transitions in which neither the atomic mass numlygha@tomic number
change from the parent to the daughter are referred to as isomeritoinangn these transitions,
either a gamma or electron is ejected. The two types of isotn@nsitions are gamma emission
and internal conversion. (Turner, 2007)

One isomeric transition is gamma emission. After either alptayd® an isobaric
transition, the daughter nucleus can be left in an excited stateedoek emit a characteristic
x-ray when they transition from a higher to a lower energyl,shaited nuclei also emit
characteristic energies in the form of gamma rays as they trarfstimrhigher excited states to
lower excited states or the ground state. For exarhiies transitions té*’Ba via beta emission.
Typically, the'*Ba nucleus is left in an excited state that is approximately 662 e¥edts
ground state. Thus, the nucleus will de-excite by releasing a 662 keV gaynr#hraugh the
gamma ray is emitted by the daugHféBa, the 662 keV gamma ray is called the “'3’Cs gamma
ray.” One reason for this is that typically the “lifetime” of the excited nuclear state is about 10710
seconds, although there are exceptions, as in the example provided. THéenoddine excited
state of-3Ba is about 3.6 minutes. When the excited state exists for a long tatieeréd 104

seconds, the excited state is called metastable and is denétéiBas (Turner, 2007)



Internal conversion occurs when the energy of an excited nuc@géaisstransferred to an
atomic electron which is then ejected from the atom. Theretebas an energy equal to the
energy of the atomic transition minus the binding energy of the eldtimowas knocked out of
its shell. As with EC, wheanelectron from an inner shell is ejected, an outer shell eleatitbn
fill the vacancy producing characteristic x-rays or Auger electioternal conversion is
typically more prevalent in heavier nuclei, while gamma emissiomare typical in lighter
nuclei. (Turner, 2007)

Activity

The activity of a radioactive source is defined as the number of dedhys a given
time interval. Activity can be measured in Becquerels (Bq) or Curies (Ci). ugeel is the
number of nuclear transformations per second, and a Curie is defined as theafraotivity
that one gram oP®Raexhibits. The conversion between the two units@ i equal to 3.7 x
10'°Bg. It should be noted that 1 Bq does not imply that one particle is émétesecond,
because a single nuclear transformation can emit multiple part{@ember and Johnson, 2008)

The activity of a radioactive source decreases exponentially over tmaeateat which
this decrease occurs can be described by the halHlifg,(the time it takes for half of the atoms
to undergo a transformation. Half-lives can range from fractioassetond to many years. The
activity of the source can be found after some tithéd the original activity Qo) is known using

the following equation:

_In(2)t
A=Aje M2 1)

Electron and Positron I nteractions with Matter
Electrons and positrons interact with matter in very similgrswlaecause they are

identical particles except for having opposite charge. The parlbdesnergy due to



electromagnetic interactions and collisions. The electrostagforce acting on the charged
particles can result in a change of velocity and/or direction. When an electron or positron’s
velocity or direction is changed, it releases photons. The photoasedlare referred to as
Bremsstrahlung radiation.

Collisional interactions for electrons and positrons are generéhyatomic electrons of
the medium with which they are travelling through. Both particles ase large scattering
angles with their targets, and they can lose a large fraction of tiegyein single collisions. If
a positron collides with an electron, they will annihilate and becaroghotons with at least
511 keV that travel in opposite directions. (Cember and Johnson, 2008)

Photon Interactions with Matter

Photons encompass both gamma rays (photons emitted from the nucleusaygsd x-
(photons emitted from atomic orbitals). They can travel a longt&rate than most radiation
before interacting with the medium through which they are travellinginf@eactions are
governed by statistical probabilities of interaction. The proliglmfiinteraction is dependent on
both the material the photons are passing through and the enengypbiotons. The main
mechanisms of interaction are photoelectric effect, Compton sogttard pair production.
(Turner, 2007)

The photoelectric effect is the dominant interaction for low gnghgtons, those that
have energy less than approximately 100 keV. During the photoeleittat, a photon deposits
its energy to a bound electron causing the electron to be ejectethiz@tom. For this to occur,
the incoming photon must have an energy greater than the bindngy ehéhe electron.
Therefore, the electron leaves the atom with an energy equaléaehgy of the photon minus

the binding energy of the electron. The probability of this effect aogudecreases rapidly as



energy increases, but the probability increases if the medianhigh-Z material (where Z is the
atomic number). The probability roughly varies 487, where E is the energy of the photon.
(Turner, 2007)

Compton scattering is the dominant interaction for interneeiaergy photons, photons
with an energy between 0.1 MeV and 10 MeV. Compton scattering is the pieoowf a
photon scattering with a free electron, an electron in an cwieiashell that is only loosely
bound to the atom. The photon can lose negligible energy or atacgien of its energy
depending on the angle through which it scatters. A photon thagrsdagick in the direction that
it came from loses the most energy versus a photon that t\assadttering angle and is only
slightly deflected that loses almost no energy. The probabilityoofpfon scattering occurring
increases as the atomic density and atomic number increase. (Tuner, 2007)

A third main mechanism of interaction for photons is pair productianihie most
prominent effect for highly energetic photons with energies on the ofdermabove 10 MeV.
Pair production may occur when a photon is near an atomic nuciédssa an energy of greater
than 1.022 MeV. The photon transforms into an electroragrasitron, with the kinetic energy
of the two particles equaling that of the initial photon minus 1.022 MeV, tke ereergy of the
two particles. The electrons and positrons then interact assdest previously, with the positron
producing annihilation photons. The probability of pair production increaseematigy and
atomic number approximately as. ZTurner, 2007).

Photon interaction is governed by statistical probabilities. The piltpaf interaction
per unit path length is representadu and is called the attenuation coefficient. The attenuation

coefficient has units of inverse length (e.g-¥nMonoenergetic photons are attenuated



exponentially. If the monoenergetic photons are traveling in a beamarieytenuated based on
the equation:

N = NyeHt )

whereN is the number of photons that have not intedddo is the original number of photons
andt is the distance traveled in the medium. (Turner, 2007)
Measurable Quantities

Radiation damage is dependent on how much energy is absorbed from radiation
interacting in a medium. The unit of absorbed dose is the Gray (Gy) sldefined as one
Joule of radiation energy absorbed in a mass of one kilogram. A urig g8whetimes used
instead of the Gray is the rad (radiation absorbed dose). A rad is 100 ergs abvsarbess of
one gram, and is equal to 0.01 Gy. Absorbed dose is referred to as a “physicalquantity” because
it can be measured directly. There are other measurable quantitiesrit related to dose that
are used in the field of health physics which include fluence andaké¢@ember and Johnson,
2008)

Fluence is defined by the ICRP as “the quotient of dN by da, where @ is the number of
particles incident on a sphere of cross-sectional a@e@d@dRP, 2007). Fluence can be related to
dose if other factors are known such as the energy distribution ofrtiegsa the fraction of the
energy absorbed by the target, and the mass of the target. For example, a owetimodrof
calculating skin dose is using conversion coefficients published by the l2lREonhvert particle
fluence in units of particles per éno absorbed dose in pGy. There are also conversion
coefficients for other organs in the body. (ICRP, 1996)

Kerma is the kinetic energy released by a particle into the mdtenagh which it is

traversing. Kerma may be used to approximate the absorbed dose dreteetyuilibrium has



been established. Electronic equilibrium exists in a volunteeiitmount of energy carried out
by secondary particles is also deposited by incoming secondagigsartElectronic equilibrium
cannot be assumed if material near the volume of interest is madeagtlgfdifferent material

or if the radiation field varies considerably across the volumggiestion (Shultis and Faw,
2000). For tissue, kerma approximates absorbed dose well for photons up to 300 ke at whi
point kerma starts to overestimate absorbed dose (Veinot and Hertel, 2007).

Protection Quantities

Special quantities called “protection quantities” were defined by the ICRP “in order to
relate the radiation dose to radiation risk (detriment)... [and] take into account variations in the
biological effectiveness of radiations of different quality as welhas/arying sensitivity of
organs and tissues to ionising radiation” (ICRP, 2007). The protection quantities currently used
by the ICRP were introduced in 1990 (ICRP, 1991). The protection quantitieguaralent
dose and effective dose, and they are directly comparable imoraxecommended doses to
individuals as determined by the ICRP.

Equivalent dose considers how damaging different types of radiatioa #reyainteract
with the body. Equivalent dose is the absorbed dose in a tissugaor multiplied by the
radiation weighting factor. The radiation weighting factor is higher farendamaging radiation.
The value of the radiation weighting factor for both photons and betel@sis 1. The unit of
equivalent dose is the Sievert (Sv) which is equal to one Joulelggrakn. The special unit
Sievert is used to signify that the reported dose has been negltiplia weighting factor as
opposed to absorbed dose which is measured in Gray, and the Sievert icactlyaelated to

detriment. (ICRP, 1991)
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Effective dosel) considers how sensitive different organs and tissues are to radiation.
Effective dose is defined as “the sum of the weighted equivalent doses in all tissues and organs
of the body, given by the expressiBaZrwrHr, whereHr is the equivalent dose in organ or
tissue T, andvr is the weighting factor for tissue’ (ICRP, 2007). The tissue weighting factors
are given in Table IThe unit for effective dose is also the Sievert. Not every individual’s tissues
and organs respond the exact same way to radiation, so it is intontente the tissue
weighting factors recommended by the ICRP are sex-averaged and age-avidraged.
implication of averaging is that the tissue weighting factors are “restricted to the determination of
effective dose in radiological protection and, in particular, cannot be used &mstEsment of
individual risk” (ICRP, 2007).

Table 1: ICRP Tissue Weighting Factors (I CRP, 2007)

Tissue Wr > Wwr
Red bone-marrow, Colon,
Lung, Stomach, Breast, 0.12 0.72
Remaining Tissue
Gonads 0.08 0.08
Bladd_er, Oesophagus, Liver 0.04 0.16
Thyroid
Bone surche, Brain, Salivar 001 0.04
glands, Skin

External Dose

External dose is applied to a body when the radioactive sauloeated external to the
body. Typically, external sources are not of concern because manytmesaan be taken to
minimize the dose. External dose can be of major concernyMeowka highly active source is
orphaned or mishandled. Three principles that can be considered tozuittnidose are time,

distance, and shielding. The dose decreases when the following occuspéntavith the source
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decreases, distance from the source increases, and shielding #w@snurce increases.
(Sugarman and Toohey, 2013)

The health concern for an external source is usually damagedkitieecause that is the
first organ with which the radiation will interact. The most dam@dype of radiation to the skin
is beta particles. Distance is crucial when trying to reduce the &osddse because radiation
intensity tends to follow the inverse-square law, meaning thas@sde increases by a factor of
two the fluence, or intensity, decreases by a factor of four. (Sugarman and Toohey, 2013).
Reference Persons and Computational Phantoms

Reference persons are used in the health physics community to Imeatesite effects
of radiation exposure to the human population. The current reference persoesree by
reference values published by the ICRP (ICRP, 2002). The reference values comphied
ICRP are based on data for Western Europeans and North Americansebihesy were the most
studied and understood populations at the time of publication. Therefore|ubs bast
represent that population, and it is understood that the average perstiefgropulations may
vary greatly from the reference values. For example, “the mass of fat in an adult male from
China is only around 50% the reference value” (ICRP, 2002). Also, the reference values, like the
tissue weighting factors, represent average values of a populatibnespect to both age and
gender, so any retrospective dosimetry following an exposure sholtdawa data from the
exposed individual in favor of the reference values.

Computational phantoms are computer models of the human anatorasetbaed in the
field of health physics to calculate doses to humans. Before catigmati phantoms, physical
phantoms made of tissue and/or bone equivalent material were usedladesexposures by

placing detectors inside the phantom and exposing them to radiatimpu@ational phantoms
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became increasingly popular after computer codes were developed kmtsiradiation transport
during nuclear testing research in the 1940s. Since the development of ¢cmnpldantoms
(henceforth referred to as phantoms) over 120 phantoms have been reportenisliv@rature
concerning ionizing and nonionizing radiation. Over the years, the sophisticapbardbms
has evolved greatly, and there are currently three different types of pisastglized,

voxelized, and boundary representation (BREP). (Xu and Eckerman, 2010)

Stylized phantoms were the first iteration of phantoms that werallyndeveloped by
Fisher and Snyder at Oak Ridge National Laboratory (ORNL) during the 1960s (Fidher an
Snyder, 1966). A stylized phantom utilizes simple three dimensional geesrtétat can be
modeled by quadratic equations to represent anatomical features (e.g. cytindenss, half
ellipsoids for lungs). Stylized phantoms are easily modeled; howeveudeettee human
anatomy is extremely complex, they do not provide the best repaieardf the human body.
Due to the advancement of computer capabilities and the developnaawatomically more
accurate phantoms, stylized phantoms became outdated in the 1990s. (XkeaanteBEc2010)

Voxelized phantoms were the next evolution of phantoms, and started beshgpee
during the 1980s. Voxelized phantoms model human anatomy by utilizingdineasional
images from Computer Tomography (CT) scans or Magnetic Resonancedr(iéi). A
voxel is a three-dimensional pixel, and can be thought of as artguidbick. A user or a
program must specify which regions of the digital image represent the difeegans/tissues,
assign properties such as density and chemical properties, and conuew thegmented image
to a file that can be read by a radiation transport code. The biggesittagk of the voxelized
phantom over the stylized phantom was that a voxelized phantom courigdbed to represent a

specific person. A problem with voxelized phantoms is that they dieavet smooth surfaces
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since they are made up of three-dimensional cubes. Voxelized phar®adso difficult to
alter, so the phantom is only useful for the particular individual usagabecthe model. (Xu
and Eckerman, 2010)

The voxelized phantoms were the most evolved form of the computational pharttbm
the 2000s when the first BREP phantoms were developed. BREP phantomsias thutié
dimensional imaging to create the phantoms, but instead of using vihet are created out of
polygonal meshes. Polygonal meshes are smooth and can be more easilyeatiestretched or
compressed) to model different individuals. Some BREP phantoms are dynamasghe 4D
Cardiac Torso (NCAT) phantom which models cardiac and respiratorpmadBREP phantoms
are currently the most advanced phantoms available for radiation triasispaation. (Xu and
Eckerman, 2010)

Deterministic Effects and Acute Radiation Syndrome

Deterministic effects of radiation have a dose threshold assoaidgth them, below
which the effect generally is not observed in an exposed individual.nbietstic effects become
more severe as the dose increases. Some examples of deternffaidBcage nausea/vomiting
(~1 Gy), skin erythema (~3 Gy), headache (~4 Gy), and loss of consciousness (~8 Gy) (IAEA,
1998). Deterministic effects are mostly of concern when therarg@dose delivered over a
short period of time (a few hours or shorter). When this occurs, the delivered dafied an
acute dose and can result in acute radiation sickness.

Acute radiation sickness or acute radiation syndrome (ARS) is a piiyeletizal effect
that occurs from a whole-body exposure of roughly 1 Gy or higher (Hu, 2016). ARS&lltypic
will manifest itself within the first 30 days of exposure, and the sympiootude vomiting,

diarrhea, headache, fever, and loss of consciousness. One fornsifitalien of ARS is
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described by the International Atomic Energy Agency (IAEA) in fivegaties: mild (1-2 Gy),
moderate (2-4 Gy), severe (4-6 Gy), very severe (6-8 Gy), and lethal (>8 Gy) (IAEA, 1998).
While the IAEA has defined the lethal dose as one over 8 Gyadcspted that a dose of about 4
Gy will result in about 50% deaths in a population within 30 daysgitsg is referred to as the
LDso (lethal dose to 50% of the population) (Turner, 2007).

Industrial Radiography Sources

A common source of acute radiation exposures are radiography sources. Radiography
utilizes photon interactions to obtain a picture of an object. €ample of this is an x-ray
machine. An x-ray machine can be used to determine if a bone is brokemdaygsx-rays
through the patient. Most of the x-rays will interact with ble@e; however, if there is a break or
fracture, some x-rays will pass through the break with little intenastccurring and create a
contrast on the film.

Industrial radiography utilizes the principles of radiography to detecttdefe
manufactured parts or building structures. Industrial radiography is useanine gas and oll
pipelines, pipes, and pressure vessels in chemical plants, vehidiesrcaaft (National
Research Council, 2008). Most of the structures that are examined are manler etieg steel,
and/or other metals. In order to penetrate these materials, higgigy gamma rays have to be
used as opposed to typical medical x-rays which generally have aofat@@eV- 100 keV.
Some sources that are commonly used for industrial radiograpfy@ogaverage gamma
energy of 1,250 keV)?ar (380 keV),°Se (217 keV), an#°Yb (145 keV) (National Research
Council, 2008).

Although using radionuclide radiography is convenient due to the smadirgizenobility

of the device, there are safety hazards associated with the sources. Tdm@apagisource is
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normally inside a housing that shields workers from the exposure wisemoit in use. However,
when the source is being used, it creates radiation fields that can lmeedxil@angerous. In
2005, personnel working in gamma radiography had an average total effesgvef@2 mSv
compared to 1 mSv for workers in commercial nuclear power reactors (N&iesedrch
Council, 2008). Due to the energies and high activities (on the order of GBq oofTiRq)
sources, the sources can cause overexposures and acute radiationfinjisiesndled.
Accidents

The IAEA generates and publishes reports on radiological acsittexttoccur around the
world. These reports give details of the accidents and the responaekb ixeident. The reports
cover a wide range of types of events such as the Fukushima power plerntinoverexposures
to radiotherapy patients, overexposures from bypassing safety fedtiaettaes, and
overexposures from picking up an orphaned source. Of the nineteen acaentsl ¢n the
past, two will be focused on in this study: the radiological accige@ilan, Iran and the
radiological accident in Yanango, Peru. These accidents weotesklecause they both involve
a person picking up misplaced radiography sources and placing the scaieciet.

The accident in Gilan, Iran occurred on July 24, 1996 at a fossil fuel pdave. The
radiography source involved was a 185 Gty source that accidentally dropped off its cable
and fell into a trench after it was used by a radiography team t& ahmpe. The radiography
team assumed the source was safely in its housing because thieyataietect the source with
their instrumentation. However, they could not detect the sourcedmtaas shielded by
concrete when it was down in the trench. At approximately 08:00, sewatkhe plant
discovered the source, and placed it in the right breast pocket of his owdraik it remained

for the next 1.5 hours (periodically being momentarily removed as the worker obgeriéer
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the 1.5 hours, the worker returned the source to the trench as he began expelienneggsd
nausea, and a burning feeling on his chest. Meanwhile, the radiography tezed tiwisource
was missing and recovered it about 30 minutes after the worker retutoeda trench
(approximately 10:00). It was unknown to the radiography team that the $@grexer been
handled by another person. The exposed worker was sent the hospitall lsewes later (13:00).
It is estimated that the worker received a whole-body dose af 8% Gy and a localized dose
of about 40 Gy to his palm from handling the source. (IAEA, 2002)

The accident in Yanango, Peru occurred on February 20, 1999 at the Yanango
hydroelectric power plant. The source involved was a 1.37'f48gsource that was being used
to investigate the repair of a pipe. The radiography team arrived3t tblverify a pipe had
been welded correctly; however, when the team arrived, the weld wasmplete, and the
welding crew was out to lunch. The radiography team left the sbotegng (with the source in
it) and the rest of the equipment at the sight unsupervised while theyoNenth. At some
unknown point during the day,&R®r source became detached from the housing, and a welder
picked it up with his right hand and put it in his back pants pocket at apm@atety 16:00. The
welder worked until 22:00 when he took a bus home. He removed his jeans airaptely
22:30 after complaints to his wife of a pain on the back of his upper fhighsource in the
meantimewas discovered missing by the radiographers, and tracked to the welder’s house at
about 1:00 on February 21. During the time the welder had the source he wsedekpib also
exposed everyone on the bus that he took home, his wife, and his 18 moritidoldhe
welder’s whole body dose was estimated to be about 1.2 Gy, but dose to his femur was estimated

between 5 and 15 Gy. The skin dose on the surface of the skin at a point 3 dimefaanter of
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the skin lesion that formed was estimated to be 100 Gy. The radigtionto his leg resulted in

his leg having to be amputated. (IAEA, 2000)
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Materials and M ethods

The Monte Carlo N-Particle 6 (MCNP6) (Los Alamos National Lab) transportwade
used to simulate the radiation transport. MCNP6 allows the user to speedydimensional
geometries using simple surfaces such as planes, spheres, and cylindersasianCarordinate
system with each surface having a unique surface number. The surfaces avalefied tells
which have unique cell numbers. All space must be defined for the MCNP,randelo cells
can overlap with one another.

The ICRP computational reference phantoms for the adult male and théeathié
phantom were used as the geometries for the simulations. Bothxate & phantoms which
were provided in their MCNP6 input form by Kevin Capello at Health Canada.factiom is
made up of a lattice of voxels. The geometries were checkeduredhsy matched the
parameters given by the ICRPhe male adult reference phantom is 1.76 meters tall (~ 5 97)
with a mass of 73.0 kg (weight of about 161 pounds). He is made up of 1,946,375 vokels, eac
with a volume of 36.54 miThe female adult reference phantom is 1.63 meters tall (~ 5° 4”)
with a mass of 60.0 kg (weight of about 132 pounds). She is made up of 3,886,020 ackels, e
with a volume of 15.25 mfnThere are 139 organs identified for each phantom with each of
them having a unique organ identification number. The identificatiorbatsyand associated
organs are listed in Appendix A. These organ numbers were alsosusellirmumbers for the
voxelized phantom, with each organ being represented by a cell. (ICRP, 2009)

MCNPG6 requires the user to define a radiation source in the geometradhasfehe
phantoms, an unshielded breast-pocket source and unshielded badkspaoke were defined
in space by using a visualization tool, Visual Editor (VisEd), supplieddyéhelopers of

MCNPG6. Viskd allows the user to look at the geometryimdimensional cross sections as
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shown in Figure 1. Each of the voxelized phantoms is defined in a rectangsriampth

minimum coordinate (0, 0, 0) and maximum coordinate (54.2798, 27.1399, 177.6) and (53.0725,
24.3175, 168.432) for the male and female, respectively. The position coordinates foashe bre
pocket and back-pocket sources were approximated based on the mdsitigains shown in the
ViskEd view and are listed in Table 2. Sources must also be assigaadrgy distribution and a
particle type. All sources were assigned a combination of one distiaogy and one particle

type (either photon or beta).

Figre 1: View of voxelized male phantom in VisEd with breast pocket source. Sour ceisrepresented as
black dot with an arrow pointing toit.

Table 2: Important coordinatesin the geometries

Description Gender Coordinate
Male (35, 3.4, 130)
B -pock
reast-pocket source Female (34.7, 3.5, 130.9)
Male (17,24.9, 82)
Back-pocket
ack-pocket source Female (16.6, 23.3, 81.5)
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Simulations were performed with the reference male and a photonvagaan energy
of 50 keV directed at the phantom to verify the simulation, innythe physical model and
material compositions, asbehaving as expected. The beam was positioned at (26 cm, -15 cm,
145 cm) and was directed in the positive y-direction. Photon flugasdallied by MCNP @&t
different points proximal and distal to the phantom and comgarée photon attenuation
expected from analytical calculations. The photon fluence wasdatross planes
perpendicular to the y-axis at y-positions of¢rb, 24cm, 30 cm).

Simulations were also performed to check if the following assomgptvere correct:
clothing does not significantly affect organ doses, shielding eneapsuthe source does not
significantly affect organ doses, and the kerma approximation for absorbedsdppropriate
for organ doses. These simulations used the male phantom with the bokasipat source of
photons with energies of 0.01, 0.1, 1.0, and 10.0 MeV, and compared energy deposited in the
organs resulting from simulations performed under those assumptions,sot@e, and for
representative parameter sets with those assumptions relaxed. Thexghsnwere changed to
cloth material to check the clothing assumption. The source wapsiriated by a 1.2 mm tall
stainless steel cylinder with a radius of 3.0 mm and thickness oirh.® check the shielding
assumptionThe steel is stainless steel 304 as defined by the Pacific Northwest National Lab’s
Compendium of Material Composition for Radiation Transport (McConn Jr et al., 2031The
kerma assumption was checked by running one simulation in photon only maahengninat
when a photon deposited its energy, all the energy was absorbed anth# paeraction
instead of creating secondary particles (this represents the kepnuxienation), and another
simulation was performed in photon and electron mode, meaning the photon casdd dep

energy and create secondary electrons with each interaction. ifiti@séests allowed for the
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whole body phantomi® be simulated with no clothing, no shielding encapsulating the source,
and using the kerma approximation. The study included a total aff@@edt energies simulated
for two different particle types (beta and gamma). With the differenbo@tions of gender,
source position, energy, and particle type, a total of 232 simulationgeoemed using
MCNP6 and the computational phantoms. The result of the phantom simsilags the energy
deposited in each organ in MeV, or an *F8 tally in MCNPG6.

Another geometry was created to calculate skin dose. A square slab 15.2dle¢tallw
and 0.15 cm thick was used to approximate the skin, and was made of the sawstmmp
used for the skin in the reference computational phantoms. Nineteen centimetatsrafere
arbitrarily inserted behind the skin to approximate the depth of i pooviding ample
material in the geometry for backscattering of particles. The saus®d to calculate skin dose
had a cylindrical stainless steel shield encapsulating it th&tlwd mm thick, 1.2 mm tall, and
had an outer radius of 3.0 mm. The source is placed 5 mm from the etigskirfit A total of
29 different energies were simulated for the two different particle typasy gggsulting in 58
total simulations. The results of these simulations were olotamterms of the fluence of
photons or electrons entering the skin over a 10area as defined for shallow dose by the
Nuclear Regulatory Commission (NRC) (10 C.F.R. § 10, 2017). The fluence was converted to
dose using the conversion coefficients published by the ICRP (ICRP, 1996).

MATLAB (Mathworks, 2016), a computational/data analysis software, waktase
transfer the tallies from MCNP6 output files into an Excel filéferent MATLAB scripts were

written to calculate organ doses, whole body dose, and skin dose.
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Results and Discussion

Benchmarking

The “physics check” simulations are compared to theoretical calculations applying attenuation
coefficients. The calculation assumes that the photons were travelingittuoei@f three
materials at any point: air, tissue, or bone. A diagram of the geomedngthwhich the beam
travels is shown in Figure 2. The attenuation coefficients used in théateinos are shown in
Table 3. The distance traveled through each material are apatexand are estimated by
looking at the geometry in the VisEd software. The simulation and expestéts$ r@re shown in
Table 4. The fluence is calculated using Equation 2 and represefiisethce of photons that
have not interacted. The ratio of fluence not attenuated to origiresice (1/8) for the

simulations and analytical calculations agree well (within 10%).uFloellided fluence from the

MCNPG6 results were used as that fluence represents the photons that haterateth The
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Figure 2: Diagram of the geometry for photon beam attenuation. Planes A, B, C, and D represent where
fluence was tallied with M CNPG6.
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Table 3: Attenuation coefficients

Material Mass attenuation Density (g cm-) Attenuation
coefficient (cm? gH)* y9 coefficient (cm™)
Air 2.080x 101 0.001 2.080x 104
Tissue 2.223x 101 1.05 0.233
Bone 4.242x 101 1.90 0.806
*(Johnson and Birky, 2012)
Table 4: Smulated and calculated fluence attenuation.
Plane Smul?élrﬁg)Reﬁult Simulation /1o Calculated I/1o
A 0.9991 1.0000 1.0000
B 0.9974 0.9983 0.9981
C 0.0180 0.0180 0.0190
D 0.0178 0.0178 0.0190

results indicate that the physics of the computational phamoorgled by Kevin Capello
behave as expected and no additional changes to the phantoms edrequir

Figure 3 shows the results of comparing the male phantom with a clotlegdhmatom.
The results are shown as percent difference in energy deposited foekadhhe phantom.
The percent difference is relative to the original male phamatwna negative percent difference
indicates that the clothed phantom has less energy depositedgarticular cell than the male
phantom. There are no percent differences outsid&@¥ for the simulated energies, indicating
that simulating the phantom with no clothes was a fair approximatitre aictual dose. It
should be noted that the cell/organ with the highest percent differenacfoerergy is the skin
of the trunk with up to a 7% difference. However, it was the skin of the thatkvas changed
to clothing for the simulation, so it is about 50% more dense and madeatésal that
attenuates photons more which results in more energy deposited.

The comparison for the shielded and unshielded source for the malemlzaat

presented in a similar manner as above in Figure 4. As the energy of theiisce@ses, the
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Figure 3: Percent differencesin each cell for a clothed and unclothed male phantom.
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percent difference between the two simulations appears to decreasegnbat for higher
energies the shield becomes less influential on the total dose. Thetpkifeeences for 0.01
MeV are not as large as the trend would predict, but this is becauset fenehgy almost all
cells get zero or negligible energy deposited even without thel stilet cells that exhibit
greater than 10% difference are muscle in the trunk (-17.8% for 0.1 MeV) and resslugliti
the trunk (-23.32% for 0.01 MeV and -23.26% for 0.1 MeV). Based on the results, the whole-
body doses can be calculated with the source not encapsulated

Figure 5 shows the comparison for the kerma approximation for the malephfont
different energies. There is no difference for 0.01 or 0.1 MeV which is expeckedna
approximates dose well up to 0.3 MeV (Veinot and Hertel, 2007). At 1 MeV some diisren
can be seen, but they are all within 5%. There are some differenceshary&0% when the

energy of the photoris 10 MeV with the residual tissue of the trunk having a difference of -
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Figure5: Percent differencesin each cell for the kerma approximation for the male phantom.
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13.34% and the skin of the trunk having a difference of -10.73%. Besides the skinidunal res
tissue of the trunk, all other cells have less than 5% deviation feirthdated energies. The
kerma approximation can be used for the whole-body dose simulatisesl, tathe results,
which agrees with the similar work done by Bellamy et. al. (Bellamy.eRCG46).

The three approximations discussed above were only checked for the nmaterphad
photon simulations. It is extrapolated that the male and ferhaletgm would not have
significantly different results. Beta particles were not benchmarked sdpd@tause it is
expected that the absence of clothes, the absence of shielding, and theamximation
would all result in an overestimation of the absorbed dose, providing a (w®t®crst case dose
estimate.

Breast Pocket Source

The whole-body dose rate coefficients for the male and femafegrha for photon and
beta breast pocket sources are plotted in Figure 6 (see Appendix B for thidakafe The dose
rate coefficientDc, is calculated using the following equation:

Ep(1.602x10713 ] MeV 1!
DC= D( — ] ) (3)

whereEp is the energy deposited in the body in units of MeV ransl the mass of the phantom
in units of kg (73 kg for the male phantom and 60 kg for the female phantonph®ten dose
rate coefficient increases as the energy of the source increases aspmeever the
percentage of the source energy deposited initially decreases,ysutettaeen 15 20% for
males and 16 15% for females above energies of 70 keV. The rafemale whole-body dose

rate coefficient ratio is approximately 1 for all photon energies. Thisigribat for a

27



: E
14 I - = =
10 ® Male (photon) l...
®  Famaks (photon) s ¥ b
= Mak (bela) ] a8t ®
e L ]
. o B Famalsibata) ™ - L4
w10 o< guuE® L
-_':r . ™l ‘.-ﬂ
@ u L]
= ®
2 ot f ..I.. ®
[~ ]
i oo®
i §e® alk
& i
P [ L
&
3=}
(=
@
18

=]
= 10

-
10718 -
FE—— i + " i i PRSI | + i i i FHNTE——— | i " + i TR ———

1072 107! 10Y 10!

Source Enaergy (Meh)
Figure 6: Plot of the whole-body dose rate coefficients for the male and female phantoms for a photon and
beta breast pocket sour ces.

monoenergetic photon source exposure of a given activity and time, the whglddse to
either the male or female phantarapproximately the same.

The dose rate coefficients for the beta breast pocket source exhilat sinairacteristics
to those for the photon breast pocket source. However, the ratio betweendlacmale
beta coefficients are not as close to 1.0 but instead range from 0.78 to 0.97 for gmeafézs
than 10 keV. When comparing the dose rate coefficients for gammas andtlzetagen energy,
the coefficient for beta particles appears to be approximately 2®times larger at energies
above about 40 keV. However, the photons and gammas have approximatelyetiiosamate
coefficient at about 20-30 keV. Another difference between the photon tndduece is that the
beta source deposits about-385% of its energy for the male phantom and about 88% for
the female phantom. The source was simulated as an isotropie,sswat most 50% of the
radiation would go towards the body. Betas are expected to deposit alhodgheir energy, so

approximately 50% energy deposition is expected for this geometry.
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Although the whole-body dose rate coefficient is approximakedysame for the male
and female phantom, the doses to individual organs vary much nadrie. @ shows dose rate
coefficiens and maleto-female ratios for the breast and trunk muscle. The dose rate caffici
for each orgais calculated using Equation 3 with the masses given for the orgaes adult
phantoms by ICRP (ICRP, 2009). The data used to calculate the organ dose raiermiseféio
be found in Appendix CThe male’s breast dose rate coefficients for photons of various energies
is approximately 0.77 times the coefficient for the female, wherea#fécient for the muscle
in the trunk is approximately 1.2 times that of the female fontak. These organ dose
coefficients are shown only to illustrate how different the individuakddo the organs can be,
even when the whole-body dose delivered is approximately equal.

The breast tissue and trunk muscle cells are also examined for theureta and the
results are shown in Table 7. The comparison with the beta source elibibitgeatly the organ
dose rate coefficients can differ between the male and female phantornnsal€he-female
organ dose rate coefficient ratio ranges from 0.00478 to 0.780 and 0.0231 to 29.8 for breast
tissue and trunk muscle, respectively. This shows there can be differencagsrgof magnitude
for the organ dose rate coefficients between the two phantoms compé#neddtio range of

0.78 to 0.97 for the whole-body dose rate coefficient ratio between the twimpisa

Table 6: Photon dose rate coefficient comparison for individual tissues (Doserate coefficients given in units
of Gy Bg!s?)

Breast Trunk Muscle
Energy (MeV) M. Coeff. F. Coeff. M/F M. Coeff. F. Coeff. M/F
0.1 0.28x 1016 | 1.19x 101 | 0.776 | 4.39x 1017 | 3.32x 10" | 1.32
0.5 5.77x 101 | 7.55x 101> | 0.765 | 2.64x 1016 | 2.10x 101 | 1.26
1 1.10x 10* | 1.43x 10 | 0.765 | 5.34x 1016 | 4.37x 1016 | 1.22
5 3.50x 10 | 4.53x 1014 | 0.773 | 2.02x 101 | 1.75x 10 | 1.16
10 5.69x 101 | 7.35x 10 | 0.774 | 3.48x 10 | 3.03x 10 | 1.15
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Table 7: Beta doserate coefficient comparison for individual tissues. Dose rate coefficients given in units of

Gy Bg?'s?
Breast Trunk Muscle

Energy (MeV) | M. Coeff. F. Coeff. M/F M. Coeff. F. Coeff. M/F
0.1 1.66x 1017 | 8.26x 1017 | 0.201 | 4.28x 1023 | 8.13x 1023 | 0.526
0.5 2.02x 1017 | 4.24x 1015 | 0.00478| 6.20x 10%° | 4.12x 101° | 0.151
1 8.50x 1016 | 3.58x 1014 | 0.0237 | 3.07x 102%° | 1.33x 1018 | 0.0231
5 2.12x 1013 | 4.09x 1013 | 0.518 | 3.40x 10%® | 1.14x 106 | 29.8
10 6.43x 1013 | 8.25x 1013 | 0.780 | 1.22x 10 | 8.41x 1016 | 14.6

Comparison to the Radiological Accident in Gilan

Using the whole-body dose rate coefficients calculated above, cismmaare made to
the doses reportad the IAEA’s report for the radiological accident in Gilan. Using the whole-
body dose rate coefficientbe whole-body dos®), can be calculated for either photons or betas

using the following equation:

j=E

wheret is the time of exposure in secondds the activity in Becquerelf)c; is the whole-body
dose rate coefficient for each energyemitted by the radioisotope, ands the intensity of
each energy in decimal form. This equation assumes that the time of exipasuh shorter
than the half-life of the radioisotope and therefore the activity irent@nstant. The details
given by the IAEA indicate the source Wddr, the exposure time was 1.5 hours, and the
activity of the source was 185 GBq (IAEA, 2002). The decay energié¥ifoare shown in
Table 8. Using Equation 4 and the data in Table 8, the whole-bodyrdoseliotons is 0.3735
Gy and the whole-body dose from betas is 0.1733 Gy, for a total whole-bselpid.5468 Gy.
The analytical analysis provided by the IAEA assumed that 0.811 MeV waseé|per
decay and that 30% of the source energy would be deposited resulting in 38a8etygfbeing

deposited in the man involved in thealent (IAEA, 2002). The man’s mass was 60 kg giving
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him a whole-body dose of 0.6475 Gy. The total energy deposited in the 73rkgmieom a
0.5468 Gy dose would be 39.91 J which is close to the IAEA’s analytical estimation of energy
deposited.

Based on biological dosimetry conducted after the accident, theAwbdly dose was
reported to be between 2.81.7 Gy (IAEA, 2002). The biological dosimetry was obtained using
Dolphin’s method (Dolphin, 1969) and greatly differs from the whole-body dose estima
calculated in this study. According to the IAEA, “the assumptions used to support [the biological
dosimetry] models are sometimes debatable in their applicateecident situations. Moreover,
they assume a homogeneous exposure of the irradiated fraction of the biothyiswarely the
case” (IAEA, 2002). To achieve a closer representation of a homogeneous exposure, new
homogeneous whole-body dose rate coefficients were calculatedongyrenergy deposited in
the torso and head. These “modified torso dose rate coefficients” are provided in Appendix D.

Using the modified torso dose rate coefficients with the methodidedabove (new mass of

Table 8: Radiation emitted by **Ir (NNDC).

Photons Emitted
Energy (MeV) | Intensity (%) Energy (MeV) | Intensity (%)
0.31651 82.86 0.20579 3.131
0.46807 47.84 0.065122 2.65
0.30846 29.70 0.063001 2.07
0.29596 28.71 0.008910 1.50
0.60441 8.216 0.0614867 1.199
0.61246 5.34 0.07140 0.885
0.066832 4,54 0.37449 0.727
0.58858 4.522 0.20131 0.471
0.009440 3.92 0.48906 0.438
0.48458 3.91 0.28327 0.266
Betas Emitted
AverageEnergy (MeV) | Intensity (%) | AverageEnergy (MeV) | Intensity (%)
0.20801 47.98 0.01972 0.1026
0.16032 41.42 0.01225 0.0059
0.07001 5.60 0.01813 0.0039
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the males 45 kgin this instance), the modified photon and beta doses were calculated to be
0.5868 Gy and 0.2796 Gy, respectively, for a total of 0.8664 Gy. While this dose estimate is
higher it still is not consistent with biodosimetry estimadiéor whole-body dose.

The IAEA also reported that the man involved in the accidenat@&dmx 3 cm skin
desquamation on his right thigh implying that he receiwedtact with a point source with an
estimated dose of 40 Gy” (IAEA, 2002). If the source was only contained in his breast pocket, it
would not be expected for him to have received such a dose to his thiglsugbests that the
source was stored in his thigh pocket, at least for a short peribelchanged his body’s
geometry (i.e. sitting or leaning) enough to put the source closer to higah@gkignificant
amount of time during his exposure.

Back Pocket Source

The plot of the whole-body dose rate coefficients for the photonetadlack pocket
sources for the male and female phantoms are shown in Figure 7 (data idiA@)ei he
photon coefficients follow a similar trend as the photon breast pocket shaveever, the male
coefficients are consistently about 0-86.90 times that of the female instead of the almost exact
1:1 ratio seen in the breast pocket scenario. The percent of energyatefargphotons is in the
range of 14- 24% for males above 70 keV and-123% for females above 70 keV.

The beta coefficients seem to follow a similar trend to the breast pakesdurce. The ratio of
male-to-female coefficients ranges from about 6.1685 for energies above 70 keV. Similar to
the breast pocket source for betas, about 40% of the source energy is deposited in the body
for all energies except the lowest energies 20 keV). As seen with the breast pocket source,
the whole-body dose rate coefficients for photons and betas are apprboxenata for source

energies of about 30 to 40 keV.
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Figure 7: Plot of the whole-body dose rate coefficients for the male and female phantoms for photon and
beta back pocket source.

Comparison to the Radiological Accident in Yanango

The estimated dose based on the whole-body dose rate coefficiehts Yamango
accident is calculated using Equation 4, analogous to the approach usedddathaccident,
but using the back pocket source geometry. The source wWéraource with an activity of
1.37 TBq, and the exposure time was 6.5 hours. The results are compared to the IAEA’s accident
report (IAEA, 2000). Theatient’s whole-body dose was estimated by the IAEA using
fluorescence in situ hybridization (FISH) technique (Darroudi andriljain, 2000). The FISH
technique assumes a homogeneous whadg-exposure and is mostly practical for “low doses”
(Darroudi and Natarajan, 2000). Using the FISH technique the whole-body dosstivasged
to be 1.2- 1.5 Gy (IAEA, 2000). Using the whole-body dose rate coefficients presented in
Figures 8 and 9, the whole-body dasealculated to be 13.12 Gy from photons and 2.59 Gy
from betas for a total of 15.71 Gy. The whole-body dose calculated sctmsrio, as in the
Gilan scenario, is significantly different frofine biodosimetry estimate provided in the IAEA’s

report. The differences in the estimates for whole-body dosestfosbenarios indicate how
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difficult it is to accurately estimate the whole-body dosemvtihe parameters of the exposure
scenario (time and geometry) are not well known.

Dose estima&sprovided for different organs in the report for the Yanango accider w
obtained from Peruvian physicists at the Instituto Nacional defaatéades Neoplasicas
(INEN) using the Prowess 3000 treatment planning computer system (IAEA, 2000). The orga
doses calculated by INEN are compared to organ doses calcusig the organ dose rate
coefficients for the individual organs calculated with MCNP6 and are pessenTable 9 (raw
data in Appendix E).

The MCNPG6 results for the gonads and bladder agree with the INEN results lagtter th
the femur and rectum results. The femur greatly varies but it existzet INEN results were for
a single point in the organ as opposed to the dose being calcudaiss e whole organ as was
done with MCNP6. The dose would theoretically decrease in ther fasthe distance from the
source increases, thus reducing the average value of the dose to thergdwolé he general
agreement between the two doses for the gonads and bladder seenate thdicdhe dose-
coefficients for individual organs calculated with MCNP6 may be a gdodags for
retrospective analysis for organ doses. Organ doses were alsatealaiding Monte Carlo
methods with a transport code MORSE (Multigroup Oak Ridge Stocliagigriment) and a
software package known as MDGE (Multidevice Graphics Editor) and repgrtbeé bAEA.
Using the MORSE code, the dose to the femur was estimated to bebh&w&5 Gy which
agrees much better with the dose calculated using the doseetteients.

It is worth noting that the dose from betas is negligible (thréers of magnitude lower) or zero
when calculating the organ doses for Table 9. It is also apparentceimaring Tables 6 and 7

from the breast pocket source, that the beta whole-body dose rateientffivere two or more
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orders of magnitude lower than the photon whole-body dose rate cod$fiaien for most

energies. This implies that beta dose is only of significant corioeskin and tissue just below

the skin.
Table 9: Doses calculated by INEN and M CNP6.
Organ (Mass) INEN Dose (Gy)* MCNP6 Dose (Gy)
Femur (786.53 g) 143 35.4
Gonadgq17.5 g) 23 20.3
Bladder(13.92 g) 18 14.8
Rectum(29.98 g) 18 27.7
*Results taken from IAEA accident report (IAEA, 2000).

Skin Dose

Skin dose rate coefficients are also calculated using MCNP6.0Beésatalculated via
two methods: (1) calculating fluence and subsequent conversion using ICRP 74 conversion
coefficients for fluence to air kerma for photons and fluence to absdkivedase for betas and
(2) calculating the energy deposited in the first 0.07 mm of skin. Both metteodaleulated for
a cylindrical volume of skin with a cross-sectional area of 19amd a depth of 0.007 cm. In the
model, the source was aligned with the center of the circular fabe afodel volume. This
geometry ensures that the maximum skin dose for a 2@u@a of skin is calculated because the
absorbed dose will decrease as the radial distance from the smuessesSMCNP6’s output
for method 1 is in Gray, but the output for methad @onverted to Gray using the density (1.09
g cm®) and volume (10 céx 0.007 cm) of the skin with the following equation:

Ep(1.602x10713 ] MeV~1)(1000 gkg™1)

Dose (Gy) = (1.09 gcm=3)(10 cm? x 0.007 cm)

(5)

The ICRP conversion coefficient for dose to air kersnased assuming the kerma
approximation was valid based on the data presented in Figure 5.stilis fer both methods

for photons are plotted in Figure 8 (data in Appendix F). The cadcliin dose rate
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coefficients for both methods are consistent, within 10% for each ematgymethod 2 (the
dose based on deposited engmwviding consistently higher results.

Using similar methods to calculate skin dose from betas proved more diffitulihe
chosen geometry. The shielding encapsulating the source blocks aiwitétan energy less
than 2.0 MeV from penetrating. The data collected are shown in Figure 9. The fresn the
two methods did not agree as well for betas as they did for photons, wiltbdviz(the dose
based on deposited energy) providing results 2-3 times higher. The disgrbptmeen the two
methods is may be because the ICRP conversion factor assumes a wiydierhodeneous
exposure. It is worth noting that none of the most common radiograptgesd®Co, 1%r, °Seg
and!%%vb) have average beta energies greater than 1 MeV, so it is unlikebnthaf these
sources, when shielded, would cause a significant beta dose to the skiveH@meunshielded
beta source, as shown in the whole-body cases, will contribute sigtiyffitathe dose as most

energy from betas is expected to be deposited in the skin.
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Figure 8: Plot of the dose rate coefficients for the skin dose for an encapsulated photon sour ce.
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Using the Method 2 skin dose rate coefficients, the skin dose fdfatiengo incidenis
calculated using Equation 4 and compared to the INEN estimated skin @86dby (IAEA,
2000). The estimated skin dose for the Yanango accident is 7435 Gy basedkom dlosesrate
coefficients which is roughly 75% of the estimation by INEN, assgrttiare is no beta
contribution to the dose. It is not clear from the IAEA report on \8lzat area of skin the INEN
dose is based, but if the skin dose is calculated with a smallevfesiea, then the INEN

estimate indeed should be higher.
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Figure9: Plot of the dose rate coefficients for the skin dose for an encapsulated photon sour ce.
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Conclusions

Using dose rate coefficients to retrospectively assess the dosadiblagical accident,
in theory, is a quick and accurate technique. However, the dose essmaty as accurate as
the information ascertained about the exposure scenario. Most itifamrpeovided ©
retrospectively analyze a scenario is likely to be self-redahd can be un-reliable.
Uncertainties in exposure time and geometry (movement of the soyraekets, moving the
source from one pocket to another, handling of the soucecah lead to uncertainties in the
dose assessment. Unlike the ICRP conversion coefficients which haveutdished fora
broad-beam, homogeneous, whole-body exposure to simplify geometridestheate
coefficients calculated in this study are trying to predict dosesoduery particular geometries.

In general, the dose from the photons seem to influence whole-bodygamdoses
more than dose from beta particles. This is because the betéepardicnot penetrate as far as
the photons can. However, a non-encapsulated beta source dose is erpbaiiedrta more
significant dose to the skin.

The whole-body dose estimates calculated from the doseoeffecents presented do
not seem accurate when compared td #€A’s published results from biodosimetr§0.5468
Gy vs. 2.8 Gy for the Gilan accident and 15.71 Gy vs. 1.5 Gy for the Yanangerd:Ciche
individual organ and skin doses calculated with their respectiverdtaseoefficients compared
to the doses reported by the IAEA, retrospectively calculatedutilezang Monte Carlo
methods, seem to be in closer agreement. It is clear, based ondkijdsdbdosimetry and Monte
Carlo methods seem to have discrepancies between them. Thipalimyrés possibly due to the
fact that biodosimetry assumes homogeneous exposures which is naséhfor most accidental

acute exposures.
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Going forward, the method used in this study could be used for additional gesmetr
(left breast pocket, left back pocket, and both side pant pocketsytdatalmore dose rate
coefficients. Skin dose coefficients for non-encapsulated photon ansidoetes should also be
calculated to see how significant beta dose would be to skinmts® scenario. Combined
with the coefficients presented in this study they could be usedranourately assess a wide
variety of acute dose exposures. Having coefficients to more radipute doses may help
predict how exposed individuals should be assessed following an acutmnaekgtosure.

While whole-body doses were used in this study to attempt to atideimethod, the
main concern following radiological accidents are doses to individuahgrgacloser look at
absorbed doses to specific organs (e.g. lungs, breast, gonads) and effectite tthosesorgans
could provide further information what areas of the body take the misheet from acute
radiation exposures. The dose rate coefficients of this study are sphciicaéference man
and reference woman and thus are most accurate when using themviduaddisimilar to
reference man and reference woman. Therefore, the method used indyisastld be used to
determine dose rate coefficients using geometries for different bodyasidegpes to see what

effect they have on the organ dese
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Appendix A: Organ/Tissue | dentification Numbers

Table A: Organ/Tissue I dentification Numbers

ID/Cell | Organ/tissue ID/Cell | Organ

1 Adrenal, left 45 Scapulae, cortical

2 Adrenal, right 46 Scapulae, spongiosa

3 Anterior nasal passage 47 Cervical spine, cortical

4 Posterior nasal passage down to larynx 48 Cervical spine, spongiosa

5 Oral mucosa, tongue 49 Thoracic spine, cortical

6 Oral mucosa, lips and cheeks 50 Thoracic spine, spongiosa
7 Trachea 51 Lumbar spine, cortical

8 Bronchi 52 Lumbar spine, spongiosa

9 Blood vessels, head 53 Sacrum, cortical

10 Blood vessels, trunks 54 Sacrum, spongiosa

11 Blood vessels, arms 55 Sternum, cortical

12 Blood vessels, legs 56 Sternum, spongiosa

13 Humeri, proximal end, cortical bone 57 Cartilage, head

14 Humeri, upper half, spongiosa 58 Cartilage, trunk

15 Humeri, upper half, medullary cavity 59 Cartilage, arms

16 Humeri, lower half, cortical 60 Cartilage, legs

17 Humeri, lower half, spongiosa 61 Brain

18 Humeri, lower half, medullary cavity 62 Breast, left, adipose tissue
19 Ulnae and radii, cortical 63 Breast, left, glandular tissue
20 Ulnae and radii, spongiosa 64 Breast, right, adipose tissue
21 Ulnae and radii, medullary cavity 65 Breast, right, glandular tissue
22 Wrists and hand bones, cortical 66 Eye lens, left

23 Wrists and hand bones, spongiosa 67 Eye bulb, left

24 Clavicles, cortical 68 Eye lens, right

25 Clavicles, spongiosa 69 Eye bulb, right

26 Cranium, cortical 70 Gall bladder wall

27 Cranium, spongiosa 71 Gall bladder contents

28 Femora, upper half, cortical 72 Stomach wall

29 Femora, upper half, spongiosa 73 Stomach contents

30 Femora, upper half, medullary cavity 74 Small intestine wall

31 Femora, lower half, cortical 75 Small intestine contents

32 Femora, lower half, spongiosa 76 Ascending colon wall

33 Femora, lower half, medullary cavity 77 Ascending colon contents
34 Tibiae, fibulae, and patellae, cortical 78 Transverse colon wall, right
35 Tibiae, fibulae, and patellae, spongiosa 79 Transverse colon contents, rig
36 Tibiae, fibulae, and patellae, medullary cay 80 Transverse colon wall, left
37 Ankles and foot bones, cortical 81 Transverse colon contents, lef
38 Ankles and foot bones, spongiosa 82 Descending colon wall

39 Mandible, cortical 83 Descending colon contents
40 Mandible, spongiosa 84 Sigmoid colon wall

41 Pelvis, cortical 85 Sigmoid colon contents

42 Pelvis, spongiosa 86 Rectum wall

43 Ribs, cortical 87 Heart wall

44 Ribs, spongiosa 88 Heart contents (blood)
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Table A (continued)

ID/Cell | Organ/tissue ID/Cell | Organ

89 Kidney, left, cortex 115 Prostate

90 Kidney, left, medulla 116 Residual tissue, head
91 Kidney, left, pelvis 117 Residual tissue, trunk
92 Kidney, right, cortex 118 Residual tissue, arms
93 Kidney, right, medulla 119 Residual tissue, legs
94 Kidney, right, pelvis 120 Salivary glands, left
95 Liver 121 Salivary glands, right
96 Lungs, left, blood 122 Skin, head

97 Lungs, left, tissue 123 Skin, trunks

98 Lungs, right, blood 124 Skin, arms

99 Lungs, right, tissue 125 Skin, legs

100 Lymphatic nodes, ET airways 126 Spinal cord

101 Lymphatic nodes, thoracic airways 127 Spleen

102 Lymphatic nodes, head 128 Teeth

103 Lymphatic nodes, trunk 129 Testis, left

104 Lymphatic nodes, arms 130 Testis, right

105 Lymphatic nodes, legs 131 Thymus

106 Muscle, head 132 Thyroid

107 Muscle, trunk 133 Tongue (inner part)
108 Muscle, arms 134 Tonsils

109 Muscle, legs 135 Ureter, left

110 Oesophagus (wall) 136 Ureter, right

111 Ovary, left 137 Urinary bladder wall
112 Ovary, right 138 Urinary bladder contents
113 Pancreas 139 Uterus/cervix

114 Pituitary gland 140 Air inside body
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Appendix B: Whole-Body Dose Rate Coefficient Data

Table B1: Dose data for photon breast pocket sour ce

Male Female
Source Energy | Energy Deposited % Dose Rate Coefficient | Energy Deposited % Dose Rate Coefficient M/F
(MeV) (MeV) Deposited (GyBgts?h (MeV) Deposited (GyBg's) D.R.C.
0.001 0.00 - - 0.00 - - -
0.01 0.004552 45.52 9.992x 1018 0.004118 41.18 1.099x 10Y7 0.9087
0.02 0.008089 40.44 1.775x 10Y7 0.006955 34.77 1.857x 10Y7 0.9561
0.03 0.01000 33.33 2.194x 10Y7 0.008125 27.08 2.169x 107 1.012
0.04 0.01113 27.82 2.443x 1017 0.008734 21.84 2.332x 10Y7 1.047
0.05 0.01205 24.10 2.645x 1017 0.009260 18.52 2.473x 10%7 1.070
0.06 0.01305 21.74 2.864x 1017 0.009895 16.49 2.642x 1017 1.084
0.07 0.01421 20.30 3.119x 10%7 0.01070 15.29 2.857x 1017 1.092
0.08 0.01555 19.44 3.413x 10Y7 0.01168 14.59 3.117x 10Y7 1.095
0.09 0.01705 18.94 3.742x 10Y7 0.01280 14.22 3.418x 10Y7 1.095
0.1 0.01868 18.68 4.101x 10Y7 0.01405 14.05 3.751x 10Y7 1.093
0.2 0.03896 19.48 8.552x 1017 0.03000 15.00 8.010x 10%7 1.068
0.3 0.06174 20.58 1.355x 1016 0.04815 16.05 1.286x 1016 1.054
0.4 0.08491 21.23 1.864x 1016 0.06667 16.67 1.780x 1016 1.047
0.5 0.1079 21.58 2.368x 1016 0.08504 17.01 2.270x 1016 1.043
0.6 0.1304 21.74 2.863x 1016 0.1030 17.17 2.751x 1016 1.041
0.7 0.1525 21.79 3.347x 1016 0.1207 17.24 3.222x 1016 1.039
0.8 0.1741 21.76 3.821x 1016 0.1379 17.23 3.681x 1016 1.038
0.9 0.1950 21.67 4.280x 1016 0.1546 17.17 4,127x 1016 1.037
1.0 0.2155 21.55 4.730x 1016 0.1709 17.09 4.562x 1016 1.037
2.0 0.3943 19.72 8.655x 1016 0.3126 15.63 8.345x 1016 1.037
3.0 0.5427 18.09 1.191x 107° 0.4296 14.32 1.147x 10%° 1.039
4.0 0.6751 16.88 1.482x 10%° 0.5336 13.34 1.425x 10%° 1.040
5.0 0.7978 15.96 1.751x 10%° 0.6301 12.60 1.682x 10%° 1.041
6.0 0.9149 15.25 2.008x 101° 0.7219 12.03 1.928x 10% 1.042
7.0 1.029 14.69 2.258x 1015 0.8111 11.59 2.166x 101° 1.042
8.0 1.141 14.26 2.504x 1015 0.8990 11.24 2.400x 10%° 1.043
9.0 1.251 13.90 2.746x 1015 0.9853 10.95 2.631x 1015 1.044
10.0 1.361 13.61 2.987x 1015 1.071 10.71 2.861x 107° 1.044
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Table B2: Dose data for beta breast pocket source

Male Female
Source Energy | Energy Deposited % Dose Rate Coefficient | Energy Deposited % Dose Rate Coefficient M/F
(MeV) (MeV) Deposited (GyBgts?Y (MeV) Deposited (Gy Bgts?h D.R.C.
0.001 0.00 - - 0.00 - - -
0.01 0.00004708 0.4708 1.033x 10%° 0.00008130 0.8130 2.171x 1071° 0.4761
0.02 0.005118 25.59 1.123x 10Y 0.005328 26.64 1.423x 10Y7 0.7897
0.03 0.01100 36.65 2.413x 10Y7 0.01077 35.89 2.875x 10%7 0.8394
0.04 0.01660 41.49 3.643x 107 0.01568 39.21 4.188x 107 0.8699
0.05 0.02206 44,12 4.842x 10%7 0.02020 40.40 5.394x 1017 0.8977
0.06 0.02729 45.48 5.989x 1017 0.02452 40.87 6.548x 1017 0.9147
0.07 0.03240 46.28 7.111x 10Y7 0.02881 41.16 7.693x 107 0.9244
0.08 0.03739 46.74 8.207x 10Y/ 0.03301 41.26 8.813x 1017 0.9313
0.09 0.04237 47.08 9.301x 10Y/ 0.03732 41.47 9.965x 1017 0.9333
0.1 0.04728 47.28 1.038x 1016 0.04176 41.76 1.115x 101 0.9307
0.2 0.09297 46.49 2.041x 1016 0.08609 43.04 2.299x 1016 0.8878
0.3 0.1343 44.76 2.947x 1016 0.1239 41.29 3.307x 1016 0.8911
0.4 0.1742 43.56 3.825x 1016 0.1603 40.08 4.280x 1016 0.8936
0.5 0.2144 42.88 4.705x 106 0.1965 39.31 5.248x 1016 0.8967
0.6 0.2545 42.42 5.586x 1016 0.2324 38.73 6.204x 1016 0.9004
0.7 0.2946 42.09 6.467x 1016 0.2678 38.26 7.151x 1016 0.9044
0.8 0.3347 41.83 7.346x 1016 0.3030 37.88 8.091x 1016 0.9079
0.9 0.3745 41.61 8.220x 1016 0.3380 37.56 9.025x 1016 0.9109
1.0 0.4142 41.42 9.091x 1016 0.3728 37.28 9.955x 1016 0.9132
2.0 0.8105 40.53 1.779x 101° 0.7269 36.35 1.941x 10% 0.9166
3.0 1.217 40.55 2.670x 101° 1.086 36.21 2.900x 101° 0.9207
4.0 1.628 40.70 3.573x 1015 1.442 36.05 3.850x 1015 0.9281
5.0 2.044 40.87 4.486x 1015 1.793 35.86 4.787x 1015 0.9371
6.0 2.459 40.99 5.398x 101° 2.138 35.63 5.707x 1015 0.9459
7.0 2.874 41.06 6.309x 101° 2.479 35.41 6.619x 1015 0.9532
8.0 3.285 41.07 7.211x 1015 2.816 35.20 7.518x 1015 0.9592
9.0 3.697 41.07 8.114x 101° 3.151 35.01 8.413x 101° 0.9645
10.0 4.105 41.05 9.010x 101° 3.483 34.83 9.300x 101° 0.9688
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Table B3: Dose data for photon back pocket source

Male Female
Source Energy | Energy Deposited % Dose Rate Coefficient | Energy Deposited % Dose Rate Coefficient M/F
(MeV) (MeV) Deposited (Gy Bgts? (MeV) Deposited (Gy Bgts? D.R.C.
0.001 0.00 - 0 0.00 - 0 -
0.01 0.004969 49.69 1.091x 10Y 0.004861 48.61 1.298x 107 0.8401
0.02 0.009125 45.62 2.002x 10Y7 0.008793 43.96 2.348x 107 0.8530
0.03 0.01154 38.45 2.532x 10Y7 0.01082 36.07 2.889x 10Y7 0.8763
0.04 0.01284 32.10 2.818x 10Y7 0.01184 29.59 3.160x 10Y7 0.8918
0.05 0.01381 27.62 3.031x 10%7 0.01265 25.31 3.379x 10Y7 0.8970
0.06 0.01485 24.76 3.260x 1077 0.01360 22.67 3.631x 10Y7 0.8976
0.07 0.01609 22.99 3.531x 10Y7 0.01476 21.09 3.941x 10Y7 0.8960
0.08 0.01754 21.93 3.850x 10/ 0.01614 20.17 4.309x 10Y7 0.8934
0.09 0.01917 21.30 4.207x 10%7 0.01770 19.66 4.725x 10%7 0.8905
0.1 0.02097 20.97 4.601x 10%7 0.01941 19.41 5.182x 1017 0.8879
0.2 0.04317 21.58 9.473x 10Y7 0.04063 20.32 1.085x 1016 0.8731
0.3 0.06789 22.63 1.490x 1016 0.06428 21.43 1.716x 101 0.8680
0.4 0.09289 23.22 2.038x 1016 0.08821 22.05 2.355x 1016 0.8655
0.5 0.1175 23.51 2.580x 1016 0.1118 22.37 2.986x 1016 0.8638
0.6 0.1417 23.61 3.109x 1016 0.1350 22.49 3.603x 1016 0.8627
0.7 0.1652 23.60 3.625x 1016 0.1575 22.50 4.,205x 1016 0.8620
0.8 0.1881 23.51 4,128x 1016 0.1795 22.43 4.792x 1016 0.8615
0.9 0.2103 23.37 4.615x 1016 0.2008 22.31 5.360x 1016 0.8610
1.0 0.2320 23.20 5.092x 1016 0.2216 22.16 5.915x 1016 0.8608
2.0 0.4203 21.02 9.22x 1016 0.4016 20.08 1.072x 10% 0.8602
3.0 0.5757 19.19 1.263x 10%° 0.5497 18.32 1.468x 10%° 0.8608
4.0 0.7140 17.85 1.567x 10%° 0.6812 17.03 1.819x 10%° 0.8615
5.0 0.8421 16.84 1.848x 10%° 0.8027 16.05 2.143x 101° 0.8623
6.0 0.9642 16.07 2.116x 1015 0.9182 15.30 2.452x 1015 0.8631
7.0 1.083 15.47 2.376x 1015 1.030 14.72 2.751x 1015 0.8639
8.0 1.200 15.00 2.633x 101° 1.140 14.26 3.045x 101° 0.8646
9.0 1.315 14.61 2.885x 101° 1.249 13.88 3.335x 101° 0.8651
10.0 1.429 14.29 3.136x 101° 1.357 13.57 3.623x 1015 0.8656
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Table B4: Dose data for beta back pocket source

Male Female
SourceEnergy | Energy Deposited % Dose Rate Coefficient | Energy Deposited % Dose Rate Coefficient M/F

(MeV) (MeV) Deposited (Gy Bgts? (MeV) Deposited (Gy Bgts?) D.R.C.
0.001 0.00 - - 0.00 - - -
0.01 0.0000001873 0.001873 4.109x 10?2 0.00006523 0.6523 1.742x 101° 0.002359
0.02 0.003020 15.10 6.627x 1018 0.005549 27.75 1.482x 107 0.4473
0.03 0.008412 28.04 1.846x 10%7 0.01174 39.13 3.134x 10%7 0.5889
0.04 0.01414 35.34 3.102x 10%7 0.01736 43.40 4.635x 10%7 0.6694
0.05 0.01984 39.68 4.353x 10Y7 0.02269 45.37 6.05x 10Y7 0.7187
0.06 0.02542 42.36 5.578x 10Y7 0.02791 46.52 7.453x 10Y7 0.7484
0.07 0.03091 44.16 6.783x 10Y7 0.03317 47.38 8.855x 1017 0.7660
0.08 0.03630 45.38 7.967x 1017 0.03841 48.01 1.026x 1016 0.7768
0.09 0.04167 46.30 9.144x 10%7 0.04370 48.56 1.167x 1016 0.7836
0.1 0.04709 47.09 1.033x 1016 0.04897 48.97 1.307x 1016 0.7904
0.2 0.09763 48.81 2.142x 1016 0.09799 48.99 2.616x 1016 0.8189
0.3 0.1435 47.85 3.150x 1016 0.1429 47.64 3.816x 101¢ 0.8254
0.4 0.1873 46.82 4.110x 1016 0.1856 46.39 4,955x 1016 0.8295
0.5 0.2301 46.02 5.050x 1016 0.2277 45.53 6.079x 1016 0.8308
0.6 0.2729 45.49 5.989x 1016 0.2698 44.97 7.204x 1016 0.8313
0.7 0.3159 45.12 6.932x 1016 0.3122 44.60 8.336x 1016 0.8316
0.8 0.3590 44.87 7.878x 1016 0.3548 44.35 9.473x 1016 0.8316
0.9 0.4022 44.68 8.825x 1016 0.3976 44.18 1.062x 101° 0.8314
1.0 0.4155 41.55 9.776x 1016 0.4404 44.04 1.176x 101° 0.8313
2.0 0.8906 44.53 1.954x 101° 0.8734 43.67 2.332x 101° 0.8380
3.0 1.352 45.06 2.967x 101° 1.312 43.73 3.503x 101° 0.8469
4.0 1.820 45.49 3.993x 1015 1.751 43.77 4.674x 1015 0.8543
5.0 2.294 45.89 5.035x 1015 2.193 43.86 5.855x 1015 0.8600
6.0 2.770 46.16 6.078x 1015 2.636 43.93 7.038x 101° 0.8636
7.0 3.246 46.37 7.123x 1015 3.083 44.04 8.231x 1015 0.8653
8.0 3.719 46.49 8.162x 1015 3.532 44.14 9.429x 101° 0.8656
9.0 4.195 46.62 9.207x 101° 3.986 44.29 1.064x 1014 0.8652
10.0 4.670 46.70 1.025x 101 4.441 44.41 1.186x 1014 0.8643
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Appendix C: Datafor Breast and Trunk Tissue Example

Table C1: photon breast pocket source data used to calculate the dose rate coefficients for the reference
male breast (mass 0.02498 kg)

Energy Deposited in Cell: (MeV)

Total
So“r(,f/lefv”)ergy 62 63 64 65 Energy
Deposited (MeV)
0.1 9.10x 105 | 5.00x 10° | 1.71x 10° | 1.01x 105 | 1.45x 10°
0.5 5.62x 10% | 3.16x 10° | 1.42x 105 | 8.92x 106 | __ 9.00x 10°
1.0 1.06x 10% | 5.96x 10° | 3.10x 10° | 1.97x 105 | 1.71x 103
5.0 3.36x 10° | 1.89x 10° | 1.29x 10° | 8.57x 105 | 5.46x 10°
10.0 5.44% 103 | 3.07x 10° | 2.25x 10% | 1.47x 10° | __ 8.88x 10°

Table C2: Photon breast pocket sour ce data used to calculate dose rate coefficients for the reference male

trunk muscle (cell 107, mass 15.00682 kg)

Source Energy (MeV) Energy Deposited (M eV)
0.1 4.11x 103
0.5 2.47x 107
1.0 5.01x 102
5.0 1.89x 101
10.0 3.26x 10*

Table C3: Photon breast pocket sour ce data used to calculate dose rate coefficients for the reference female
breast (mass 0.50002 kg)

Energy Deposited in Céll: (MeV)
Sour ce Energy Total
(MeV) 62 63 64 65 E.ner ay
Deposited (MeV)
0.1 1.37x 10° | 2.18x 103 | 1.18x 10* | 6.28x 10° 3.73x 10°%
0.5 8.79x 103 | 1.36x 10° | 7.96x 10* | 4.23x 10* 2.36x 102
1.0 1.68x 10? | 2.56x 10? | 1.54x 10° | 8.32x 10* 4.47x 107
5.0 5.36x 102 | 8.01x 10° | 5.07x 10° | 2.81x 103 1.42x 101
10.0 8.68x 102 | 1.30x 10! | 8.24x 10° | 4.62x 103 2.29x 101

Table C4: Photon breast pocket sour ce data used to calculate dose r ate coefficients for the reference female
trunk muscle (cell 107, mass 8.51822 kg)

Source Energy (MeV) Energy Deposited (MeV)
0.1 1.76x 103
0.5 1.11x 102
1.0 2.33x 102
5.0 9.29x 107
10.0 1.61x 107
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Table C5: Electron breast pocket source data used to calculate dose rate coefficients for the reference male

breast (mass 0.02498 kg)

Energy Deposited in Cdll: (MeV)

Sour ce Energy Total
(MeV) 62 63 64 65 E_ner ay
Deposited (MeV)
0.1 2.71x 107 | 2.32x 10° | 8.09x 10*° 0 2.59x 10°
0.5 1.08x 107 | 2.88x 10° | 7.15x 108 | 9.16x 108 3.15x 10°
1.0 6.30x 10° | 6.94x 10° | 4.88x 108 | 8.53x 108 1.33x 10%
5.0 2.44x 102 | 8.59x 103 | 1.15x 10°® | 1.57x 10’ 3.30x 107
10.0 6.59x 102 | 3.43x 10? | 3.19x 10° | 6.14x 10° 1.00x 107

Table C6: Electron breast pocket source data used to calculate dose rate coefficients for the reference male
trunk muscle (cell 107, mass 15.00682 kg)

Source Energy (MeV) Energy Deposited (MeV)
0.1 4.01x 10°
0.5 5.81x 10°
1.0 2.87x 108
5.0 3.19x 10?
10.0 1.15x 10°

Table C7: Electron breast pocket sour ce data used to calculate dose rate coefficients for the reference
female breast (mass 0.50002 kg)

Energy Deposited in Cdll: (MeV)
Sour ce Energy Total
(MeV) 62 63 64 65 E_ner ay
Deposited (MeV)
0.1 4.17x 10° | 2.07x 10% | 9.21x 10° | 4.29x 108 2.58x 10%
0.5 7.64x 10° | 1.30x 10% | 1.75x 10* | 4.42x 10° 1.32x 102
1.0 4.64x 103 | 1.07x 10! | 5.54x 10* | 1.99x 10° 1.12x 101
5.0 3.48x 10t | 9.20x 10* | 6.77x 10° | 2.22x 103 1.28x 10°
10.0 8.35x 10% | 1.71x 1(° | 2.00x 102 | 9.41x 103 2.57x 10

Table C8: Electron breast pocket sour ce data used to calculate dose rate coefficients for the reference
female trunk muscle (cell 107, mass 8.51822 kg)

Source Energy (MeV) Energy Deposited (MeV)
0.1 4.33x 10°
0.5 2.19x 10°
1.0 7.07x 10°
5.0 6.08x 10°
10.0 4.47x 102
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Appendix D: Modified Dose Rate Coefficient Data

Table D1: “Modified” dose data for photon breast pocket source

Source Energy (MeV) | Energy Deposited (MeV) | % Deposited | Dose Coefficient

(Gy Bgt's?)

0.001 0.00 - -
0.01 0.004550 45.50 1.620x 1017
0.02 0.008080 40.40 2.876x 10%7
0.03 0.009950 33.17 3.542x 107
0.04 0.01098 27.46 3.910x 10Y7
0.05 0.01180 23.61 4.202x 107
0.06 0.01272 21.19 4.527x 107
0.07 0.01381 19.73 4.917x 107
0.08 0.1510 18.87 5.374x 10Y7
0.09 0.01654 18.38 5.889x 10*/
0.1 0.01813 18.13 5.453x 107
0.2 0.03780 18.90 1.346x 1016
0.3 0.05981 19.94 2.129x 1016
0.4 0.08211 20.53 2.923x 1016
0.5 0.1042 20.83 3.708x 10%°
0.6 0.1257 20.96 4.477x 1016
0.7 0.1468 20.97 5.227x 1016
0.8 0.1674 20.92 5.959x 1016
0.9 0.1873 20.81 6.667x 1016
1.0 0.2067 20.67 7.360x 1016
2.0 0.3754 18.77 1.336x 101°
3.0 0.5142 17.14 1.831x 1015
4.0 0.6376 15.94 2.270x 1015
5.0 0.7518 15.04 2.677x 10%°
6.0 0.8607 14.34 3.064x 101°
7.0 0.9663 13.80 3.440x 10%°
8.0 1.070 13.38 3.811x 10%°
9.0 1.173 13.03 4.175x 1015
10.0 1.275 12.75 4.538x 10%°
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Table D2: “Modified” dose data for beta breast pocket sour ce

Source Energy (MeV) | Energy Deposited (MeV) | % Deposited | Dose Coefficient

(GyBg's?)

0.001 0.00 - -
0.01 0.00004708 0.4708 1.676x 101°
0.02 0.005118 25.59 1.822x 1017
0.03 0.01100 36.65 3.914x 10Y7
0.04 0.01660 41.49 5.909x 10%7
0.05 0.02206 44,12 7.853x 10Y7
0.06 0.02729 45.48 9.714x 10Y7
0.07 0.03240 46.28 1.153x 1016
0.08 0.03739 46.74 1.331x 1016
0.09 0.04237 47.08 1.508x 1016
0.1 0.04728 47.28 1.683x 1016
0.2 0.09244 46.22 3.291x 1016
0.3 0.1334 44.47 4.749x 1016
0.4 0.1731 43.27 6.162x 1016
0.5 0.2131 42.63 7.588x 1016
0.6 0.2533 42.22 9.018x 1016
0.7 0.2936 41.94 1.045x 1015
0.8 0.3337 41.72 1.188x 1015
0.9 0.3737 41.52 1.330x 1015
1.0 0.4135 41.35 1.472x 1015
2.0 0.8102 40.51 2.884x 101°
3.0 1.216 40.55 4.330x 10%°
4.0 1.628 40.69 5.794x 101°
5.0 2.044 40.87 7.275x 1015
6.0 2.459 40.99 8.755x 101°
7.0 2.874 41.06 1.023x 1014
8.0 3.285 41.06 1.169x 1014
9.0 3.696 41.07 1.316x 1014
10.0 4.104 41.04 1.461x 1014
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Appendix E: Organ Data for Yanango Comparison

Table E1: Photon back sour ce data used to calculate doses to the male femur (total mass of 1.57306 kg)

Energy Deposited in Cells: (MeV)

Enersg;"ﬁev) 28 29 30 31 32 33
0.001 0 0 0 0 0 0
0.01 0 0 0 0 0 0
0.02 3.09x 10° | 6.42x 107 | 8.04x 10%° | 6.12x 10 | 1.13x 10® 0
0.03 1.20x 10* | 4.14x10° | 2.78x 107 | 4.26x 10° | 5.95x 107 | 1.02x 107
0.04 3.27x10% | 1.20x 10* | 1.43x10%® | 2.52x 10° | 3.02x 10% | 8.71x 107
0.05 4.65x 10% | 1.80x10* | 3.01x 10® | 5.16x 10° | 6.28x 10° | 2.21x 10°
0.06 5.31x 104 | 2.22x 10* | 4.52x10°% | 7.18x 10° | 9.22x 10°% | 3.77x 10°
0.07 5.57x 10% | 2.53x 10* | 5.97x 10°% | 8.56x 10° | 1.18x 10° | 5.23x 10°
0.08 5.64x 10% | 2.80x 10* | 7.36x 10° | 9.42x 10° | 1.41x 10° | 6.75x 10°
0.09 5.63x 10% | 3.06x 10* | 8.81x 10°® | 9.98x 10° | 1.60x 10° | 8.37x 10°
0.1 5.59x 10* | 3.33x 10* 1.02x 10° | 1.05x 10* | 1.77x 10° | 9.97x 10°
0.2 5.92x 10* | 6.39x 10* | 2.57x10° | 1.33x 10* | 3.88x 10° | 2.81x 10°
0.3 7.17x 10* | 9.76x 10* 4.23x 10° | 1.72x 10% | 6.68x 10° | 4.90x 10°
0.4 8.73x 10% | 1.32x 10% | 5.81x10° | 2.19x 10* | 1.00x 10* | 7.10x 10°
0.5 1.04x 10% | 1.66x 103 7.47x 10% | 2.69x 10* | 1.37x 10* | 9.33x 10°
0.6 1.21x 10% | 1.99x 103 | 9.01x 10° | 3.22x 10* | 1.76x 10* | 1.15x 10*
0.7 1.37x 10% | 2.31x10% | 1.06x 10* | 3.77x 10* | 2.17x 10* | 1.38x 10*
0.8 1.54x 10% | 2.62x 10° | 1.20x 10* | 4.33x 10* | 2.58x 10* | 1.61x 10*
0.9 1.70x 10% | 3.93x 10% | 1.36x 10* | 4.87x 10* | 3.01x 10* | 1.82x 10*

1.0 1.86x 10% | 3.23x 103 1.50x 10* | 5.41x 10* | 3.45x 10* | 2.05x 10*
2.0 3.28x10% | 5.81x 10° | 2.78x 10* | 1.06x 103 | 7.80x 10* | 4.08x 10*
3.0 451x10% | 7.94x 10° | 3.86x 10* | 1.53x 10% | 1.18x 10°® | 5.79x 10*
4.0 5.66x 10° | 9.82x 10° | 4.77x10* | 1.96x 10° | 1.55x 10° | 7.35x 10*
5.0 6.77x 10° | 1.16x 102 | 5.62x 10* | 2.39x 10° | 1.90x 103 | 8.74x 10*
6.0 7.87x10° | 1.32x 102 | 6.43x10* | 2.83x10° | 2.23x 10% | 1.01x 10°
7.0 8.97x 10° | 1.48x 102 | 7.18x10* | 3.26x 10® | 2.55x 103 | 1.14x 103
8.0 1.01x 10% | 1.64x 10% | 7.88x 10* | 3.68x 10° | 2.86x 10° | 1.26x 10°
9.0 1.12x 102 | 1.79x 102 | 8.60x 10* | 4.11x 10° | 3.17x 103 | 1.38x 103
10.0 1.24x 102 | 1.95x 10% | 9.29x 10* | 4.55x 10° | 3.48x 10® | 1.50x 103
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Table E2: Photon back sour ce data used to calculate doses to the reference man’s rectum (cell 86, mass of
0.02998 k@), gonads (cells 129 and 130, total mass of 0.035 kg), and bladder (cell 137, mass of 0.05001 kg)

Energy Deposited in Célls. (MeV

Source Energy (MeV) 86 129 130 137
0.001 0 0 0 0
0.01 0 9.55x 1072 1.92x 101! 0
0.02 3.85x 108 1.12x 108 1.27x 108 3.31x 10°
0.03 2.38x 10° 7.34x 107 1.04x 10° 6.97x 107
0.04 6.55x 10° 2.28x 10° 3.15x 10° 3.09x 10°
0.05 9.78x 10° 3.59x 10° 4.82x 10° 5.99x 10°
0.06 1.20x 10° 4.58x 10° 5.98x 10° 8.58x 10°
0.07 1.39x 10° 5.33x 10° 6.84x 10° 1.07x 10°
0.08 1.55x 10° 6.00x 10° 7.66x 10° 1.26x 10°
0.09 1.71x 10° 6.57x 10° 8.45x 10° 1.43x 10°

0.1 1.89x 10° 7.21x 10° 9.17x 10° 1.60x 10°
0.2 3.80x 10° 1.40x 10° 1.77x 10° 3.33x 10°
0.3 5.91x 10° 2.25x 10° 2.77x 10° 5.23x 10°
0.4 8.04x 10° 3.10x 10° 3.78x 10° 7.23x 10°
0.5 1.02x 104 3.97x 10° 4.80x 10° 9.18x 10°
0.6 1.23x 10* 4.84x 10° 5.83x 10° 1.12x 10*
0.7 1.44x 10* 5.62x 10° 6.75x 10° 1.31x 10*
0.8 1.64x 10* 6.50x 10° 7.71x 10° 1.51x 10*
0.9 1.84x 10* 7.32x 10° 8.69x 10° 1.69x 10*
1.0 2.03x 10* 8.05x 10° 9.64x 10° 1.87x 10*
2.0 3.72x 10* 1.52x 104 1.77x 104 3.53x 10*
3.0 5.10x 10* 2.09x 104 2.44x 10* 4.92x 10*
4.0 6.32x 10* 2.60x 10* 3.03x 10* 6.20x 10*
5.0 7.44x 10% 3.09x 10* 3.56x 10* 7.40x 10
6.0 8.55x 10* 3.55x 10* 4.13x 10* 8.56x 10*
7.0 9.59x 10* 4.00x 10* 4.63x 10* 9.64x 10*
8.0 1.07x 10° 4.45x 10* 5.19x 10* 1.07x 103
9.0 1.17x 103 4.88x 10* 5.68x 10* 1.17x 103
10.0 1.28x 103 5.31x 10% 6.19x 10% 1.28x 103
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Appendix F: Skin Dose Data

Table F1; Photon data for skin doserate coefficients

Method 1 Dose Rate

Source . : Method 2 Ener Method 2 Dose Rate .

Energy Coeffic entl)(Gy Bas Deposited (M 633)/ Coefficient (Gy Bg? s?) Ratio
0.01 0 0 0 -
0.02 0 0 0 -
0.03 2.551x 1017 1.352x 108 2.838x 1017 0.8988
0.04 8.631x 1016 4.218x 107 8.856x 1016 0.9747
0.05 3.152x 1015 1.552x 10°% 3.258x 1015 0.9674
0.06 5.906x 1015 2.944x 10° 6.181x 1015 0.9554
0.07 8.959x 1015 4.385x 10° 9.207x 1015 0.9731
0.08 1.157x 1014 5.875x 10° 1.234x 1014 0.9376
0.09 1.460x 1014 7.345x 106 1.542x 1014 0.9467
0.1 1.741x 1014 8.910x 106 1.871x 1014 0.9303
0.2 4.806x 104 2.493x 10° 5.235x 1014 0.9181
0.3 7.810x 1014 4.067x 10° 8.539x 1014 0.9147
0.4 1.068x 1013 5.578x 10° 1.171x 1013 0.9120
0.5 1.342x 1013 6.990x 10° 1.468x 1013 0.9147
0.6 1.600x 1013 8.329x 10° 1.749x 1013 0.9150
0.7 1.840x 1013 9.638x 10° 2.024x 1013 0.9092
0.8 2.076x 1013 1.088x 10* 2.285x 1013 0.9089
0.9 2.297x 1013 1.206x 10% 2.531x 1013 0.9076
1.0 2.515x 1013 1.320x 10* 2.771x 1013 0.9076
2.0 4.235x 1013 2.235x 10 4.692x 1013 0.9025
3.0 5.585x 1013 2.937x 10 6.166x 1013 0.9057
4.0 6.779x 1013 3.543x 10* 7.438x 1013 0.9114
5.0 7.853x 1013 4.087x 10* 8.580x 1013 0.9153
6.0 8.924x 1013 4.615x 10* 9.690x 1013 0.9210
7.0 9.986x 1013 5.135x 10 1.078x 1012 0.9261
8.0 1.101x 1012 5.629x 104 1.182x 1012 0.9314
9.0 1.206x 1012 6.121x 10% 1.285x 1012 0.9384
10.0 1.309x 1012 6.626x 10 1.391x 1012 0.9406
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Table F2: Beta data for skin dose rate coefficients

Source | M et_hc_Jd 1 Dose Rate Metho_d 2 Energy Met_h(_Jd 2 Dose Rate Ratio

Energy | Coefficient (Gy Bqts?) | Deposited (MeV) | Coefficient (Gy Bgts?)
1.0 0 0 0 -
2.0 5.873x 1013 8.686x 10 1.824x 1012 0.3220
3.0 4.094x 1012 4.413x 103 9.265x 1012 0.4418
4.0 6.484x 1012 6.172x 103 1.296x 1011 0.5003
5.0 7.765x 1012 7.255x 103 1.523x 1011 0.5098
6.0 8.463x 1012 7.806x 103 1.639x 1011 0.5164
7.0 8.907x 1012 8.120x 103 1.705x 1011 0.5224
8.0 9.208x 1012 8.335x 103 1.750x 1011 0.5262
9.0 9.430x 1012 8.472x 103 1.779x 1011 0.5301
10.0 9.605x 1012 8.598x 103 1.805x 1011 0.5321
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