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Dose rates as a function of distance from an extended and shielded source exhibit a
functional behavior different from standard, less complex source geometries.

Investigation of Dose Rates
Exterior to an Above-Ground
Waste Storage Facility Using
Radiation Transport Models
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Abstract: The dose rate profile at different
heights above the ground and as a function of
distance from the north, west, and south walls
of an above-ground waste storage facility was
analyzed using the Monte Carlo n-Particle
Transport eXtended (MCNPX) radiation trans-
port code. The waste storage facility houses
9,996 waste barrels of conditioned waste. The
facility has concrete shielding added to the
building walls on the north, west, and east
sides, with no such additional shielding towards
the roof or the south side wall; instead, the dis-
tance from the first row of barrels to the wall is
extended to allow for maneuverability of a crane
on the south side. The dose rate is computed as a
function of distance using MCNPX and assum-
ing a homogeneous °°Co distribution in each
waste barrel. Different dose regions are identified
and analyzed based on graphical features and
best-fit functions. The dose rates were expected
to be largest at the wall of the facility and subse-
quently decrease continuously with distance
from the repository; however, our analysis indi-
cates a peak in dose rate observed for all heights
on the north and west sides of the facility. This
peak is likely due to scattering in the shielding
material and atmosphere, and possibly could
be ascribed to skyshine. The difference between
the dose rate at 1 m outside the wall and the
peak dose rate is significant, and indicates that
the dose rate measured close to the wall may
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not always be conservative for extended sources,
such as an above-ground waste storage facility.
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INTRODUCTION

During the handling, storage, and
disposal of radioactive materials, it
is crucial to know the approximate
dose rates due to these sources of
ionizing radiation to keep doses to
workers and the public as low as
reasonably achievable (ALARA). The
dose rate surrounding radioactive
sources depends on the geometry
of the source, source emission
type, and source energy. For simple
sources, the dose rate as a function
of position can be derived analyti-
cally. However, for most source ge-
ometries, Monte Carlo or numerical
analysis is necessary to calculate the
dose rate as a function of position
with respect to the source. In this
paper, the photon dose rate profile
surrounding an above-ground
waste storage facility is investigated
using the Monte Carlo N-Particle
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Transport eXtended (MCNPX) code
(MCNP Team 2008).

The photon dose rate at a given
detector due to a photon emitting
radionuclide depends on the fluence
rate, the photon energy, and the
photon energy absorption charac-
teristics of the materials between
the source and the detector, where
the fluence rate at the detector lo-
cation depends on the solid angle
subtended by the detector with re-
spect to the source and any scatter-
ing material between the source
and the detector. The subtended
solid angle previously was de-
rived analytically for on and off
center line sources, planar sources
(Johnson and Birky 2012), circular
disks (Gardner and Carnesale 1969;
Rizk et al. 1986), right circular cylin-
ders (Verghese et al. 1972), circular
apertures (Jaffey 1954), and rectan-
gular slits (Gotoh and Yagi 1971).
Solid angle calculations using Monte
Carlo techniques have been de-
scribed in general (Carchon et al.
1975) and have been applied for
disk sources (Williams 1966; Bonnet
et al. 1967) and right circular cylin-
ders (Green et al. 1974; Carchon
et al. 1975; Wielopolaki 1977).

In the case of a point or a planar
source with a point detector, the
fluence rate (subtended solid angle)
decreases as r % and r ! for a distance
r from the source, respectively.
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When the detector location is suffi-
ciently far from the area or volume
source, it can be approximated as a
point source. However, the distance
at which this approximation is
valid is not clearly defined. The de-
viation from the true functional
dependence for such an approxi-
mation was calculated by for line
and disk sources at one, two, and
three times the maximum dimen-
sions of the source (Bevelacqua
2004). The deviation is largest at
one times the maximum dimen-
sion of the source, at 8% for a line
source and 12% for a disk source
(Bevelacqua 2004). It decreases to
2% and 3% for a line and a disk
source, respectively, at twice the
maximum dimension, and to 1%
at three times the maximum di-
mension (Bevelacqua 2004). For
area and volume sources, a distance
of at least twice the largest dimen-
sion of the source is recommended
for the point source approxima-
tion to be valid (Johnson and
Birky 2012).

For large sources, such as a
waste storage facility, where people
work closer to the source than the
largest dimension of the source,
estimating the source as a point
source may not be sufficient. Dose
rates have been modeled exten-
sively using Monte Carlo methods
for radiation therapy dosimetry
and instrument response (Rogers
2006). Monte Carlo simulations
have also been analyzed for a wide
range of occupational exposure
scenarios, including interventional
radiology (Koukorava et al. 2011;
Siiskonen et al. 2014), cooling
circuits of a fusion power plant
(Forty 1996), removal of reactor
components from a research re-
actor pool (Kontogeorgakos et al.
2011), and a standard waste barrel
arrangement for transport (Zoeger
and Brandl 2011).

In this paper, the dose rate
profile for an above ground in-
terim waste storage facility is de-
veloped. The facility analyzed is
based on the Austrian Interim Ra-
diological Waste Storage Facility
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at the Austrian Institute of Tech-
nology at Seibersdorf, operated by
Nuclear Engineering Seibersdorf.
Dose rates are analyzed using Monte
Carlo simulations for distances be-
tween 0 and up to 750 m from the
facility. The simulated dose rates
are fitted using analytic functions.

METHODS AND
MATERIALS

The interim waste storage facil-
ity analyzed is located above ground
and houses low and intermediate
level conditioned waste. The waste
is stored within barrels in a crate
geometry. The waste repository is
modeled using the MCNPX code.

Because the waste in these bar-
rels often is mixed with or enclosed
by a layer of concrete to act as a
stabilizing and shielding agent,
the composition of the waste bar-
rels was modeled as pure concrete
(Gualdrini and Ferrari 2003). The
waste activity is homogeneously
distributed within the barrels. The
barrels are stored bottom-to-bottom
in a horizontal arrangement within
in a crate geometry. The 21 stacking
rows each contain 17 pallets of four
waste barrels; the pallets are stacked
seven high, for a total of 9,996 waste
barrels. The rows are separated by
0.85 m to allow a person to walk be-
tween stacking rows. The distance
between the drum set and the west,
north, and east walls is 1 m, with a
larger distance of 5.25 m between
the drum set and south wall to allow

for maneuverability of a crane. The
walls are 8.31 m high and composed
of concrete; their thickness is 0.2 m
with additional shielding of 0.7 m
on the west, north, and east walls.
A bird’s eye view of the facility lay-
out produced using Visual Editor
(VISED) (Schwarz et al. 2008) is pro-
vided in Fig. 1.

Dose rates around the facility
structure were calculated using
MCNPX. A conservative estimate
for the calculated dose rates outside
the facility is provided by modeling
the source by ®°Co with its rela-
tively long half life (5.27 y) and
the two high-energy photons emit-
ted per disintegration (1.173 and
1.332 MeV) (KAERI n.d.). As the
individual radionuclide content in
each waste barrel is not readily avail-
able to personnel outside the oper-
ator, and is difficult to model in
MCNPX, this approach to provid-
ing an upper bound to the dose
rates outside the facility was cho-
sen instead. In the model, the
source was distributed homoge-
neously over the volume of the
9,996 waste barrels.

Dose rates were determined
using the F5 detector tally (MCNP
Team 2008) and ICRP 74 fluence-
to-air kerma rate conversion factors
(ICRP 1996). Air kerma provides a
reasonable approximation for the
effective dose to a person for irra-
diation in the anterior-posterior
direction and at photon energies
around the °°Co emission energy,
and it often closely mirrors detector

FIG. 1. Bird's eye view of the repository facility.
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FIG. 2. Typical north side profile with regions labeled.

response. Only for photon ener-
gies significantly lower, air kerma
deviates from effective dose in that
irradiation geometry. Air kerma
conversion factors are used to rep-
resent the dose rate at the location
of the F5 detector tally.

The MCNPX FS5 detector tally
provides a deterministic estimator
of the photon fluence at a point
which does not require a particle
to reach the detector to contribute
to the tally. It was chosen for this
analysis to optimize the simulation
run lengths, as the particle random
walk for other MCNPX tallies be-
comes inefficient for the large dis-
tances from the source simulated
in this application. The F5 tally
may exhibit unexpected behavior
near scattering surfaces or periodic
boundary conditions, such as slow
or incorrect convergence. The statis-
tical tests on the tally results did not
indicate any problematic behavior.

Detector tallies were used to
develop horizontal dose rate pro-
files between O and up to 750 m
from the waste storage facility for
the north, west, and south sides at
five heights from the ground:
1.09 m, 2.42 m, 3.75 m, 5.08 m,
and 6.41 m. The east side was not
analyzed due to symmetry between
the east and west sides of the re-
pository. The vertical heights cho-
sen span from the ground to the
roof of the repository. The dose rate
profiles were divided into several
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regions based on graphical features
and fit of analytical functions.

RESULTS AND DISCUSSION

Dose rates per unit activity
were plotted against distance from
the facility drum set for the north,
west, and south sides of the facility
for five tally heights. Observed
phenomena in the dose rate pro-
tiles depended on the side of the fa-
cility studied. Trends for the north
and west sides of the facility, where
additional shielding with a thick-
ness 0.7 m is applied, are similar
at all tally heights. The dose rate
initially increases to a maximum
within 30 m of the waste storage
facility and subsequently decreases

6.00x1022

5.00x107%2 -
2.62x1071x 70977
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rapidly. For the south side of the fa-
cility, where no additional shielding
is present, the dose rate decreases
continuously. These trends are ob-
served in the fluence rate profiles
as well, indicating that they are ac-
tually due to increased gamma
fluences rather than being the re-
sult of the ICRP 74 fluence-to-dose
rate conversion factors.

For the north and west sides of
the facility, four distinct regions
were identified: near region I,
near region II, intermediate region,
and far region (Fig. 2). The near re-
gion I, where dose rates increase to
a maximum, is best characterized
using a logarithmic function, con-
sistent with previously modeled ex-
tended sources (Zoeger and Brandl
2011). Beyond the maximum, dose
rates are best characterized using an
exponential function within the
near region II; the expected power
law function did not provide a suit-
able fit in that region. Following the
near regions, dose rates are charac-
terized using power functions.

For the south side of the facil-
ity, three distinct regions were
identified (Fig. 3): a near region,
an intermediate region, and a far
region. All three regions are charac-
terized by power functions. The
near region corresponds closely to
the dose rate profile from an infi-
nite plane source (exponent close
to —1), the far region corresponds
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FIG. 3. Typical south side profile with regions labeled.
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closely to a point source (exponent
close to —2), while the intermedi-
ate region follows an exponential
dependence between a point source
and an infinite plane source.

Region fit data are provided for
the north, west, and south sides of
the facility in Tables 1, 2, and 3, re-
spectively. Some trends in the fit
data are observed. For the near re-
gion I of the north and west side,
the fit coefficient multiplying the
logarithmic function increases with
vertical height, indicating that the
dose rate rises more rapidly with
height, and the peak is reached
closer to the facility. The presence
of the peak dose rate closer to the
facility is also apparent in Table 4,
which lists the peak dose rate loca-
tions with vertical height for the
north and west sides of the facility.

Additionally, the power of the
exponential fit for near region II
for the north and west sides de-
creases with vertical height (be-
comes more negative); indicating
that, beyond the peak, dose rates
decrease more rapidly with vertical
height. The fit coefficient for the
exponential function increases with
vertical height, due to the increased
peak dose rate with vertical height.
The near region on the south side
is characterized by a power function
closely mirroring the functional de-
pendence of an infinite plane source
(exponent approximately —1).

In the intermediate region for
all repository sides, the value of
the exponent in the power func-
tion is between —1 and -2.05, indi-
cating that the dose rate falls off
approximately between the func-
tional behavior expected for a pla-
nar and point source. In the far
region, the value of the exponent
in the power function is less than
—2 (more negative), indicating that
the dose rate falls off more rapidly
than expected from the point source
approximation. It should also be
noted that the fit coefficient for the
far region is several orders of mag-
nitude larger than the dose rate at
the wall. For the near (south side),
intermediate, and far regions, the
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Table 1. Region fit data for the north side.

North - vertical height

6.41m
0.970

0.966
3-10

5.08 m
1.03x10 23¢ 1-97x10%x

0.957
3-12

3.75m
1.01x1023¢72:03x10%x

0.992
4-16

2.42m
0.26x1( 24 1:94x102x

1.09 m
1.87x1072* In(x) + 7.38x107%° 2.33x1072* In(x) — 6.02x1072° 3.10x1072* In(x) + 3.8x1072° 3.19x102* In(x) + 2.27x107%° 4.69x10 >*In(x) - 9.12x107%°

0.979

Eq. (Gys 'Bq ™)

RZ

Near Region I

3-9
1.16x1023¢205x10%x

3-16

8.25x1( 24e 1:84x1072x

Bounds (m)

Eq. (Gys 'Bq ™)

RZ

Near Region II

0.999 0.999

0.996
17 - 80

9.15x10 2y 190

0.994
25-80

1.04x10 20 194

0.998

13-70
8.97x10 21y 189

16 - 80
1.55x10720x 202

20-70
6.97x10 2% 187

Bounds (m)

Eq. (Gys 'Bq ™)

RZ

Intermediate

Region

0.996 0.993

0.993
80-175

1.44x10"V7x 333

0.995
80-175

9.42x10 8y 3

0.993
70-175

2.49x10 V349

70-175

1.26x10'0x 373

80 -200
8.41x10 7x 364

Bounds (m)
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Eq. (Gys 'Bq )

RZ

Far Region
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0.988
175 - 550

0.991 0.997
200 - 400

175 - 350

0.992
175 - 350

0.998
175 - 400

Bounds (m)

Table 2. Region fit data for the west side.

West — vertical height

6.41 m
9.50x10 2* In(x) — 1.58x10 2*

2.42m 3.75m 5.08 m
4.29x10 2 In(x) - 4.32x10%°  6.05x10 2 In(x) —9.52x10°%°

3.11x10** In(x) + 8.52x1072°

1.09 m
2.69x10%* In(x) — 1.21x10%

Eq. Gys ' Bq ")

RZ

Near Region I

0.987 0.991 0,980
2-7
2.12x10723¢ 397x10 %

0.985

0.985

2-8
1.47x1(Q B¢ 284x102

2-9
1.25x10 2¢ 26010

2-11
1.07x10 B¢ 236x10%x

3-14

9.27X10424€42A13x102)(
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Bounds (m)

Eq. Gys 'Bq ")

RZ

Near Region II

7 -40

0.991
1.46x102'x 153

0.993
10-70

6.64x10 21y 186

12-70

0.995
9.27x10 2x 126

15-70

0.999
7.20x10 2'x 10

15-80

0.998
5.00x10 2y 181

Eq. (Gys'Bq ")

Bounds (m)
RZ

Intermediate

0.998
150 - 250

0.987
40-150

3.47x10 Px 264

70-175

1.61x10 7x %7
0.989
175 - 400

0.993

0.988
70 - 200
3.72x10 Vx 352
0.993
200 - 400

0.992
70 - 200
4.24x10 10x 396
0.989
200 - 500

0.996
150 - 300

0.997
80 - 150

4.96x10 °x 273

Eq.(Gys 'Bq))

Bounds (m)
RZ

Bounds (m)

Region
Far Region
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Table 3. Region fit data for the south side.

South - vertical height

6.41m

5.08 m

3.75m

2.42 m

1.09 m
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Table 4. Peak location for different

vertical heights.
Vertical Peak
height (m) location (m)
North 1.09 20
2.42 18
3.75 12
5.08 11
6.41 10
West 1.09 13
2.42 12
3.75 10
5.08 9.0
6.41 7.0

fit coefficient for the power func-
tion increases with distance from
the repository. If the dose rate was
truly behaving like a point source
or line source, the fit coefficient
should be constant and similar to
the dose rate at the wall. The in-
crease in the fit coefficient and
steeper decrease than expected (ex-
ponent in the power function less
than —2) indicate that other contri-
butions, such as from scattering,
do not reach further distances.
The presence of a peak in the
dose rate profile is of concern in
the analysis of the maximum dose
rate outside the facility for safety
reasons. Table 5 provides a compar-
ison of the dose rate incident on
the wall, 1 m away from the repos-
itory and the peak dose rate. For
the north and south sides of the fa-
cility, the peak dose rate is larger
than the dose rate incident on the
wall by up to a factor of three. Ad-
ditionally, the dose rate incident
on the wall is lower than the dose

Vol. 115, October 2018

rate 1 m away from the facility wall
for the north and west sides. The
most conservative dose estimates
for the north and west sides are ob-
tained at the peak location. The
most conservative dose estimate
for the south side results from radi-
ation incident on the wall.

CONCLUSION

The dose rate surrounding a
waste storage facility was analyzed
for a facility handling low and in-
termediate level conditioned waste.
The facility is shielded by a wall of
.09 m thickness on the north, west,
and east sides; the south side ex-
hibits a 5.25-m air gap and a subse-
quent wall of thickness 0.2 m. The
dose rate profile was analyzed using
MCNPX for heights of 1.09 m,
2.42 m, 3.75 m, 5.08 m, and
6.41 m for the north, west, and
south sides of the repository. A peak
in the dose rate is observed for the
north and west sides of the facility.
The dose rate profile is expected to
decrease following a power func-
tion similar to an infinite plane
source (exponent of —1). The peak
present in the dose rate profiles in-
dicates additional contributions
to the dose rate profile from scat-
tering in the shielding material or
air similar to the effects observed
from skyshine.

In the far regions for the north,
west, and south sides, the power
function fit for the dose rate profile
exhibits an exponent less than —2

Table 5. Dose rate at wall, 1 m from repository, and peak dose rate.

Dose rate/unit activity (Gy s ' Bq )

Incident 1 m from Incident on wall/1 m Peak/1 m
on wall facility Peak from facility from facility
North 1.09m 2.29x102* 2.99x10%* 5.68x10 24 77% 190%
2.42m 2.36x10%* 3.38x10 2* 5.82x10** 70% 172%
3.75m 2.56x10%* 3.82x107%* 7.57x10 % 67% 198%
5.08m 2.77x107%* 4.29x10%* 7.49x10 %* 65% 175%
6.41m 3.46x1072* 5.45x107%* 8.95x10°** 64% 164%
West 1.09m 1.56x102* 2.48x10%* 6.69x10 24 63% 269%
2.42m 1.75x10%* 2.91x102* 7.53x10%* 60% 258%
3.75m 1.92x1072* 3.45x107%* 8.83x10°** 56% 256%
5.08m 2.14x10%* 4.43x107%* 1.14x10 % 48% 257%
6.41m 2.34x102* 6.35x102* 1.59x10 = 37% 251%
South 1.09m 3.70x107%% 3.38x10 %2 — 109% —
2.42m 8.22x10%% 4.58x10 22 — 179% —
3.75m 6.73x10 %% 4.87x10 *? — 138% —
5.08m 5.25x10 %% 4.76x10 2 — 110% —
6.41m 4.77x1072 4.02x1022 — 119% —
www.health-physics.com 543
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(more negative). This means that
the dose rate falls off more rapidly
than for a point source, indicating
that additional contributions, such
as scattering, occur for distances
closer to the repository. To provide
a maximum dose analysis, doses
should be evaluated at the peak lo-
cations for the north and west sides
of facility; for the south side, dose
rates are a maximum at the wall of
the facility.
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