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The gamma component of air radiation dose rates is a function of the amount and spread of
radioactive nuclides in the environment. These radionuclides can be natural or anthropogenic in
origin. The field of view describes the area of radionuclides on, or below, the ground that is
responsible for determining the air dose rate, and hence correspondingly the external radiation
exposure. This work describes Monte Carlo radiation transport calculations for the field of view
under a variety of situations. Presented first are results for natural *°K and thorium and uranium
series radionuclides distributed homogeneously within the ground. Results are then described for
atmospheric radioactive caesium fallout, such as from the Fukushima Daiichi Nuclear Power Plant
accident. Various stages of fallout evolution are considered through the depth distribution of **Cs
and '37Cs in soil. The fields of view for the natural radionuclides and radiocaesium are different.
This can affect the responses of radiation monitors to these nuclides if the detector is partially
shielded from the ground within its field of view. The field of view also sets the maximum reduction
in air dose rates that can be achieved through local decontamination or remediation measures. This
maximum efficiency can be determined quickly from the data presented here for the air dose rate
versus the spatial extent of radioactive source on the ground.
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I. INTRODUCTION

Humans are exposed to external gamma radiation from
cosmic sources and from radioactivity in the environment
on earth. Environmental gamma radiation sources can be
natural or man-made in origin. Examples of the former
include 4°K, and thorium and uranium series radionu-
clides within the ground, and the latter include fallout
from atomic weapons testing and civil nuclear accidents.
The level of gamma radiation at a particular location can
be quantified by measuring an external radiation dose
rate. The radiation protection quantity ambient dose
equivalent rate is commonly used for this purpose [1].

Gamma rays can travel hundreds of metres in air
without undergoing interactions. The U. S. National
Institute of Standards and Technology (NIST) lists a
mass attenuation coefficient (u/p) for 1.0 MeV photons
in dry air of 6.358-1072cm?/g [2]. For air with den-
sity 1.2 - 1073 g/cm?, this equates to a mean free path of
131 m between interactions. Therefore, gamma rays orig-
inating from a wide area of land can contribute to the air
dose rate.

The field of view describes the size of the region con-
taining radioactivity whose radiation contributes signif-
icantly to the dose rate at a detection point. The field
of view of environmental radionuclides, present on or be-
low the ground, can thus be defined as the volume of
earth from which a specified fraction of the total gamma
radiation intensity contributing to an air dose rate orig-

inates from [3]. Previous authors have characterized the
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field of view for 1m air dose rates from natural and an-
thropogenic radionuclides distributed within soils. Tech-
niques employed have included first principles calcula-
tions for photon fluxes [3, 4] and Monte Carlo simula-
tions of dose rates [5] from increasing area sources on the
ground. Others have characterized the angular depen-
dence and the field of view of the air kerma [6-8].

This paper presents Monte Carlo calculations for the
field of view for ambient dose equivalent rates from nat-
ural radionuclides distributed uniformly in the ground,
and radioactive 13*Cs and '37Cs fallout distributed ex-
ponentially with depth. Two applications of the fields of
view results are presented within: i) for interpreting dif-
ferences between KURAMA survey results taken in cars
and buses, and ii) for undertaking quick calculations for
the effectiveness of land remediation methods.

II. METHODS

All calculations were undertaken with the Monte Carlo
radiation transport code PHITS [9]. The simulations
modelled the infinite half-space geometry [10]. This ge-
ometry consists of a plane which separates a lower re-
gion of soil (density ps = 1.6 g/cm?3) and an upper region
consisting of air (p, = 1.2-1073g/cm?®). The elemen-
tal compositions of the soil and air materials followed
ref. [11].

The natural potassium radioisotope “°K, the isotopes
in three thorium and uranium radionuclide decay chains,
and two radiocaesium isotopes common in nuclear acci-
dent fallout were considered as terrestrial gamma radia-
tion sources. The source types, their depth distributions
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TABLE I. Radiation sources and their distributions within
soil simulated in this work.

Source Depth distribution Decay emission data ref.

K Uniform ICRP 107 [12]
232Th series  Uniform ICRP 107 [12]
2357 series  Uniform ICRP 107 [12]
2387 series  Uniform ICRP 107 [12]
134Cs Exponential NuDat2 [13]
137Cs Exponential NuDat2 [13]

within the ground, and the references used for their x-ray
and gamma radiation emission data are listed in Table I.

The photon energy spectra inputted into the simula-
tions for each of the source types are shown in Fig. 1.
All photons with energy greater than 10keV and emis-
sion probability greater than 0.1 %, according to the ref-
erences listed in Table I, were included in the spectra.
Photons were emitted isotropically from the source ra-
dionuclides.

The natural radionuclides were modelled with constant
activity per unit soil mass at all depths. Caesium was
modelled as exponentially distributed with soil depth,

Am(C) = Amoexp (=¢/B), (1)

where A, (¢) [Bq/kg] is the activity per unit soil mass at
mass depth ¢ [g/cm?], Amo [Ba/kg] is the activity per
unit mass at the ground surface, and 3 [g/cm?] is the
relaxation mass per unit area that quantifies the depth
of fallout penetration into the ground. The mass depth
is

= / () d, (2)

where z [cm] is the depth below the ground surface.

For computational efficiency, the radiation source vol-
ume was scaled to a line within the soil at the centre of
the simulation space, and the Monte Carlo tally regions
to circular planes at fixed height above the ground and
with varying radii [14]. This set-up enabled fast calcula-
tion of a field of view in terms of contributions from in-
creasing radii cylindrical volumes of soil centred beneath
the air dose rate location. Fig. 2 shows the real geometry
achieved by this simulation method. The tally response
function calculated was the ambient dose equivalent rate,
17°(10) [uSv/u] [1].

Two limitations of simulating the infinite half-space
geometry are as follows. First, as the model assumes
perfectly flat land it does not account for the radiation
shielding provided by any topographic features on the
land, such as slopes and mountains, or shielding by vege-
tation and buildings. The effect of shielding is to decrease
the field of view, so the results presented here can be con-
sidered as upper bounds for field of view in settings where
shielding features are present.

The second limitation is that the model assumes a per-
fectly uniform distribution of the radionuclides across the
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FIG. 1. Photon emission spectra per decay for the different
source types. For sources that are a decay chain, the spec-
tra include decay photons from daughter nuclides assumed to
be in secular equilibrium and the intensity values shown are
applicable per decay of the head isotope in the chain.

FIG. 2. The field of view for H*(10) was calculated in terms
of the contribution from the decay of radionuclides within in-
creasing radii volumes of ground beneath the dose rate point.
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FIG. 3. Comparing the field of view from natural radionu-
clides, 3*Cs and **7Cs.

land surface. This approximation may be overly sim-
plistic if geological or soil conditions lead to different
concentrations of natural radionuclides across an area.
Or for anthropogenic radionuclides, atmospheric fallout
and subsequent radionuclide absorption and redistribu-
tion may be quite heterogeneous, again depending on
local conditions. These source distribution effects can
widen or narrow the air dose rate field of view depending
on a case-by-case basis. The reader should be aware that
heterogeneous source distributions may be important in
setting the field of view at some locations.

III. RESULTS

The field of view from natural radionuclides dis-
tributed homogeneously within the ground and for
134Cs and 37Cs exponentially distributed with depth
(8 =1.0g/cm?) are shown in Fig. 3. The graph shows the
fraction of H*(10) at 1m above the ground attributable
to each of the sources within a radius r [m] cylindrical
volume of soil below the dose rate point. The data are
plotted relative to the ambient dose equivalent rate from
a 1000 m radius volume, which is a sufficiently large range
for H*(10) to reach its asymptotic limit to three signifi-
cant figures.

The length scale of the field of view is of comparable
order of magnitude for all the nuclides. Around 60-80 %
of the radiation contributing to H*(10) originates from
within 10 m around the dose rate point. Slowly increasing
tails on the graphs mean that it takes 100m for H*(10)
to reach 90 % of its infinite limit. Radiation contributing
to the final 10 % of the limiting H*(10) originates more
than 100m from the dose rate location.

To compare the fields of view of the natural radionu-
clides with radiocaesium, we consider the source radius
contributing to 60% of H*(10). The field of view is
narrower for 40K, the 232Th series and the 233U series
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FIG. 4. The field of view from '3*Cs and **"Cs with varying
B.

(r ~ 4 m) than for radiocaesium (r = 8 m). This is a
consequence of the different distributions of the radionu-
clides within the ground, and because higher energy de-
cay photons (Fig. 1) make the dominant contribution to
H*(10) for “°K, the 232Th series and the 233U series than
for 134Cs and 137Cs.

The field of view for 60 % of H*(10) is wider for the
235U series (r = 5.5 m) than for the other natural nu-
clides. This is because of the lower energy decay photons
emitted by the 23°U series (typically < 500keV - Fig. 1).
It should be noted that in the environment, the 23°U se-
ries makes a minimal contribution to the total ambient
dose equivalent rate from natural terrestrial sources [15].
This is because of its low abundance in natural uranium
(~ 0.7 % by mass).

The field of view for the air dose rate from natural ter-
restrial sources is unlikely to change significantly depend-
ing on the relative concentrations of “°K, the 232Th series
and the 238U series radioisotopes in the ground. This is
because the fields of view for each of these three compo-
nents are similar (black, red and blue lines in Fig. 3).

Fig. 4 shows the effect of fallout penetration into the
soil on the field of view from '3*Cs and '37Cs. The
relaxation mass per unit area is shown for the range
0.1-20.0g/cm?. B is typically between 0.1-3.0g/cm? in
the first year after fallout deposition, increasing to 1.0—
7.0g/cm? after several years, and then in the range 2.0—
20.0g/cm? for fallout deposited greater than 10 years
previously [10]. When considering the source radius con-
tributing to 60 % of H*(10), the field of view narrows as
fallout radiocaesium weathers deeper into the ground (r
decreases from 13.5m to 4.5 m when § increases between
0.1-20.0 g/cm?, Fig. 4).

The effect of elevation above the ground on field of
view for H*(10) from !3*Cs and !37Cs is shown in Fig. 5.
Elevating the dose rate point changes the relative dis-
tance between different areas of the ground and the dose
rate point, and leads to more shielding of the radiation
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FIG. 5. The field of view from 3*Cs and '*"Cs at various
heights above the ground.

by air. The field of view always widens with increasing
height of the dose rate point. It is narrow when the dose
rate point is located close to the ground (less than 1m
for 60 % of H*(10) when h = 0.01 m). It extends to over
100m for the highest elevations studied (h > 100 m).

In all cases the tail of the distributions mean that '34Cs
and 137Cs at large distances makes a significant contri-
bution to the dose rate. Fallout more than 100m from
the dose rate point needs to be considered for H*(10)
to reach its asymptotic limit at all dose rate elevations
above the ground.

Figs. 3-5 show that the fields of view from '3*Cs and
137Cs are almost identical. This is because the dominant
photons contributing to H*(10) emitted by both isotopes
have similar energies (600-800keV — Fig. 1).

IV. EXAMPLE APPLICATIONS

A. Interpreting KURAMA Car and Bus Survey
Data

KURAMA and KURAMA-II are vehicle-borne radia-
tion survey systems deployed on cars and buses within
Fukushima Prefecture and across Japan to measure air
dose rates [16-19]. They consist of a Nal/CsI scintillator
to detect gamma rays, a GPS unit to determine measure-
ment locations, a control computer, and a 3G network
connection to transmit results.

In cars, the devices are mounted either above the
rear right-side door or behind the headrest of the rear
seat [16, 17]. In public buses, the systems are placed
above the engine bay at the rear of the bus [19]. These
geometries mean that the systems respond differently to
radiation from 3*Cs and '37Cs fallout, and to radiation
from natural radionuclides when operated in different
types of vehicle.

The difference is due to differences in the fields of view
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FIG. 6. (a) The bus engine shields a greater portion of
the field of view of natural radionuclides than for **Cs and
137Cs. Shaded red and yellow volumes illustrate natural and
134/137Cs radionuclides in respective fields of view. (b) Ratio
of H*(10) at the KURAMA position within a car to within a
bus, as a function of environmental radiocaesium levels. In-
set text on graph lists outdoor H*(10) values. '**Cs/**"Cs
activity ratio is 0.57, applicable on January 01, 2013.

between the anthropogenic and the natural radionuclides,
and the fact that the bus engine acts as a shield. The
effect is depicted in Fig. 6(a). The narrower field of view
from natural radionuclides than from 3*Cs and '37Cs
means that a greater portion of the field of view from
natural radionuclides is shielded by the bus engine.

The effect bears out as a different response of the KU-
RAMA systems when mounted in cars and buses between
low dose rate areas, where radiation from natural terres-
trial radionuclides dominates (= 0.05pSv/h), and high
dose rate areas (> 0.25pSv/h) with large amounts of
134Cs and '37Cs fallout. The graph in Fig. 6(b) shows
how the ratio of the air dose rate within a car to the
dose rate above a bus engine bay depends on the level
of 134Cs and '37Cs fallout in the environment. The data
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FIG. 7. Using the field of view to evaluate the effectiveness
of remediation for reducing H™*(10).

in Fig. 6(b) were generated by PHITS simulations of car
and bus geometries placed within the half-space geome-
try.

In the low dose rate regime, the ratio is high as the
dose rate in the bus is lowered by the shielding of gamma
rays from natural radionuclides by the bus engine. How-
ever, at high dose rates radiocaesium is dominant, and
its wider field of view means that the shielding by the bus
engine is less important. Thus, the ratio of the air dose
rate in the car and the bus is smaller. This effect is also
seen in real data from KURAMA operation on vehicles
in Fukushima.

The ratio of the dose rates in the car and bus becomes
less sensitive to the fallout levels as caesium migrates
deeper into the ground. This is because the field of view
of radiocaesium narrows with deeper migration (Fig. 4)
and becomes more comparable to the field of view from
natural radionuclides. The shielding effect of the bus
engine is therefore less important.

B. The Effectiveness of Land Remediation

Field of view graphs like Figs. 3-5 can be used to
quickly evaluate the effectiveness of land remediation for
reducing air dose rates. Fig. 7 demonstrates the tech-
nique.

The field of view results show that 68 % of the ambi-
ent dose equivalent rate attributable to the radiocaesium
fallout comes from 3*Cs and '*7Cs within a 10 m radius

area on the ground below the dose rate point. If the land
within this area were remediated perfectly, so that no
134Cs and '®"Cs remained afterwards, the component of
H*(10) attributable to radiocaesium would decrease by
68 %.

It is also possible to account for the effectiveness of the
remediation through the decontamination factor (DF).
DF is defined as the ratio of the caesium radioactivity in
the land before and after remediation. DF values vary be-
tween different remediation methods. For DF = 20, 5%
of the radioactivity will remain in the land after remedia-
tion, and hence the reduction in the **Cs and '37Cs com-
ponent of H*(10) would be 68 %- (100 % —5 %) = 64.6 %.

The field of view graphs thus allow quick calculations
for the order of magnitude of reduction in a dose rate that
can be achieved by remediation. More accurate calcula-
tions for the effectiveness of remediation can be obtained
using a specialist tool to model the land type, topography
and local area of the remediation target. An example of
such a tool is the calculation system for the estimation
of decontamination effects (CDE) [20].

V. CONCLUSIONS

PHITS simulations were used to characterize the field
of view from natural terrestrial radionuclides and anthro-
pogenic caesium fallout in the environment. 34Cs and
137Cs fallout has a wider field of view than the natu-
ral radionuclides (excluding 2*>U series) due to different
source positions and characteristic gamma ray energies.
The field of view from '3*Cs and '37Cs fallout narrows as
the radiocaesium migrates deeper into the ground. The
134Cs and 137Cs field of view widens with height of the
air dose rate location above the ground.

The differences in the field of view between natural
radionuclides and '3*Cs and '3"Cs can explain different
KURAMA detector responses between low dose rate and
high dose rate areas when operated above a bus engine
bay. Field of view graphs can be used to make quick
calculations for the reduction in air dose rates before and
after land remediation.
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