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ABSTRACT

DOSE PROFILE SURROUNDING A WASTE REPOSITORY

The waste repository analyzed is an interim storage facility that houses low and
intermediate level conditioned radioactive waste. In total, it contains 9996 200-L waste barrels.
The barrels are arranged in a crate geometry to ensure easy access to each barrel. The repository
walls are 0.2 m thick with extra shielding (0.7 m) present on the west, north, and east sides of the
repository. Instead of extra shielding the south side of the repository has a 5.25 m gap from the
crates to the wall, allowing for crane maneuverability. The dose rate profile was analyzed using
Monte Carlo N-Particle Transport eXtended (MCNPX) for the south, west, and north sides. The
east side was not explicitly analyzed, because of the symmetry between the west and east sides.
The dose rate was analyzed using f5 detector tallies and fluence rate to dose rate conversion
factors from ICRP 21. Here, contributions due to skyshine and other wall effects are analyzed in
detail. For the west and north side (where shielding was present), it was found that as distance
from the source increases the dose rate initially increases logarithmically to a maximum and
subsequently falls off following an exponential function. The initial increase in dose rate is
significant with a peak dose rate as much as 300% of the dose rate at the wall and remaining
elevated until approximately 60 m from the waste repository. A similar dose rate increase is not
observed for the southern side of the repository; instead, the dose rate falls off with a power
function corresponding to a function between that for an infinite plane and a point source. The
dose rate profile was analyzed with and without repository structures, and the initial increase is

only present with the repository structure. This indicates that the initial rise is due to the presence
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of walls and/or roof. The shape of the dose rate profile closely follows observed skyshine
functions at accelerator facilities. Skyshine and wall effects have been analyzed extensively for
medical accelerator facilities, but are generally not considered for a waste repository; the work
suggests that skyshine and wall effects may be more significant than previously thought and

should be considered in the design and construction of waste repositories.
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INTRODUCTION

The ubiquitous use of radioactive material in the medical, research, energy, and
construction industries has led to the production of large volumes of radioactive waste. The
variety of applications for radionuclides in each industry leads to a variety of radionuclides,
activity levels, waste forms, and ultimately different methods for waste management. The goal of
waste management is to store radioactive waste in a safe form until it has decayed sufficiently.
The waste must be chemically and biologically stable, such that it does not breach the disposal or
storage facility. Additionally, the waste and facility must be shielded enough to keep on-site
worker doses below limits (20 mSv per year international or 50 mSv per year in the U.S.) and
off-site public doses below limits (I mSv per year). This thesis analyzes the dose rate profile

surrounding an interim storage facility.

Radioactive Waste

Radioactive waste is generated during the production of medical isotopes for imaging and
therapy, the nuclear fuel cycle, fabrication of consumer products, production and use of sources
in industry, and decommissioning of nuclear sites [1] [2]. Due to the variety of applications, the
radionuclides in waste will vary greatly. Typical radionuclides that are produced in various
industries are listed in Table 1 [3] [2]. Radionuclides in radioactive waste can be naturally
occurring or anthropogenic; for instance, radioactive nuclides in mining and milling are all
naturally occurring but have been concentrated in the process, while medical radionuclides are

generally manmade [1].



Table 1 Typical Radioactive Waste Created in Various Industries [3] [2] [4]

Diagnostic [3] 5] 5700, BCo, “C, TGa, V'In, 2071, 21, 'L ™ Te, Y'Cr,
FFe, MKy, 1BXe

Therapeutic [3] B 89g; 32p_ 1970g. 00, % ay, 192

Research [3] 3, s, 32p, Bp, 14C

Mining and Milling [2] MR 28pg, 2195 2po U, 26Ra. 20Th, 20pp

Fuel Fabrication [2] 2381, P4Th, 2**Pa, **°Ra, U, Pu, Th

Reactor Operation [2] BN “TAr, PKr, VKr, P*Xe, Xe, ®Co, “Co, “Fe, *'Cr. *H

Industrial Radiography [4]  ®°Co, '*7Cs, "*?Ir, "*Se, '"°Tm, '°Yt

The radionuclides listed in Table 1 vary greatly in half-life, decay type, and decay energy
[3] [2]. The radionuclide that is focused on in this thesis is Cobalt-60. Cobalt-60 is produced in a
variety of ways in multiple industries; that combined with its high energy gamma emissions and
medium length half-life, makes Cobalt-60 an ideal radionuclide to study radioactive waste
management storage dose rates. Not only is Cobalt-60 likely to be present in the waste repository,
but is likely to contribute to a measurable dose rate. Specifically, Cobalt-60 is used in irradiators
for sterilizing medical equipment, food, and blood; as a source for medical radiotherapy,
industrial radiography, and research [2] [3]. Cobalt-60 is produced by neutron activation of
Cobalt-59. Cobalt-59 has a fairly large radiative capture thermal cross section (37.18 b) [5]. The

following is the neutron activation reaction for Cobalt-59.

32Co + $n - $3Co 1

Cobalt-60 can be produced for commercial use by irradiation of Cobalt-59 in nuclear
reactors or using a neutron source; or it is produced gradually in nuclear reactor components
through activation of Cobalt-59 in stainless steel where it presents a significant nuisance during

reactor operation or decommissioning. Cobalt-60 has a half-life of 5.2714 year and decays via



beta emission, as depicted in the decay scheme in Figure 1 [6]. Subsequent to the beta emission

(Emax, 318 keV), two gammas are emitted with energies of 1173 and 1332 keV.

Co-60
5.2714Y
2.8236
T 2.5058
99.92% 2.1558
0.02%
0.06% 1.3325
40.0000
Ni-60

Figure 1 Cobalt-60 Decay Scheme [6]

Cobalt-60 is of interest in shielding and dose rate calculations due to the high energy of

the two gammas emitted.

Radioactive Waste Classification

The International Atomic Energy Agency (IAEA) has identified six classes of waste:
exempt waste, very short lived waste, very low level waste, low level waste, intermediate level
waste, and high level waste [7]. IAEA classifications of waste are based on a safety assessment
of individual cases, rather than an allowable activity based on radionuclide [7]. In the United
States, there is no accepted standard classification scheme [8]. The U.S. Nuclear Regulatory
Commission (NRC) has defined high-level radioactive waste and low-level radioactive waste
(class A, class, B, and class C) [9]. The NRC defines waste based upon source radionuclide or
total activity in the sample. Activities are limited based upon concentrations of long-lived
radionuclides (Table 2) and the concentration of short-lived radionuclides (Table 3) [9]. If the
sample contains multiple radionuclides, the activity concentration of each radionuclide is

calculated and compared to values in Table 2 and Table 3 by taking the fraction. The fractions



are summed to calculate the effective radionuclide concentration to determine the waste

classification. This method is otherwise known as the sum of the fractions rule.

Table 2 Concentrations of Long-Lived Radionuclides Used for Classification of Low Level Waste [9]

Radionuclide Concentration (Ci/m’)
s 9
"C in activated metal 90
*’Ni in activated metal 220
%Nb in activated metal 0.2
PTc 3
2] 0.08
Alpha emitting transuranic (t;, > 5 yr) 100
#1py 3,500
*2Cm 20,000

Table 3 Concentrations of Short-Lived Radionuclides Used for Classification of Low Level Waste [9]

. . Concentration (Ci/m’)
Radionuclide Col. 1 Col. 2 Col. 3
Total of all nuclides (t;» <5 yr) 700 Limited by external radiation
°H 40 and internal heat generation on
“Co 700 transport, handling and disposal
“Ni 3.5 70 700
Ni in activated metal 35 700 7000
St 0.04 150 7000
PICs 1 44 4600

Table 4 compares the IAEA classes of waste and the NRC category definitions [7] [9] [8].
The NRC defines waste based upon source or total activity in the sample, while the IAEA states
that allowable activity is specified based upon a safety assessment of individual disposal sites [7]

[9]. In this thesis, waste will be referred to according to IAEA classifications.



Table 4 Radioactive Waste Classification [7] [9] [8]

IAEA [7] NRC [9]
Exempt Is lower than clearance,
Waste exception or exclusion criteria

Very Short ~ Will decay in a period of several
Lived Waste years and discharged

Very Low Does not require a high level of
Level Waste isolation and containment

Class < 0.1 value in Table 2

A < Col. 1 in Table 3
.. Class 0.1 —value in Table 2 Col. 1 —2 in
Is greater than clearance activity B Table 3
1 with limited long-lived -
{i?:;/tgeve radionuclides such that Class > value in Table 2 (generally not
containment is only needed up to c agceptable for near surface
disposal)

few hundreds of
ew hundreds of years > Col. 2 in Table 3

if > Col.3 in Table 3, not acceptable
for near surface disposal

Intermediate Requires disposal at depths of

Level Waste tens to hundreds of meters Waste not defined as LLW or HLW [8]

Significant heat generation and 1 TIrradiated reactor fuel
High Level  requires disposal in deep, stable 2 Liquid waste from reprocessing facility
Waste geological formations, several 3 Solid waste converted from liquid waste
hundred meters or more in depth [9]

Waste Management

There are two main methods for waste management: storage and disposal [8]. Storage is
the temporary placement of waste in a facility where the waste can be retrieved, whereas disposal
is a permanent placement and the waste is irretrievable [8]. The waste management option
chosen will depend on the type of waste [8] [7]. Additionally, storage and disposal waste
management methods are not mutually exclusive; waste may be stored for a period of time
before disposal to reduce heat load or until a facility is available.

Waste storage and disposal is based on a series of engineered, natural, and institutional
barriers [8]. The first barrier is the waste form, whose physical and chemical properties prevent

radionuclide mobility by solidifying the waste [9] [8]. In the United States, liquid waste must be



solidified or packaged in sufficiently absorbent material to prevent leaking [9]. The volume
cannot consist of more than 1% liquid [9]. The waste also must be structurally stable and cannot
be flammable or create toxic gases, vapors, or fumes [9].

The second barrier is the canister, which is generally a metal or ceramic canister [8]. The
canisters used are often multiple purpose, such that the canisters can be stored temporarily on site,
be transported to final disposal, and be fit for disposal [9] [10]. The canisters used undergo
structural and materials evaluations [10].

The third barrier is the disposal medium and is a natural barrier that prevents or delays
the waste from re-entering the biosphere [8]. In the case of geological repositories, the natural
barrier would be the stable geological formation. The final barrier is due to human institutions,
including monitoring and warning markers [8].

As previously mentioned, the waste management option chosen will depend on the
classification of the waste. For very short lived waste, the preferred method is decay storage [7].
For very low level waste, landfill disposal can be used, because high levels of containment and
isolation are not needed [7]. For low level waste, near surface disposal or shallow land burial
methods are used [8] [7]. Intermediate level waste requires storage at a larger depth than near
surface disposal (tens of meters to hundreds of meters) [7]. High level waste needs to be stored
even deeper, using deep geological disposal [8] [7].

Prior to disposal, low, intermediate, and high level waste may be stored in an interim
storage facility [8]. An example of a typical interim storage facility is the Central Organization
for Radioactive Waste (COVRA) facility in the Netherlands. At this storage facility, both low
level and high level radioactive waste are stored. Steel waste barrels are provided to individual

sites producing waste, mostly medical facilities. After filling the drums, they are sent back to the



COVRA facility. At the COVRA facility, the drums are compacted and encased in concrete
inside of a final disposal drum and placed in the low level waste portion of the interim storage

facility. An image of a mock-up drum present at COVRA is displayed in Figure 2.

RO L g o

Figure 2 Low Level Waste Drum Mock-up at COVRA

Lids are not used on the drum tops, so that any changes to the concrete can be observed.
The canisters are stored on their sides and labeled according to the level of waste, as specified by
the government of the Netherlands. An image of the low level waste storage at COVRA is shown

on the left side of Figure 3.



The high level waste at COVRA consists of processed reactor fuel and spent research
reactor fuel. The fuel is stored in individual channels and is air cooled (see right side of Figure 3).
Dose rate profiles are developed for these facilities prior to construction to insure that
shielding is sufficient to keep worker and public doses as low as reasonably achievable
(ALARA). Many methods exist for modeling dose rate profiles surrounding radioactive sources,

which will be discussed in the next section.

Developing Dose Rate Profiles
The dose rate at a detector location from a photon emitting radioactive source depends on
the photon fluence rate and the photon energy (i.e., radionuclide), such that the dose rate can be

expressed as:



D = dE e, 2
P
where @ is the fluence rate, E is the photon energy, and“% is the mass energy

absorption coefficient

The photon fluence rate at a given point depends on the solid angle subtended by the
source onto the detector and scattering as the radiation moves through material between the
source and detector. For point and small sources, this fluence rate follows the inverse-square law,

such that:

b =2 3

" 47mR?’

where A is the source activity and R is the distance from the source to detector

For area and volume sources, deriving smooth analytic functions for the fluence rate can

be accomplished by integrating over all source points.

b= [AD gz 4

4TTR (%)?

Depending on the complexity of the distribution of the source, integrating over each
source point can be difficult. Some closed analytic functions for dose rates that have been
developed include simple area and volume sources, such as line sources, planar sources on and
off center, and on-center right circular cylinders [11]. In other instances, dose rate functions have
been developed numerically and using Monte Carlo calculations.

Area and volume sources can be approximated as point sources. The distance at which

this occurs, however, is not clearly defined. For line and disk sources, Bevelacqua calculated the
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error at distances one, two, and three times the maximum dimension of the source [12].
Bevelacqua found errors for line and disk sources of 8% and 12% at one times the maximum
dimension, respectively, 2% and 3% at twice the maximum dimensions, and 1% at three times
the maximum dimension [12]. For area and volume sources, Johnson and Birky recommend a
distance of greater than twice the largest dimension of the source [11].

While these estimates are sufficient for many small sources, in the case of large sources,
such as a waste repository, where people work closer to the source than these few times the
largest dimension of the volume source, dose estimation might not be sufficient. In a previous
paper, the dose rate function for a standard six waste barrel arrangement was developed [13].
The dose rate function was divided into two regions for an arrangement of six waste barrels: a
near region that followed a logarithmic decrease and a far region that followed a power function

close to the inverse-square law [13].

Impact of Shielding Material

The equations for fluence rate (3 and 4) are simplifications and only include effects of
source geometry on fluence rate. More accurately, when there is a material matrix associated
with the source and its surroundings, there will be attenuation by that material. Attenuation is the
gradual loss of intensity for a photon source due to scattering and absorption. The attenuation
process can be described through an exponential function, and the number of unscattered photons

(Nys) can be calculated through the following equation.

Nys = Nye H%s, 5

where p is the linear attenuation coefficient and x; is the shielding thickness
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The linear attenuation coefficient is the probability per unit distance traveled that a
photon interacts in the material [14] [15]. The linear attenuation coefficient depends on the
composition of the material and the energy of the photons. Often, the linear attenuation
coefficient is normalized to the density of the material and is called the mass attenuation
coefficient. The following figure displays a graph of the mass attenuation coefficient as a
function of photon energy for various materials [15]. As seen in Figure 4, the mass attenuation

coefficient is greatest for lower energy photons.
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Figure 4 Mass Attenuation Coefficient (u/p, cm?/g) for Photons in Various Materials [16]

The unscattered photon fluence rate can then be described by:

d)us = Cboe_”XS. 6

The photons that are scattered or absorbed by the shielding are not detected for a narrow

photon beam and a thin shield (“good geometry”, see Figure 5); such that the unscattered photon
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fluence rate is equal to the actual photon fluence rate at the detector [15]. The shield must be
thinner than the average distance between photon interactions (mean free path) to be considered

a thin shield.

Narrow Beam /
AAAD VAANAD VAN  VAAAD AAA> |:| }d

Detector

<—R—>|

d<<R

Figure 5 Photon Fluence Rate for Good Geometry at a Detector Location [15]

If the source geometry is not a “good geometry”, the calculation of the fluence rate is
complicated by buildup, photon albedo, and skyshine [14]. Buildup occurs in a shield as
radiation is scattered back into the detector; therefore the unscattered photon fluence will
underestimate the fluence at the detector location. A buildup factor (B) is used to account for

build-up on the shield [14]:

The buildup factor can have a large range of values depending on the thickness of

material and the energy of the photons.
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Figure 6 contains buildup factors for concrete for various energies and thicknesses (ux;).

Build up factors are greatest for larger thicknesses and lower photon energies for concrete [15].
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Figure 6 Buildup Factors for Concrete [15]

Similarly to buildup within a shield, photon albedo also causes an increase of fluence rate
at a detector position due to scattering. Photon albedo is the reflection of photons in shielding or
structural material [14]. The photons penetrate the surface of the material and emerge on the
same surface at a different point in the material with a reduced energy [14] [17]. The result of
photon reflection is a larger fluence rate at the detector position than the unscattered fluence rate.
Photon albedo is described by the number albedo (ap), defined as the ratio of the outward and

inward flow of photons (J) [17]:

ou 9'
p (o, 003 0, ) = L) 8

mn
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The concept of skyshine is very similar to photon albedo, but involves the scattering of
photons that are directed vertically [14]. The radiation is reflected to the ground at a distance far
from the original source by the atmosphere. Skyshine can result in increased doses to workers or
general public far from the source [14]. Figure 7 displays an illustration of skyshine for a

vertically oriented source [18].
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Figure 7 Illustration of Skyshine [18]

The calculation of skyshine is difficult and requires computationally intensive methods
based on multidimensional transport theory [14]. Skyshine can be approximated using a line
beam response function (R(E, @, x)), which gives the air kinetic energy released in matter
(KERMA) for a distance R, angle ¢, and photon energy E. The skyshine dose at a detector point

can be calculated through the following equation [14]:

D(R)syshine = Jy Jo, SCE, Q) R(E, ¢, R)AQAE, 9

where § is the source strength and Q is the emission direction (solid angle)

Skyshine has been observed at accelerator facilities; notably facilities with insufficient

roof shielding [19]. Accelerator skyshine has been further analyzed for the Varian Trilogy Linear
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Accelerator at the Colorado State University Veterinary Medical Center by Elder [18] and for
Varian 2100 C treatment rooms by McGinley [19]. Both works found an initial increase in
photon dose rate, peaking around 300% of the original dose rate, and returning to original dose
rate at around 30 m (Figure 8). Additionally, Elder found a similar, more pronounced increase

when the gantry was not positioned vertically [18].
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Figure 8 Skyshine Dose Rates for the Varian Trilogy Linear Accelerator at the Colorado State University Veterinary
Medical Center (L) [18] and for Varian 2100 C Treatment Rooms (R) [19]

The dose rate can be described by the following equation where build up, albedo, and

skyshine are taken into account

D= BQDDOQ_HxS + Dskyshine' 10

As previously mentioned, it can be difficult to develop closed analytic functions for
complex geometries. Rather, numerical and Monte Carlo methods are often used. This thesis

utilizes Monte Carlo methods, which will be discussed in detail.
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Monte Carlo Codes

Two different types of codes are used to model dose rates: deterministic and Monte Carlo
codes. Deterministic codes compute a mathematical function that does not vary based on
iteration, such that the same input will always result in the same output. For instance in particle
movement, the Boltzmann transport equation representing the average behavior of particles is
solved [20]. Monte Carlo codes are computational algorithms that rely on repeated random
sampling to obtain numerical results. In Monte Carlo programs that describe particle movement,
individual particles are tracked and each interaction is derived based upon random sampling; the
behavior of many particles (trials) is recorded and the average behavior is inferred [20]. Monte
Carlo codes for radiation transport include the Monte Carlo N-Particle Transport (MCNP) code
developed by Los Alamos National Laboratory, Electron Gamma Shower (EGS-NRC)
developed by the National Research Council, and the FLUKA particle transport code developed
by the Italian National Institute for Nuclear Physics and the European Organization for Nuclear
Research.

The Monte Carlo code used in this thesis to derive dose rate functions is Monte Carlo N-
Particle Transport eXtended, an extension of MCNP (MCNPX). MCNP follows each particle
from source to death [20]. At each step of its life, probability distributions are randomly sampled
using transport data to determine the outcome [20]. For photons, photon interaction tables are
sampled which contain information on incoherent and coherent scatter, the possibility of
fluorescent emission following photoelectric absorption, and absorption in electron-positron pair
production [20]. Average quantities of the system are determined using tallies and running

numerous particles.
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In an MCNP input deck, there are three sets of cards. Each set of cards specifies
information used by the code. The geometry is divided into cells corresponding to different
regions of the geometry characterized by material and density. The cells are specified by the first
set of cards. This set includes the bounds of the cells, cell density, and cell material. The second
set of cards includes the surfaces used to create the cells in the first set of cards [20] [21]. The
second set of cards are the surface cards. The surface cards are used to set bounds of cells and
sources [20] [21]. The final set of cards contains the data cards, which specify the radiation
source, materials, and tallies [20] [21]. Materials are specified by element and mass or atomic
fraction. There are eleven available tallies in MCNPX, which describe different average behavior

of particles. The following figure describes the input deck structure of an MCNP file [21].

Message Block {optional}
blank line delimiter {optional}
One Line Problem Title Card
Cell Cards [Block 1]
blank line delimiter
Surface Cards [Block 2]
blank line delimiter
Data Cards [Block 3]

blank line delimiter {optional}
Figure 9 MCNP Input Deck Structure [21]

The types of tallies available in MCNPX include a surface current (F1), average surface
flux (F2), average flux in a cell (F4), flux at a point or ring detector (F5), energy deposition (F6),
fission energy deposition in a cell (F7), and pulse height distribution in a cell (F8) [21] [20]. For
the tallies preceded by a *, such a “*F”, the tally is multiplied by the photon energy (except F6

and F7). Table 5 contains descriptions of the tallies in MCNPX.
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Table 5 Description of Tallies in MCNP

Tally Type Name Description Units *F Units

Each particle that crosses the specified

surface, its weight is added to the tally MeV

Surface Current F1

Averaged Surface 0 Estimated using a surface crossing

2 2
Flux estimator #/cm MeV/cm

Averaged Flux in a The average flux is estimated by

2 2
Cell k4 summing track lengths in the cell. f#lem MeV/em
For each source particle and collision
Flux at a Point or event, a deterministic estimate of the 2 2
Ring Detector F3 fluence contribution to the detector point f#lem MeV/em
is made
Modified track length flux tally with
Energy Deposition F6  reaction rate and energy-dependent MeV/g  Jerks/g
heating function taken into account.
Modified track length flux tally with
Fission Energy F7 reaction rate and energy-dependent MeVie  Jerks/g

Deposition in a Cell heating function (fission and gamma-ray)
taken into account.

Pulse Height ] Provides the energy distribution of pulses

Distribution in a Cell created in a cell. pulses  MeV

The tally used in this thesis is the F5 detector tally, flux at a point detector. The F5
detector tally is a next-event estimator that is a deterministic estimate of the flux at the point
detector [20]. By using a next-event estimator procedure the particles do not actually have to
make it to the tally to be counted. Therefore, the F5 detector tally is useful when it is unlikely for
particles to reach the tally location [20].

The following situation is used to describe how the F5 detector tally operates. There
exists a source or collision point at position “/” with a detector point at “r,” that has an
associated area “d4”. The distance between the source and the detector can be described as “R”.

There exists a shrinking solid angle, d€2,, subtended by the source/collision point onto the

shrinking detector area. [20]

18



r r = source or collision point
rp, = detector point

Figure 10 Description of F5 Point Detector Tally [20]

The contribution by the source/collision point r to the total fluence, §®, can be calculated
by determining the probability that the source particle will reach the detector [21] [20]. The
probability of the source particle reaching the detector at 7, will depend on the probability that
the particle will be scattered into the detector (p (Qp)). Additionally, the probability of reaching
the detector will depend on the probability of scattering along R, which can be described through
the number of mean free paths between the source and the detector (4). The contribution to the
total fluence will also depend on the particle weight, /7, such that the contribution for the source

or collision point can be described through the following equation [21] [20]:

s = w Pt 1

R2

The fluence can be calculated by integrating Equation 11 with respect to the solid angle,

time, and photon energy. [20]

d, = [[[60(, 0, E, t)dQdtdE. 12
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The R” component in the denominator of Equation 11 causes the theoretical variance of
the F5 detector tally to reach infinity [20]. As particles interact closer and closer to the detector,
R approaches zero and the fluence approaches infinity [20]. An exclusion radius is specified

around the detector point to exclude interactions that occur too close to the tally and cause errors

[20] [21].

20



MATERIALS AND METHODS

Repository

The repository analyzed is an interim storage facility which houses low and intermediate
level radioactive waste. The repository building extends 30.069 m in width, 61.332 m in length,
and 8.31 m in height. The waste repository drawings used in creating the model were provided
by Nuclear Engineering Seibersdorf. The following is a depiction of the waste repository using

Visual Editor (VISED) [22].

Figure 11 Model of Waste Repository Used for Analysis Rendered using VISED

Radioactive waste is first incinerated to reduce waste volume. The waste is then encased
in concrete and poured into a 200-L steel waste barrel. A gap is left at the top of the waste barrel
for expansion. In total, the repository houses 9996 waste barrels. The 200-L waste barrel
dimensions are provided in Figure 12.

The drum has a total height of 88.6 cm with a radius of 28.15 cm. The walls of the barrel
are 0.3 cm thick, while the bottom of the barrel is 0.5 cm thick. The air gap between the concrete

and lid 1s 6.2 cm thick.
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e 0.5 cm
56.0 cm

Figure 12 200-L Waste Barrel Used for Analysis

The four sides of the repository are denoted using cardinal directions in Figure 13,

corresponding to the directions in bird’s eye view (Figure 14).

North

West East

South

Figure 13 Nomenclature Used in Description of Waste Repository

The drums are stored back to back in a pallet of four drums for easy access to the tops of
each waste drum. There are a total of 21 stacking rows containing 17 pallets. The rows are
separated by 0.85 m to allow a person to walk between stacking rows. The pallets are stacked
seven pallets high. Figure 14 shows a bird’s eye view of the repository generated in VISED [22].
The 21 stacking rows appear vertically in Figure 14.

There is a distance of 1.0 m between the entire drum source and the walls of the
repository for the west, north, and east sides. There is a 5.25 m gap between the drum source and
walls for the southern side to allow for movement of a crane that moves waste drums. In addition

to the 0.2 m thick wall on all sides, there is additional shielding on the west, north, and eastern
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sides (0.7 m). The additional shielding is used to reduce doses outside of the repository, while
the larger distance from the drum source to the wall is sufficient to reduce doses on the southern

side.

Figure 14 Bird’s Eye View of the Repository

Figure 15 presents a view of the repository from the east side generated using VISED
[22]. On the right side of Figure 15, the shielding on the northern side can be seen as well as the

larger air gap on the southern side. The bottom of the drums in each stacking row can be seen.

Figure 15 View from the East Side
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Figure 16 is the view of the repository from the south side, also generated using VISED
[22]. The shielding of the western and eastern side of the repository can be seen in Figure 16 as

well as the 21 stacking rows.

Figure 16 View from the South Side

Model

The entire drum source was modeled in MCNP using a repeated structure. The pallet of
drums was specified and was repeated for the 21 stacking rows and seven stacked high. The
drum contents were modeled as concrete according to material specifications in Table 6 with a
density of 2.3 g/cm’. The drum itself was modeled as pure iron with a density of 7.87 g/cm’.
Repository structures were modeled as pure concrete according to material specifications in
Table 6 with a density of 2.2 g/cm’. The dirt was modeled as concrete with a density of 1.2 g/cm’,
corresponding to the density of soil. The air was modeled as dry air near sea level with density

and material composition in Table 6.

Table 6 MCNP Material Information

) ) 3 Atomic Composition
Material ~ Density (g/cm”) Element  Fraction'
Chrat 0.00125
) Npat 0.755267
Dry Air 1.124e-3 Opat 0.231781
Atpa 0.012817
Iron 7.87 Fepat 1.0
T
H 0.1170
Concrete 3; E‘:;“u?t)llres) 10 0.6082
’ Npat 0.2748
Dirt 1.2 Same as concrete

!'talicized denotes mass fraction, while non-italicized denotes atom fraction
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The source was modeled as Cobalt-60 homogeneously distributed through the concrete
contents of each drum. As seen by the Cobalt-60 decay scheme in Figure 1, two photons of
energies 1.173 and 1.332 MeV are created in the beta decay. Cobalt-60 was chosen due to its
high photon energy and will thus provide a worst case estimate of calculated dose rates. The
source was modeled using a repeated cylindrical source structure. The transport of radiation
through the geometry was simplified by only considering photon transport. In photon only
transport, rather than producing electrons that deposit energy, the entire photon energy is
deposited at the interaction point.

In determining dose rates, the F5 detector tally was used with an exclusion sphere radius
of 1 cm. The fluence rate was converted to a dose rate using ICRP 21 fluence to dose rate

conversion factors listed in Table 7.

Table 7 Fluence to Dose Rate Conversion Factors [23]

Fluence Rate (y/cm’-s)  Dose rate (rem/s)
<0.01 2.78E-06
0.01-0.015 1.11E-06
0.015-0.02 5.88E-07
0.02-0.03 2.56E-07
0.03-0.04 1.56E-07
0.04-0.05 1.20E-07
0.05-0.06 1.11E-07
0.06-0.08 1.20E-07
0.08-0.1 1.47E-07
0.1-0.15 2.38E-07
0.15-0.2 3.45E-07
0.2-0.3 5.56E-07
0.3-0.4 7.69E-07
0.4-0.5 9.09E-07
0.5-0.6 1.14E-06
0.6-0.8 1.47E-07
0.8-1.5 1.79E-06
1.5-2 2.44E-06
>) 3.03E-06
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Detector tallies were used to develop dose rate profiles as a function of vertical height
(vertical dose rate profiles) and dose rate function as a function of distance from the repository
(horizontal dose rate profiles). Vertical tallies were taken at 20 m from the repository and
encompassed the total height of the repository.

Horizontal dose rate profiles were developed for the west, north, and south sides of the
repository for the following heights: 1.465, 2.605, 3.745, 4.4775, and 5.21 m. These heights
correspond to the centerline of the first drum, halfway between the first and fourth drum,
centerline of the fourth drum, halfway between the fourth and seventh drum, and centerline of
the seventh drum (top drum). For the height of 3.745 m, the horizontal profile for the west, north,

and south sides of the repository were also analyzed without walls.
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HYPOTHESIS

This thesis analyzes trends in the vertical and horizontal dose rate profile of an extended
radiological source arrangement. Expected dose rate profiles are discussed. The dose rate as a
function of vertical distance is expected to increase until a maximum is reached at the center of
the entire drum source. The first row of drums is expected to contribute the most to the dose, as
reported by Brandl and Zoeger [13]; not only is the first row of drums located closest to the dose
point, but the material within the drums will likely shield further rows (Equation 6). A maximum
is expected, because the distance between the detector and the dose points in the first row of
drums will be at a minimum, as seen in Equation 4. The dose rate is expected to continue to
decrease with height after the dose tally height is greater than the height of the drum source, due
to the larger distance between the top of the drum source and the tally point.

For the horizontal dose rate profile, skyshine is not expected to significantly contribute to
the dose rate, in this study, due to the thickness of the roof [24]. Therefore, at close distances to
the repository the drum source is expected to appear like an infinite plane source, such that the
dose rate profile will follow:

D) =2, 13

where x is the distance from the repository

At further distances from the repository, the dose rates from the repository are expected
to behave less like an infinite plane source and begin to behave more like a point source. At a

sufficient distance, the dose rate will correlate with the following equation:
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D) =2, 14
At intermediate distances, the dose rate will neither follow the functional dependences for
a line source or point source and will have an intermediate exponent value between 1 and 2 as a
function of distance.
If the thickness of the roof of the repository is not sufficient and skyshine is present, dose
rate profiles are expected to produce dose rate profiles similar to those derived by Elder [18] and
McGinley [19] (Figure 8). The dose rate would initially increase with horizontal distance until a

maximum is reached, and then decrease.
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RESULTS

Vertical Profiles

Vertical profiles were developed for the north and west walls of the waste repository. The
dose rate is displayed on the abscissa and the distance from the ground is displayed on the
ordinate of Figure 17. Important geometry features are included in Figure 17, including the roof,

drum source, and floor.

Vertical Dose Profile

— 12 P Roof
S L 4
< 10 North Wall *
< ¢ Air Gap
o 8 @ West Wall . ®
o 2
€ 6 L 4
o L 4
Y-
g 4 o*
c 'S Drum Set
3 L 4
5 2 PS
e *
0 < Floor
10 15 20 25 30 35 40 45

Dose Rate (E-18 mSv/s-y)

Figure 17 Vertical Dose Rate Profile for the North and West Walls of the Repository

Horizontal Profiles

The horizontal dose rate profiles were fit with smooth analytic functions within each dose
rate region. Several regions were identified by visual inspection and by optimizing R* values for
the trendlines. For the west and north walls, four different regions were identified: skyshine and
wall effects regions characterized by a logarithmic increase and exponential decrease,
respectively, an infinite plane region, and a point source region. The regions are illustrated in

Figure 18.
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Skyshine & Wall Effects Infinite Plane Point Source
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Figure 18 Typical Dose Rate Profile for the West and North Walls

The dose rate profile for the south wall was characterized by two regions: an infinite

plane and a point source region.
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Figure 19 Typical Dose Rate Profile for the South Wall
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The dose rate profiles for the north, west, and south walls were also analyzed without
repository structures (walls and roof). The dose rate profiles follow the shape displayed in
Figure 19.

The logarithmic portion of the wall effects and skyshine region is characterized by the

following trendline, where A; and B, are constants:

y = A;In(x) + B;. 15

The exponential portion of the wall effects and skyshine region is characterized by the

following equation, where A, and B, are constants:

y = Aze_Bzx. 16

The infinite plane and point source regions are characterized by a power function, where

Aj and Bj; are constants:

y = Agx~Bs, 17

North Wall

The dose rate profile for all heights was divided into four regions as shown in Figure 18.
Smooth analytic functions were fit to the regions corresponding to Equations 15 through 17.
Fitting function information, including bounds of fitted regions and the R” value for the trendline,
is presented in Table 8 and Table 9. Graphs used to derive the trendlines are presented in
Appendix B. It should be noted that for the height of 5.21 m, dose rates were only evaluated to
36.9 m from the front barrel row. The following is a table containing the fit information for the

skyshine and wall effects region for the north wall.
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Table 8 Fit Information for the Skyshine & Wall Effects Region for the North Wall
Skyshine & Wall Effects

Logarithmic Exponential

. Region A; (E-18 2 Region A, (E-18 1 2
Height (m) (ri) ms(v/s-y) B R (ﬁl) ms(v/s-y) B2 (m7) R
1465 [ 0-119 6274  3.594 0996 169-61.9 26997 _ 0018  0.991
2605 | 0-10.9 7200 3454 0997 169-61.9 29427 _ 0.019 _ 0.992
3745 | 0-10.0 7741 4402 0995] 129519 29972 0.018 _ 0.990
44775 | 089 9962 3.607 0992] 12.961.9 32819 _ 0.020 _ 0.998
521 | 079 12743 2244 0992 | 12.9369°  36.053 __ 0.020 _ 0.991

Table 9 contains information on the fitting function for the infinite plane and point source
regions for the north wall. For most heights, only one region could be discerned. Therefore, the
derived function does not correspond perfectly to an infinite plane or point source. Rather the
function has a power value in between 1 and 2, corresponding to a transition region between a

plane and a point source.

Table 9 Fit Information for the Infinite Plane & Point Source Regions for the North Wall

Infinite Plane Point Source

Height AsEI8 o e [ pegion(m A3 (E-18

2
(m) mSv/s-y) mSv/sy) B2 R

Region (m)

1.465 61.9-101.9 4195.6 1.486 0.983

2.605 61.9-101.9 3592 1.444 0.997

3.745 51.9-91.9 2064.1 1.306 0.991 | 91.9-121.9 65123 2.075 0.997

4.4775 | 61.59-101.9 5045.5 1.51 0.987

The infinite plane and point source regions identified exhibit similar B, and B3 values to
the expected power values to 1 and 2 as described in Equations 13 and 14, respectively. To
ascertain how closely the regions follow these hypothetical functions for the height of 3.745 m,
the infinite plane and the point source regions were force fit to Equations 13 and 14, respectively.

Only the height of 3.745 m was chosen, because for this height the infinite plane and point

% For the 5.21 m height, tallies were only taken up to 36.9 m from the front waste barrel row
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source regions could be identified individually. Equation 18 was derived for the infinite plane

source region by optimizing Dy based on the R* value.

580
X

)= 18

The derived trendline (Equation 18) is plotted with fitted data in Figure 20. To determine

the degree of fit for the trendline, the coefficient of determination (R”) was calculated as 0.948.

Infinite Plane Region fit Using Equation 13 for North Wall
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Figure 20 Infinite Plane Region Force Fit to Equation 13 for North Wall

Similarly, the equation for the point source region was derived by optimizing D, based on

the R? value, and is shown in Equation 19.

_ 465000

y = 19

x2

The derived trendline (Equation 19) is plotted with fitted data in Figure 21. To determine

the degree of fit for the trendline, R* was calculated as 0.994.
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Point Source Region fit Using Equation 14 for North Wall
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Figure 21 Point Source Region Force Fit to Equation 14 for North Wall

A plot of the dose rate profiles for the five heights is presented in Figure 22.

Dose Rate with Heights for North Wall
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Figure 22 Dose Rate v. Distance for all Heights for North Wall

The location of the peak for each height was plotted against the vertical height of the tally

(Figure 23). A linear function was fit to the data points, where A4 and B4 are constants.
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Figure 23 Peak Location v. Vertical Tally Height for North Wall

The dose rate profile for the north wall was analyzed with and without the repository
structure at a height of 3.745 m. The following is a graph of the dose rate with smooth analytic

fit functions for each region.

Dose Rate without Repository Structure for North Wall
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Figure 24 Dose Rate Profile Without Repository Structures for the North Wall
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Figure 25 compares the dose rate profile with and without the repository structure. A

logarithmic scale is used on the abscissa.

Effect of Repository Structure on Dose Rate for North Wall
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Figure 25 Dose Rate Profile With and Without Repository Structures for the North Wall

To ascertain the contribution that was not due to attenuation, the simulation without the
repository structure was corrected for attenuation (Figure 26). When the curve without the
repository is corrected for attenuation, the plot with the repository rises above the curve without

the repository structure.
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Figure 26 Dose Rate Profile With and Without Repository Structures (Attenuation Corrected) for the North Wall

The contribution due to effects besides attenuation was derived by subtracting the

attenuation corrected dose rate without the repository structure from the dose rate with the

repository structure.
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Figure 27 Non-Attenuation Contribution to Dose Rate Profile for North Side
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West Wall

The dose rate profile for all heights was divided into four regions as shown in Figure 18.
Smooth analytic functions were fit to the regions corresponding to Equations 15 through 17.
Fitting function information, including bounds of fitted regions and the R* value for the trendline,
is presented in Table 10 and Table 11. Graphs used to derive the trendlines are presented in
Appendix B. It should be noted that for the height of 5.21 m, dose rates were not evaluated
between 36.9 and 71.9 m. The following is a table containing the fit information for the skyshine

and wall effects regions for the west wall.

Table 10 Fit Information for the Skyshine & Wall Effects Region for the West Wall

Skyshine & Wall Effects
Logarithmic Exponential
Height Bounds A (E-18 B R? Bounds A (E-18 B, R?
(m) (m)  mSv/s-y) ! (m) mSv/s-y)  (m™)

1.465 0-11.9 9.828 -1.700  0.985 | 15.9-61.9  34.516 0.023  0.998

2.605 0-12.9 11.795 -2395 0.988 | 13.9-61.9  37.863 0.024  0.995

3.745 0-10.9 14.465 -2.696  0.990 | 12.9-51.9  43.869 0.027  0.998

4.4775 0-8.9 20.867 -6.636  0.993 | 89-51.9 52.909 0.030  0.996

5.21 0-6.9 33.830  -15.103  0.994 | 9.9-36.9° 70.396 0.039  0.997

Table 11 contains information on the fit information for the infinite plane and point
source regions for the west wall. For most heights, only one region could be discerned. Therefore,

the derived function does not correspond perfectly to an infinite plane or point source.

Table 11 Fit Information for the Infinite Plane & Point Source Regions for the West Wall

Infinite Plane & Point Source
Height (m) Bounds (m) A; (E-18 mSv/s-y)  Bs R’
1.465 61.9-101.9 5130.5 1.560 0.999
2.605 61.9-101.9 6672.9 1.607 0.996
3.745 51.9-101.9 3821.9 1.478 0.999
4.4775 51.9-101.9 5008.3 1.536 0.998
5.21 71.9-101.9 17545 1.807 0.989

A plot of the dose rate profiles for the five heights is presented in Figure 28.

3 Data missing from 36.9 to 71.9 m
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Dose Rate with Height for West Wall
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Figure 28 Dose Rate v. Distance for all Heights for the West Wall

The location of the peak for each height was plotted against the vertical height of the tally

and a linear function was fitted to the data points based on Equation 20 (Figure 29).

West Wall Peak Location with Height
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Figure 29 Peak Location v. Vertical Height for the West Wall
The dose rate profile for the west wall was analyzed with and without the repository
structure at a height of 3.745 m. The dose rate without the repository structure was corrected for

attenuation. The following is a graph of the dose rate with smooth analytic fit functions.
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Dose Rate without Repository Structure for West Wall
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Figure 30 Dose Rate Profile Without Repository Structures for the West Wall

The following is a plot comparing the dose rate profile with and without the repository

structure. A logarithmic scale is used on the abscissa.

Effect of Repository Structure on Dose Rate for West Wall
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Figure 31 Dose Rate Profile With and Without Repository Structures for the West Wall

To ascertain the contribution that was not due to attenuation, the simulation without the

repository structure was corrected for attenuation. When the curve without the repository is
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corrected for attenuation, the plot with the repository rises above the curve without the repository

structure.
Effect of Repository Structure on Dose Rate for West Wall
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Figure 32 Dose Rate Profile With and Without Repository Structures (Corrected for Attenuation) for the West Wall

The contribution due to effects besides attenuation was derived by subtracting the

attenuation corrected dose rate from the dose rate with the repository structure.

Attenuation Subtracted Dose Rate Profile for West Wall
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Figure 33 Non-Attenuation Contribution to Dose Rate Profile for North Side
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South Wall

The dose rate profile for all heights was divided into two regions, as shown in Figure 19.
Smooth analytic functions were fit to the regions corresponding to Equations 15 through 17.
Fitting function information, including bounds of fitted regions and the R* value for the trendline,
is presented in Table 12. Graphs used to derive the trendlines are presented in Appendix B. It
should be noted that for the height of 5.21 m, dose rates were only evaluated up to 40.45 m from
the front waste barrel row. The following is a table containing the fit information for the

skyshine and wall effects regions for the south wall.

Table 12 Fit Information for the Infinite Plane & Point Source Regions for the South Wall

Infinite Plane Point Source
Height Region As (E-18 2 . As (E-18 2
(m) (m)  mSvisy) O RT | Region(m)  qoey B R

1.465 0-25.45 7.61E3 0.921  0.993 | 25.45-105.45 1.98E5 1.91 0.994

2.605 0-30.45 1.28E4 1.10 0.995 | 30.45-105.45  2.44E5 1.96 0.995

3.745 0-20.45 1.32E4 1.09 0.999 | 30.45-105.45  2.49E5 1.96 0.996

44775 | 0-25.45 1.25E4 1.08 0.996 | 25.45-105.45 1.76E5 1.87 0.994

5.21 0-25.45 1.02E4 1.006 0.991 | 25.45-40.45 4.43E4 1.48 0999

The infinite plane and point source regions identified exhibit similar B, and Bs values to
the expected power values to 1 and 2 as described in Equations 13 and 14, respectively. To
ascertain how closely the regions follow these hypothetical functions for the height of 3.745 m,
the infinite plane and the point source regions were force fit to Equations 13 and 14, respectively.
Only the height of 3.745 m was chosen, because for this height the infinite plane and point
source regions could be identified individually. Equation 21 was derived for the infinite plane

source region by optimizing Dy based on the R* value.

~ 10800

y = 21

X
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The derived trendline (Equation 21) is plotted with fitted data in Figure 34. To determine

the degree of fit for the trendline, the coefficient of determination (R”) was calculated as 0.949.

Infinite Plane Region fit Using Equation 13 for South Wall
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Figure 34 Infinite Plane Region Force Fit to Equation 13 for South Wall

Similarly, the equation for the point source region was derived by optimizing D, based on

the R? value, and is shown in Equation 22.

260000
y =

2 22

The derived trendline (Equation 22) was plotted with the fitted data in Figure 35. The

degree of fit for the trendline was determined by calculating R*, which was calculated as 0.988.
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Point Source Region fit Using Equation 14 for South Wall
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Figure 35 Point Source Region Force Fit to Equation 14 for North Wall
A plot of the dose rate profiles for the five heights is presented in Figure 36.
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Figure 36 Dose Rate v. Distance for all Heights for the South Wall

The dose rate profile for the south wall was analyzed with and without the repository

structure at a height of 3.745 m. The following is a graph of the dose rate with smooth analytic

fit functions.
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Dose Rate without Repository Structure for South Wall
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Figure 37 Dose Rate Profile Without Repository Structures for the South Wall

The following is a plot comparing the dose rate profile with and without the repository

structure. A logarithmic scale is used on the abscissa.

Effect of Repository Structure on Dose Rate for South Wall
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Figure 38 Dose Rate Profile With and Without Repository Structures for the South Wall
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To ascertain the contribution that was not due to attenuation, the simulation without the
repository structure was corrected for attenuation. When the curve without the repository is

corrected for attenuation, the plot with the repository remains less than but very similar to the

curve with the repository.

Effect of Repository Structure on Dose Rate for South Wall
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Figure 39 Dose Rate Profile With and Without Repository Structures (Attenuation Corrected) for the South Wall
The contribution due to effects besides attenuation was derived by subtracting the

attenuation corrected dose rate without the repository structure from the dose rate with the

repository structure.
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Attenuation Subtracted Dose Rate Profile for South Wall
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Figure 40 Non-Attenuation Contribution to Dose Rate Profile for South Side
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DISCUSSION

Vertical Profiles

The vertical dose rate profiles evaluated for the north and west walls are similar, as
shown in Figure 17. At first, the dose rate increases approximately linearly from a vertical
distance of 1.5 m to 6 m, corresponding to the vertical location of the drum set. At heights past 6
m, the dose rate increases more rapidly. The observations in Figure 17 are inconsistent with our
hypothesis; it was hypothesized that only the first row of drums would contribute significantly
and a maximum would be reached at the midpoint of the drum set. The lack of a maximum and
the continued increase of the dose rate suggests that further rows of the drum source provide
additional contributions to the total dose rate. When the dose rate measurements are directly in
front of the drum source, it is likely that only the first rows of the drums provide the main
contribution as a source. However, as the height continues to increase, the drums behind the front
columns become more significant as a source. Finally, after the top of the drum set is reached,
the tops of the drum stacks begin to influence the dose rate by acting as additional sources. The
tops of the drum stacks contribute more significantly to dose than previously expected.

At lower elevations, the dose rate for the north wall is consistently lower than for the
west side until a height of approximately 7.5 m above the ground. This could be due to the lateral
dimensions of the source present at both locations (Figure 14). The north lateral dimension of the

source is approximately 2.5 times the west lateral dimension of the source.

Horizontal Profiles
The typical dose rate profile for the west and north walls (Figure 18) exhibits a peak and

subsequent decrease, while the south side exhibits a constant decrease (Figure 19). It was
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expected that the dose profile for all sides would exhibit a constant decrease with two main
sections with analytic functions corresponding to an infinite plane and a point source. These two
main sections exist for the profile for the south side, but do not characterize the entire profile for
the north and west sides. The main differences between the north/west sides and the south side
include the lack of shielding on the south side and the presence of a larger gap between the entire
drum source and the wall (Figure 14). The discrepancy between the expected and observed
results for the north and west sides possibly could be explained by wall effects through the
shielding or by skyshine.

Four sections were identified for the north and west sides corresponding to: skyshine and
wall effects region characterized by a logarithmic increase (Equation 13) and an exponential
decrease (Equation 14), infinite plane region (Equation 15), and point source region (Equation
15). The dose rate profiles were also evaluated for the north and west sides without the
repository structure (walls and roof) shown in Figure 26 and Figure 32, respectively. When the
repository structure was not present, the initial peak dose rate was not observed. The lack of a
peak without the repository structures suggests that the peak is the result of the repository
structures through either skyshine or scattering through the walls of the repository.

The shape of the north and west wall dose rate profiles follows closely to the profiles
developed by Elder and McGinley for accelerator skyshine (Figure 8) [18] [19]. Skyshine was
analyzed for the Varian Trilogy Linear Accelerator at the Colorado State University Veterinary
Medical Center [18] and for Varian 2100 C Treatment Rooms [19]. Both works found an initial
increase in photon dose rate, peaking around 300% of the original dose rate, and returning to the
original dose rate at around 30 m (Figure 8). Similarly, in this work the peak reached between

250% and 300% of the original dose rate value, depending on the vertical height; however, dose
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rates did not return to the original value until around 65 m from the source (Figure 22 and Figure
28).

The peak in the north and west wall dose rate profiles was further analyzed by taking the
dose rate profile at various heights for the north, west, and south sides. For the initial rise in the
profiles of the north and west walls, the constant A; in the logarithmic function increases with
vertical height (Table 8 and Table 10), indicating that a steeper logarithmic rise occurs, as shown
in Figure 22 and Figure 28. Additionally for the exponential decrease region, the constants A,
and B, increase (Table 8 and Table 10) indicating a larger maximum dose rate and quicker
decrease, as shown in Figure 22 and Figure 28. For the south side, the changes in height do not
strongly affect the dose rate functions, as shown in Figure 36.

For the north and west wall profiles, the variation of peak location with tally height was
investigated. As the tally height increases the peak occurs closer to the source. The relationship
between peak location and tally height closely followed a linear relationship. The differences in
the peak location with vertical height, steeper rise in dose rate, and more rapid decrease in dose
rate suggest an influence of the scattering angle in either the air or repository material on the
dose rate profile. For a certain angle, the projected straight-line path of the photons will pass
closer to the repository for more elevated points (see Figure 7). If the dose rate is due to skyshine,
the scattering will be limited to the vertical region above the waste repository subtended by the
source and the dose rate near the repository will be limited as the height above the repository

decreases.
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CONCLUSIONS

The dose rate profiles developed for the north side of the repository closely follow the
dose rates observed due to skyshine as reported and measured by Elder and McGinley for
medical accelerator facilities. As detector tally height increases, the dose rate increases more
rapidly and reaches a larger maximum. A higher maximum dose rate at greater heights could be
due to greater intensity of radiation, more energetic radiation, or a combination of both, while the
more rapid increase could be due to the angle of scattering due to skyshine, reaching the detector
position. The lack of maxima in the south side profile, suggests that the larger air gap or smaller
wall thickness affects skyshine or effects seen due to wall effects.

The observed maxima are between 250% and 300% of the original dose rate for the north
and west sides, and the dose rate does not decrease to the original dose rate (dose rate at
repository wall) until around 65 m from the front waste barrel row. The increase in dose rate is
significant. Current waste repository designs, do not consider skyshine or scattering in repository
material. This work suggests that skyshine and scattering are significant and should be
considered.

Future work would include further source manipulation to determine more precisely if the
observed effects are due to skyshine or scattering in the repository material. This could be

achieved by changing the roof material, thickness, or pitch, or by adding a void region.
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APPENDIX A

Sample Input Deck for Waste Repository
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Complete Repository
Waste Repository Model
¢ Cell Card Definitions
¢ 4 Drum Lattice (1-20)
1 0-41 fill=2 imp:p=1 $Lattice universe
2 0-40 u=2 imp:p=1 lat=1 fill=0:20 0:16 0:6 1 2498r $Lattice element
3 1-1.124e-3 41 -999 #20 #21 #22 #24 #25 #26 #27
#28 #29 #30 #31 #40 imp:p=1 $Outside lattice

4 1-1.124e-342 4548 51 u=1 imp:p=1  $Air space around Barrels

5 2-7.87-42 43 44 uv=1 imp:p=1 $Barrel 1 steel wall
6 3-2.3-43 u=I imp:p=1 $Barrel 1 concrete

7 1-1.124e-3 -44 u=1 imp:p=1 $Barrel 1 air space
8 2-7.87-4546 47 u=1 imp:p=1 $Barrel 2 steel wall
9 3-2.3-46 u=1 imp:p=1 $Barrel 2 concrete

10 1-1.124e-3 -47 u=1 imp:p=1 $Barrel 2 air space
11 2-7.87-48 49 50 u=1 imp:p=1 $Barrel 3 steel wall
12 3-2.3-49 v=1 imp:p=1 $Barrel 3 concrete

13 1-1.124¢-3 -50 u=1 imp:p=1 $Barrel 3 air space
14 2 -7.87-5152 53 u=1 imp:p=1 $Barrel 4 steel wall
15 3-2.3-52u=1 imp:p=1 $Barrel 4 concrete

16 1-1.124e-3 -53 u=1 imp:p=1 $Barrel 4 air space

¢ Building (20-40)

20 3-2.2-12imp:p=1 $Building walls
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21 3-2.2-3 imp:p=1 $Shielding (NO)

22 3-2.2 -4 imp:p=1 $Shielding (SO)
24 3-2.2 -6 imp:p=1 $Shielding (SW)
25 3-2.2-7 imp:p=1 $Foundation

26 3-2.2-22-2120 imp:p=1 $Left Roof

27 3-2.2-25-2423 imp:p=1 $Right Roof

28 3-2.2-26-20 imp:p=1 $Near Left Side
29 3-2.2-27-23 imp:p=1 $Near Right Side
30 3-2.2-28 -20 imp:p=1 $Far Left Side
31 3-2.2-29-23 imp:p=1 $Far Right Side
¢ Ground

40 3 -1.2-999 -8 imp:p=1
¢ Void

999 0 999 imp:p=0 $Void

¢ Surface Card Definitions

¢ Building Dimensions (1-50)

1 BOX -286.6 -544.7 -97.5 6133.200 03006.9 0 00 831 $Building ext.

2 BOX -266.6 -524.7 -52.5 6093.200 02966.9 0 00 786 $Building interior
3 BOX -266.6 -524.7 -52.5 70 0 0 02896.9 0 0 0 786 $Shielding (NO)

4 BOX -266.6 2372.2 -52.5 6093.200 0700 00 786 $Shielding (SO)

6 BOX 5756.6 2372.2-52.5 7000 0-2896.9 0 0 0 786 $Shielding (SW)

7 BOX -286.6 -544.7 -146.5 6388.200 03006.9 0 0 049 $Foundation

57



8 PZ -146.5 $Ground

¢ Roof

20 P -286.6 -544.7 733.5 -286.6 958.75 955.5 5846.6 -544.7 733.5 $Lower L

21 P -286.6 -544.7 753.5 -286.6 958.75 975.5 5846.6 -544.7 753.5 $Upper L

22 BOX -286.6 -544.7 733.5 6133.200 0 1503.450 0 0242 $Box containing L
23 P -286.6 2462.2 733.5 -286.6 958.75 955.5 5846.6 2462.2 733.5 $Lower R
24 P -286.6 2462.2 753.5 -286.6 958.75 975.5 5846.6 2462.2 753.5 $Upper R
25 BOX -286.6 958.75 733.5 6133.200 0 1503.450 0 0242 $Box containing R
26 BOX -286.6 -544.7 733.5 2000 0 1503.42 0 0 0 222 $Near Left Side wall
27 BOX -286.6 958.75 733.5 2000 0 1503.42 0 0 0 222 $Near Right Side wall
28 BOX 5826.6 -544.7 733.5 2000 0 1503.42 0 0 0 222 $Near Left Side wall
29 BOX 5826.6 958.75 733.5 2000 01503.42 0 00 222 $Near Right Side wall
¢ Lattice Elements (40-60)

40 BOX -141.1-99.55-38 278200 0134.80 0076 S$Lattice element

41 BOX -141.1-99.55-38 5842200 02291.6 0 00 532 $Lattice universe

42 RCC-400-92.600 28.15 $Barrel 1 steel wall
43 RCC-4500-85.60028 $Barrel 1 concrete

44 RCC-90.100-6.20028 $Barrel 1 air space

45 RCC00092.60028.15 $Barrel 2 steel wall
46 RCC0.50085.600 28 $Barrel 2 concrete

47 RCC86.1006.20028 $Barrel 2 air space

48 RCC-4-64.30-92.60028.15 $Barrel 3 steel wall
49 RCC-4.5-6430-85.60028 $Barrel 3 concrete
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50 RCC-90.1-64.30-6.200 28 $Barrel 3 air space

51 RCC0-643092.60028.15 $Barrel 4 steel wall
52 RCCO0.5-643085.60028 $Barrel 4 concrete
53 RCC 86.1-64.306.200 28 $Barrel 4 air space
¢ Universe

999 SO 20000 $Universe

¢ Material Cards, Source Cards, Tallies
mode p
¢ Materials
ml 6000 -.000125 $Comp of dry air (NIST)
7000 -.755267
8000 -.231781
18000 -.012827
m2 26000 1.0 $Natural iron
gas=0
m3 1001 0.1170 $Concrete
8016 0.6082
14000 0.2748
gas=0
¢ Source (Sampling Cylinder Method)
sdef pos=fcel=d7 par=2 rad=dl cel=d2 ext=d8 axs=1 0 0 erg=d9

sil 028 $Radius of concrete
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spl -211 $Weighting for radial sample, r1

si2 sd3 d4 d5d6 $Specifies chosen cells

sp2 1111 $Probability distribution between cells

si3 L 1:2:6 $Barrel 1

sp3 1 $Probability distribution for center of barrel 1

si4 L 1:2:9 $Barrel 2

sp4 1 $Probability distribution for center of barrel 2

si5 L 1:2:12 $Barrel 3

spS 1 $Probability distribution for center of barrel 3

si6 L 1:2:15 $Barrel 4

sp6 1 $Probability distribution for center of barrel 4

ds7 L-90.1000.500-90.1-64.3 00.5-64.3 0 $Center of drums

si8 h085.6 $Extends length of concrete region

sp8 -210 $Weighting for axial sample, 0

si9 L 1.173 1.332 $Energies for Co-60

sp9 d0.50.5 $Distribution for Energies of Co-60

¢ Tallies (ICRP-21)

c Left

f5:p -12786.6 958.75 228 1 § 12500 cm

de5 log 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 &
0.10.150.203040.50.60811.52

df5 log 2.78E-6 1.11E-6 5.88E-7 2.56E-7 1.56E-7 1.20E-7 1.11E-7 1.20E-7 &

1.47E-7 2.38E-7 3.45E-7 5.56E-7 7.69E-7 9.09E-7 1.14E-6 1.47E-6 &
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1.79E-6 2.44E-6 3.03E-6
nps Se8

Print
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Repository without Walls

Waste Repository Model

¢ Cell Card Definitions

¢ 4 Drum Lattice (1-20)

1 0-41 fill=2 imp:p=1 $Lattice universe

2 0-40 u=2 imp:p=1 lat=1 fill=0:20 0:16 0:6 1 2498r $Lattice element
3 1-1.124¢-3 41 -999 #40 imp:p=1 $Outside lattice

4 1-1.124e-342 4548 51 u=1 imp:p=1  $Air space around Barrels

5 2-7.87-42 43 44 uv=1 imp:p=1 $Barrel 1 steel wall
6 3-2.3-43 u=I imp:p=1 $Barrel 1 concrete

7 1-1.124e-3 -44 u=1 imp:p=1 $Barrel 1 air space
8 2-7.87-4546 47 u=1 imp:p=1 $Barrel 2 steel wall
9 3-2.3-46 u=1 imp:p=1 $Barrel 2 concrete

10 1-1.124e-3 -47 u=1 imp:p=1 $Barrel 2 air space
11 2-7.87-48 49 50 u=1 imp:p=1 $Barrel 3 steel wall
12 3-2.3-49 v=1 imp:p=1 $Barrel 3 concrete

13 1-1.124¢-3 -50 u=1 imp:p=1 $Barrel 3 air space
14 2-7.87-5152 53 uv=1 imp:p=1 $Barrel 4 steel wall
15 3-2.3-52u=1 imp:p=1 $Barrel 4 concrete

16 1-1.124e-3 -53 u=1 imp:p=1 $Barrel 4 air space
¢ Ground

403 -1.2-999 -8 imp:p=1

¢ Void
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999 0 999 imp:p=0 $Void

¢ Surface Card Definitions

¢ Building Dimensions (1-50)

8 PZ -146.5 $Ground

c Lattice Elements (40-60)

40 BOX -141.1-99.55-38 278200 0134.80 0076 S$Lattice element

41 BOX -141.1-99.55-38 5842200 02291.6 0 00 532 $Lattice universe

42 RCC-400-92.600 28.15 $Barrel 1 steel wall
43 RCC-4500-85.60028 $Barrel 1 concrete

44 RCC-90.100-6.20028 $Barrel 1 air space
45 RCC00092.60028.15 $Barrel 2 steel wall
46 RCC0.50085.600 28 $Barrel 2 concrete

47 RCC86.1006.20028 $Barrel 2 air space

48 RCC-4-64.30-92.60028.15 $Barrel 3 steel wall
49 RCC-4.5-6430-8560028 $Barrel 3 concrete
50 RCC-90.1-64.30-6.200 28 $Barrel 3 air space
51 RCC0-643092.60028.15 $Barrel 4 steel wall
52 RCCO0.5-643085.60028 $Barrel 4 concrete
53 RCC 86.1-64.306.200 28 $Barrel 4 air space
¢ Universe

999 SO 20000 $Universe
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¢ Material Cards, Source Cards, Tallies
mode p
¢ Materials
ml 6000 -.000125 $Comp of dry air (NIST)
7000 -.755267
8000 -.231781
18000 -.012827
m2 26000 1.0 $Natural iron
gas=0
m3 1001 0.1170 S$Concrete
8016 0.6082
14000 0.2748
gas=0
¢ Source (Sampling Cylinder Method)
sdef pos=fcel=d7 par=2 rad=dl cel=d2 ext=d8 axs=1 0 0 erg=d9
sil 028 $Radius of concrete
spl -211 $Weighting for radial sample, r1
si2 sd3 d4 d5d6 $Specifies chosen cells
sp2 1111 $Probability distribution between cells
si3 L 1:2:6 $Barrel 1
sp3 1 $Probability distribution for center of barrel 1
si4 L 1:2:9 $Barrel 2

sp4 1 $Probability distribution for center of barrel 2
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si5 L 1:2:12 $Barrel 3

spS 1 $Probability distribution for center of barrel 3

si6 L 1:2:15 $Barrel 4

sp6 1 $Probability distribution for center of barrel 4

ds7 L-90.1000.500-90.1-64.300.5-64.3 0 $Center of drums

si8 h085.6 $Extends length of concrete region

sp8 -210 $Weighting for axial sample, 0

si9 L 1.173 1.332 $Energies for Co-60

sp9 d0.50.5 $Distribution for Energies of Co-60

¢ Tallies (ICRP-21)

¢ Dose Profile (Bottom)

f5:p 2780 -544.7228 1 $0cm

de5 log 0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 &
0.10.150.203040.5060811.52

df5 log 2.78E-6 1.11E-6 5.88E-7 2.56E-7 1.56E-7 1.20E-7 1.11E-7 1.20E-7 &
1.47E-7 2.38E-7 3.45E-7 5.56E-7 7.69E-7 9.09E-7 1.14E-6 1.47E-6 &
1.79E-6 2.44E-6 3.03E-6

nps 4e8

Print
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APPENDIX B

Fitted Dose Rate Profile Plots
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Figure 41 Fitted Dose Rate Profile for North Side at a Height of 1.465 m
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Figure 42 Fitted Dose Rate Profile for North Side at a Height of 2.605 m
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Figure 43 Fitted Dose Rate Profile for North Side at a Height of 3.745 m
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Figure 44 Fitted Dose Rate Profile for North Side at a Height of 4.4775 m
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Figure 45 Fitted Dose Rate Profile for North Side at a Height of 5.21 m
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Figure 46 Fitted Dose Rate Profile for West Side at a Height of 1.465 m
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Height: 2.605 m
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Figure 47 Fitted Dose Rate Profile for West Side at a Height of 2.605 m
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Figure 48 Fitted Dose Rate Profile for West Side at a Height of 3.745 m
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Figure 49 Fitted Dose Rate Profile for West Side at a Height of 4.4775 m
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Height: 5.21 m
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Figure 50 Fitted Dose Rate Profile for West Side at a Height of 5.21 m
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Figure 51 Fitted Dose Rate Profile for South Side at a Height of 1.465 m
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Figure 52 Fitted Dose Rate Profile for South Side at a Height of 2.605 m
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Height: 3.745 m
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Figure 53 Fitted Dose Rate Profile for South Side at a Height of 3.745 m
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Figure 54 Fitted Dose Rate Profile for South Side at a Height of 4.4775 m
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Figure 55 Fitted Dose Rate Profile for South Side at a Height of 5.21 m
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