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Abstract

Radiometric surveys using airborne, vehicular mounted or backpack detector systems are
increasingly used to identify and evaluate complex distributions of radioactivity in the
environment. The signals detected depend on the energy and spatial distribution of
radioactive sources, the material properties of the environment and the specific properties of
the detector systems employed. Materials in close vicinity to the detector such as housings,
and intermediate materials may have a critical impact on detection efficiency, and must
therefore be taken into account in calibration. This study evaluates the effect of shielding by
the body of the operator in backpack surveys. Controlled experiments using point sources and
absorbers, chosen to represent the form and composition of human tissue, were conducted,
and coupled to an analytical radiation transport model to estimate attenuation factors for
mapping of *¥'Cs. In this way generic factors to correct for this effect using portable
spectrometers have been determined. The results compare well with observations at sampled
calibration sites in Fukushima and the Solway area in Scotland. Reductions of the **’Cs full-
energy peak intensity between 20% and 30% may be expected depending on operator stature
and the offset position of backpack systems. Similar effects may be present for other

radiometric systems carried by a human operator.
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Highlights:

e Evaluation of operator effects on radiometric measurements with backpack systems
e Potential for similar effects with other radiometric systems
e Count rates for radiocaesium full energy peaks are reduced by 20-30%

e Count rates for >450 keV, scaling to dose rate, are reduced by approximately 15%

1. Introduction

Radiometric surveying measures the spatial distribution of radiation in the environment. The
aim of a radiometric survey is to evaluate the distribution of radioisotopes in the
environment, taking natural and artificial passive materials affecting the radiation field at any
given point into account. Applications of this method are wide ranging, including nuclear site
baseline surveys (Sanderson et.al. 1990a, 1992a, b, 1994c,d, Bucher et.al. 2008), mapping
fallout from nuclear accidents (Mellander 1989, Sanderson & Scott 1989, Sanderson et.al.
1989, 1990b, 1993a, 1994a, Drovnikov et.al. 1997), remediation (Giles et.al. 2005), locating
point sources (Aage & Korsbech 2003, Hjerpe & Samuelsson 2006, Long & Martin 2007,
Kock et.al. 2014), geological mapping for mineral exploration (IAEA 1991, 2003, Minty
2011) or epidemiology (Sanderson et.al. 1993b), and environmental process monitoring
(Sanderson et.al. 1994b, Tyler & Heal 2000). In the aftermath of the nuclear accidents at the
Chernobyl and Fukushima Dai-ichi nuclear power plants such methods have gained wider
attention and recognition (Sanderson & Ferguson 1997, Sanderson et.al. 2004, Winkelmann
et.al. 2004, Lyons & Colton 2012, Sanderson et.al. 2013, Tanigaki et.al. 2013, Sanada et.al.
2014, Kobayashi et.al. 2015, Tsuda et.al. 2015).

The spectrometry systems used for these surveys usually consist of scintillation crystal or
HPGe detectors, singularly or in arrays, with a spectrometer, a GPS receiver that registers the
position of each measurement and a mobile computer to collect and analyse the data. The

spectrometer systems can be mounted on either low flying aircraft, ground based vehicles or
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backpacks that are carried by human operators. Each method has different benefits and
drawbacks. Aircraft flying at low altitudes offer large fields of view and the highest rates of
area coverage (10’-10% m? hr'") but with spatial resolution limited to 50-100 m dimensions,
and need to address issues relating to operational safety and potential nuisance over urban
environments. Vehicles allow relatively rapid surveys of roads and some off-road locations,
but are restricted by terrain, and influenced by local shielding effects. Backpack detectors
have relatively low rates of area coverage, and with spectral sensitivity limited by small
detectors normally used. These limitations however are considerably offset by the ability of
backpack surveys to provide high resolution (1-10 m or better) analysis of environments
where people live and work, which would otherwise be difficult to survey in detail, and

where radiation fields both due to natural and anthropogenic activity are highly variable.

To interpret radiometric data and estimate the spatial activity distribution, the response of the
detector system and the effects of the platform are required. The intrinsic efficiency and
angular dependence of detector systems can be measured in the laboratory and relatively
easily modelled. The effect of the measurement platform is potentially more complex, and
must be taken into account in system calibration and in interpreting results. For airborne
systems, detectors are usually placed with the minimum possible material beneath and around
the detector. Some aircraft have fuel tanks located in positions which may impact radiation
transport in a time-varying manner, and these should be avoided where possible. For
vehicular systems it is common to place detectors in elevated positions, often on the vehicle
roof, to maximize the field of view. In such cases, the detector field of view includes the
complex structures of the vehicle and occupants, and often a fuel tank. For backpack systems,
the operator carrying the system subtends a significant proportion of the detector field of
view. These provide a complicated shaped radiation shield very close to the detector and with
potential to distort spatial response characteristics, and to bias results if not taken into account
by suitable calibration. An example of this effect is reported by Nilsson et.al. (2014), when a
backpack survey of a test site containing radioactive sources produced irregular features
caused by shielding of the detector when walking towards a source.

In this paper, the effect of the operator on radiometric data collected with backpack systems
is investigated using a combination of numerical and experimental modelling and field
observations. These effects have implications for the design of backpack systems and their

calibration, may affect design of surveys especially in spatially complex environments where



the details of the spatial response of the detector may be significant. This study also has
implications for other detector systems, including portable dose rate instruments, where

similar effects may be present.

This study has been conducted using a portable gamma spectrometry system developed at the
Scottish Universities Environmental Research Centre (SUERC). This consists of a 3x3”
Nal(TI) detector with digital spectrometer and GPS receiver in a waterproof container, with a
tablet computer collecting data and providing outputs from real-time analysis. The system has
been described elsewhere (Cresswell et.al. 2013), and has been used for a variety of
radiometric survey tasks including mapping beaches potentially contaminated with
radioactive particles (Cresswell & Sanderson 2012), mapping urban areas (Cresswell et.al.
2013) and mapping deposited activity from the Fukushima Daiichi accident (Sanderson et.al.
2013).

2. Method

Previous field measurements (Sanderson et.al. 2013, Cresswell et.al. 2013) indicate a
significant reduction of spectral intensities when the backpack detector system is worn by a
human operator compared to an isolated detector system, with corresponding shortfalls in
estimated activity per unit area in comparison with soil samples of reference sites if
theoretical calibration constants for the unshielded detector are used to determine sensitivity.
One solution to this problem is to determine sensitivities by calibration measurements at well
sampled reference sites. Here the systematic effects are examined further by a combination of
numerical and experimental modelling, and comparison to field measurements. In this
approach a simple shaped substitute operator was used in the experiment and compared to a
numerical model of the same geometry. The studies concentrate on **'Cs, as this is not only
indicative of the mean gamma energy measured in many studies of NORM isotopes, but is
also a prime indicator for anthropogenic releases e.g. in the aftermath of a nuclear incident.
Using known and tabulated energy dependent attenuation coefficients the model is
extendable to other energy ranges.

2.1 Radiation Transport for Numerical Modelling



The count rate observed at a detector is a function of the source activity As, geometrical
acceptance and distribution of the source, detection efficiency ¢ and possible attenuation of
the emitted radiation between the source location and the position of the detectors, expressed
in a complex function F(E), which is dependent on the energy E of the incident photon. For
complex sources, the gamma ray emission probability y has to be taken into account as well.
In general, the detection efficiency ¢ will also be a function of the gamma ray energy, the
incident position x on the detector surface and the direction of the gamma ray at the detector
surface, ¢ = ¢ (Egamma, X, 0, @). Note, that this definition of the detection efficiency ¢ combines

the geometrical and energy dependent efficiency factors into one common factor.

Let the detector have a surface area Aq at a distance Py from an isotropic point source of
given gamma energy Egamma. FOr all dimension of the detector being much smaller than Piotal
and in the case of an isotropically emitting point source, the geometrical acceptance (or solid

angle coverage) can be approximated as 4a . With P,y = 2o P; and given linear

4T P2

otal

attenuation coefficients ui(Egamma) the total attenuation of the gamma rays through n different
materials is given as F(E) = Y; e #i(E)Pi The total gamma activity is given by y4s. The

observed count rate R is then:

Agq

R = VASE(Egamma: 0,0, X)F(E) Eq.1

- 2
4'T’:Ptotal

The attenuation in different materials factorises. It is therefore convenient to separate F(E)
into materials external to the detector system, i.e. the path through soil, air, the body of the
observer and other passive materials, and internal to the detector system, i.e. entrance
windows, packaging etc. The external materials will be explicitly parameterised, while the
internal effects will be subsumed in an effective efficiency ¢, which is determined
experimentally (section 2.3).

2.2 Human Form and Its Attenuation Properties
2.2.1 General Properties of the Human Body

The variability of mass shape and composition of individual operators is potentially large. So

this work refers to the definitions given by the International Commission of Radiological



Protection (ICRP) reports 23 (“The Report on the Group Task on Reference Man”) and 89
(“Basic Anatomical and Physiological Data for use in Radiological Protection: Reference
Values”) (ICRP 1975, 2002). These define physical parameters for reference adults, as
summarised in Table 1. These reports also describe elemental compositions for organs in the

human body, and in ICRP23, average compositions for an adult body.

The average elemental composition for the reference adult whole body, given in Table 2, was
used to determine the average mass attenuation coefficient of a human operator, neglecting
any details of the internal body structure. Tabulated elemental mass attenuation coefficients
(Storm & lIsrael, 1970) were scaled to the body composition. Linear attenuation coefficients
were determined assuming an average body density of 1060 kg m™. The mass and linear
attenuation coefficients for 662 keV (**’Cs) were determined by a local fit between 100 keV
and 1500 keV where, on a log-log plot, there is a simple relationship between attenuation
coefficient and gamma ray energy. The attenuation coefficients determined are given in Table
3. Following this approach the gross features of the human body are replicated, while detailed

anatomical structure is neglected.

2.2.2 Substitution Materials and Shapes for the Human Body

Because of the complexity of the shapes of the human body and the ethical considerations
associated with conducting point source experiments with human operators, a simplified
substitute was used for the numerical and experimental models. This substitute must have
similar mass, linear attenuation, density and dimensions as the human body, while being easy

to use and model reliably.

The attenuation coefficients for commonly available materials were calculated from tabulated
elemental mass attenuation coefficients as before. These coefficients, with others used in the
model here, are given in Table 4. Other tabulations of attenuation coefficients include similar
materials, and values derived here were compared to those. The calculated values deviate by
1-3% from the National Institute of Standards and Technology (NIST, Hubble & Seltzer
2004) values.

Many body dummies used to study car crashes or employed in search and rescue training as

well as medical testing phantoms are made from PVC and come in dimensions similar to the



“Reference Man”. The linear attenuation and density of PVC at the relevant gamma energy
(662 keV) are slightly larger than the average computed for the human body. In addition,
these dummies and phantoms are often internally supported by complex metal structures with
significantly higher attenuation coefficients, which are difficult to model accurately.

For the numerical model a simplified cuboid body shape of width 0.4 m, depth 0.3 m and
height 1.7 m was considered, with linear attenuation coefficients for the average human body.
For the experimental model this was reproduced using a stack of 0.30x0.40x0.23 m plastic

boxes filled with water.

2.3 Detector Angular Response

The effective detection efficiency ¢ can be experimentally obtained from an observed count
rate C using a calibrated source of known gamma activity y4; at a distance r from a detector
of surface area Agq

4mdr?C
AgyAse Hair”

£(662keV,0) = Eq. 2

Note that self-absorption in the source and backscattering are neglected and attenuation in the

detector housing and angular dependence on A4 are subsumed in e.

Measurements were conducted on an open laboratory bench using *’Cs point sources
totalling 440 kBq at a distance r=1.5 m from the centre of the detector crystal. The detector
was rotated on the bench top in 15° steps, with spectra recorded for approximately 10 mins at
each position and the count rate in a window around the **’Cs peak recorded. Count rates for
background spectra were subtracted. Measurements of the background at different rotational
positions differed by less than 1%, and a mean value for the whole background data set was
used. The net count rates for each position were substituted into equation 2, using
A¢=n0.038% m? corresponding to the area of the end of the detector crystal. The calculated

efficiency is shown in Figure 1.

The angular response of the SUERC backpack system shows a small minimum around 0°,
corresponding to attenuation by the GPS receiver, and a significant reduction in efficiency

through the photomultiplier and digital spectrometer at 180°. The angular response of bare



cylindrical detectors has been described using a function of the form a+b.cos6 (Grasty 1979,
ICRU 1994), giving a maximum efficiency at 90°. Such a function fails to account for the
modification of the angular response observed for the backpack system, as it does not account
for additional attenuation by the photomultiplier and digital spectrometer assembly, the GPS
and the weatherproof container. Additional terms of the form c.sin’0 and d.cos®(ef) were
evaluated to fit the observed distributions. c.sin’6 introduces a maximum at 90°, but still
retains relatively high efficiency at 180°. d.cos?(e), where e=0.5, introduces an efficiency

term that peaks at 0° with a minimum at =180°. A fit to a function of the form
e =a+bcosO + csin?0 +d cos %ef

should therefore reproduce the observed distribution. Figure 1 shows such a fit. In this
instance ¢ was very close to zero, and the c.sin’d term has been omitted from the fit. For this
detector system, the fitted parameters were: a=271, b=254, d=-490 and e=0.52. The function
for ¢(662 keV, 6) can then be substituted into equation 1 to calculate count rates from *¥'Cs

sources.

There are two common orientations for a detector in a backpack. In one, the crystal is at the
bottom (6=0 downwards) and in the other the crystal is at the top (6=0 upwards). The choice
of orientation will depend on survey requirements. The detector down option will result in the
detector being closer to the ground, and maximise sensitivity to radiation originating within a
small solid angle below the detector. The detector up option increases the detector height and
widens the field of view with a greater contribution for radiation from wider angles. The
detector up option sacrifices some spatial resolution for area coverage and may be preferred
for larger area surveys of dispersed activity. The detector down option sacrifices some area
coverage for increased spatial resolution and sensitivity to close objects. It may be preferred
for smaller area surveys with highly localised activity distribution, such as source searches. In

this work, measurements and modelling were conducted for the detector up configuration.

2.4 Numerical Model

The basis of the numerical model used Eq. 1, to calculate the number of counts reaching a
detector at height h above the ground for a source of activity 4: at depth D below the ground

surface. The system geometry is shown in Figure 2. Realistically when the backpacks are



worn they are held slightly out from the operator’s back. To take account of the detector
radius, dimensions of thermal insulation in the housing, and the effects of the detector frame,

the numerical model includes an offset distance d.

The path lengths through the soil, air and the operator vary with both polar and azimuthal
angles (6 and ¢) and are calculated using simple trigonometry for the cuboid substitute

operator shape. These are given by:

L/ d

— 2 _ .

PbOdy - cos @ sin 6 sin¢@ sin 0 where Pmin < @ < Pc
a+w d w

Pbody - sing sin @ N sin¢@ sin 6 - sin¢g sin 6 where P > P

Pyoay = 0 where ¢ < @uin
P,y = D/cos B
Poir = Protar — Pbody — Psoir

For critical azimuthal angles gnin and ¢ for the minimum angle where the gamma ray passes
through the operator and the angle where the gamma ray passes through the corner of the

operator.
tan Q,,in = 2d/L
tan¢@, = 2(d + W)/L

Corresponding critical polar angles, max and 6., and path length are defined for radiation
originating from the area underneath the operator. This accounts for less than 1% of the
detector field of view, and is not considered a significant factor in the model results. These

angles and path lengths are included in supplementary material for completeness.

The mass attenuation coefficients have been calculated and the angular efficiency measured.
The activity of the source and the detector area are also known values. Therefore the model
can predict the count rate reaching the detector from the source at any position.

Two versions of the numerical model were implemented. The first simulated the

experimental configuration (described below, Section 2.5). The second simulated a laterally



uniform source over a larger area, using a regular grid of points at 0.1 m spacing over a
10x10 m area. The benefit of the numerical model is that variables can be easily changed, the
offset distance d was increased to test any changes in the measured count rate, and also the

source depth can be varied.

2.5 Experimental Set Up and Method

For the experiment a *’Cs point source of activity 250 kBq was used. To approximate a
uniform field a hexadecagon was mapped out around a fixed centre-point. The backpack
detector was suspended from a metal frame 90 cm above the centre-point, supported within
the inside edge of the hexadecagon grid. Distances of 1.0 m, 1.5 m and 2.5 m were marked
along each of the 16 radii. The *¥'Cs source was placed at different positions for periods of
time calculated to approximate a uniform distribution, determined by the area each position
mapped out, illustrated in Figure 3. The corresponding areas and the times for each source

position in a single sequence of measurements are given in Table 5.

Each sequence of measurements consisted of background measurements recorded without the
source, followed by measurements using the **’Cs source. The sequence was completed
within half an hour, minimising the potential effects of thermal drift in the detector. These
were repeated with the substitute operator, an array of plastic rectangular boxes 30x40 cm

stacked to a combined height of 116 cm and filled with water.

3. Results
3.1 Results of the Experimental Model

Net spectra for measurements with and without the substitute operator are shown in Figure 4.
There is clear difference in the intensity of the **’Cs full-energy peak. Counts rates for the
137Cs peak (600-720 keV) without the substitute operator were 6.2 + 0.1 s™, and 4.9 + 0.1 s
with the operator present. The substitute operator thus reduces full-energy detection
efficiency by 21.1 + 3.0%.
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Comparisons can also be made between the background spectra recorded with and without
the substitute operator present. Measurements of the background with human operators can
then be used to compare the substitute operator to humans. A direct validation of the
observed reduction factors in the point source experiment was not undertaken as exposing
human operators to radiation from point sources in excess of the environmental dose rate was

not considered to be ethical.

The results of these measurements at SUERC, where the background is due to natural
sources, for count rates in the 450-3000 keV spectral window, are given in Table 6 for the
water filled containers and two operators with heights and weights comparable to the
ICRUB89 reference adults. These show that for dose rates dominated by natural activity the
operator effect across the whole spectrum is lower than that observed at 662 keV for **’Cs
sources. The substitute operator comprising water filled plastic containers produces a
reduction in total count rate that is in agreement with that measured for operator A, whereas

operator B had a similar, but slightly smaller effect on the total count rate.

3.2 Results of the Numerical Model

As stated above the numerical model has been applied to the measured geometry and
tabulated linear attenuation parameters for 662 ke\VV gamma energy, corresponding to the full-
energy peak of **’Cs. The model of the experimental system predicts a reduction in count rate
due to the operator of 23.6%. The model of sources on a larger, regular grid (as described in
section 2.4), predicted an operator effect of 26.1%. This is a slightly larger reduction in **'Cs
peak count rate although of similar magnitude. In both cases the estimated values correspond
to detector offset positions of 0.13 m. The second analysis, with a larger number of source
positions presents a slightly different geometry than the first simulation. In particular it
includes the influence of a larger proportion of gamma rays incident at shallow angles from
distances beyond the 2.5 m outer ring of the experiment, and sources at positions directly
under the substitute operator. These difference between the two model estimates is therefore
attributed to these geometrical effects. The model results are broadly in agreement with the
observed values using a substitute operator, although it is noted that slightly larger reductions
in *¥'Cs peak count rate were predicted than those observed in the experiment. Experimental

factors including difficulty completely filling the containers with water, and accounting for
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interfaces between containers may be partially responsible for the small differences, as would

shape dependent differences between simulated and real operators.

The model can also be used to evaluate the operator effect under different conditions. The
effect of changing the operator-detector separation, d, and the effect of increased source
burial depth have been examined. The models used a detector height of 0.9 m, which was
limited by the frame height in the experiment. In practice, the detector is carried at a height of
approximately 1.2 m. Table 7 shows the reduction in *¥'Cs peak count rate for different
model conditions. As expected the detector offset position has a marked influence on operator
attenuation factors. Whereas a 20% reduction is expected for a detector set 20 cm from the
operator, this rises inversely with offset distance — with some 34% reduction for a detector
held 6 cm from the back of the substitute operator. For subsurface activity, increased burial
depth reduces the field of view of the detector, increasing the proportion of radiation passing
through the length of the operator and hence increasing the reduction in peak count rate due

to the operator. The detector height has a negligible effect.

3.4 Results of the Field Validation

Measurements with and without human operators in radiation fields dominated by **’Cs and
134Cs were conducted at a ground sampled calibration site at Fukushima University
(Sanderson et al. 2013). These measurements are shown in Figure 5, and give reductions in
the full energy intensities for ***Cs and *’Cs of 25-30%, which are consistent with the results
of the numerical model developed in this study, and with the experimental values obtained
from the substitute experimental geometry. Comparisons between measurements with the
backpack system and data from soil samples at the ECCOMAGS calibration sites (Sanderson
et al 2004) close to the Solway Firth in Scotland (Cresswell et al. 2013) have also shown
reductions of 20% to 40% between the field measurements and samples. The magnitude of

the observed reductions is compatible with the estimate from the model presented here.

4. Discussion and Conclusion
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Radiometric measurements surveying a radiation field in the environment are complex. The
results are not only influenced by the geometrical distribution and types of radioisotopes and
the geometrical distribution and material composition of passive materials in the
environment, but crucially by the detector response function and the materials surrounding
the detector. An example of this is the impact of a human operator on the spectral shape and

intensities in backpack surveys.

This effect has been investigated using a combination of experimental and numerical
modelling, with comparison to field measurements. A simplified experiment using a water
filled cuboid was carried out to investigate this effect experimentally and in comparison with
a numerical model based on tabulated linear attenuation coefficients. The experiment
measured an overall reduction **'Cs peak count rate of 21 + 3.0%. The numerical model of
the same set up calculated reductions of 23-26%, confirming that attenuation factors of this
magnitude are to be expected, and must be taken account of in system calibration. The results
of the experimental and numerical models are consistent with field measurements at
Fukushima University and the ECCOMAGS calibration sites on the Solway Firth, Scotland.

The reduction in count rate in the 450-3000 keV window, which can be scaled directly to
dose rate, for natural radiation fields, ~15%, was significantly less than that observed for the
37Cs full energy peak and for radiocaesium dominated radiation fields at Fukushima
University. The attenuation of higher energy gamma rays present from natural sources would
be less than that for radiocaesium. In addition, partial energy absorption within the operator
would lead to an increase in scattered gamma rays interacting with the detector resulting in a
compensatory increase in count rate at lower energy. The numerical model used here
examines full energy deposition and does not address the impact of the operator on scattered

radiation.

The offset distance between the back of the human operator and the centre of the detector was
identified as crucial parameter influencing the observed reduction. An increase from 0.13 to
0.20 m in the numerical model changed the reduction in count rate from 26.1% to 20.1%,
suggesting that the influence of the human operator can be reduced by increasing the distance
of the detector from the operators back. Increasing the burial depth of the activity results in a

small increase in the operator effect.
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Measurements of the operator effect on ambient natural radiation fields show that the
substitute operator is comparable to human operators, with some variation between operators
that could warrant further quantification. Data were collected with two operators, with height
and weight similar to the reference adults described in ICRU89. The reduction in measured
total count rate for the female operator was less than for the male operator. The male and
female body shape differs as does the weight distribution, men tending to have broader
shoulders and waists which are the parts of the body closest to the detector and hence
expected to have the largest impact on the attenuation of the measured radiation.

The operator introduces directionality to the system response by significantly reducing the
detection efficiency for radiation originating in front of the operator. Mapping the angular
response of the detector with the operator generates information that may be of considerable
benefit in evaluating radiometric data, especially from highly heterogeneous environments. In
some situations, for example source searches on beaches, it may be beneficial for the operator
to carry the detector in front. This would maximise signals from any sources in front of the
operator, increasing the opportunity to identify and locate it before potentially disturbing the
source by walking over it.

The observed effect is not particular to the use of a backpack system, but will be present for
any radiation detection system studying a complex source distribution operated in close
vicinity to the human body, or other attenuating structures such as vehicle components.
Common practice for dose rate measurements with the probe held at a fixed height away
from the body will experience a significantly smaller effect than observed in this study.
However, unlike the backpack system where the operator and detector are in a fixed
geometry hand held detector systems may be used in situations where the position relative to
the operator is not fixed, with corresponding variability in operator attenuation. Again, the
position of the operator may be a factor where radioactive material is distributed
heterogeneously. Detector systems mounted on vehicles may experience significant
attenuation from the engine, or other substantial components, and proximity to a fuel tank
would provide a time-varying attenuation factor (Malins et.al. 2015). Care may also be
needed in relating measurements with integrating personal dosimeters worn close to the body,
or similar instruments increasingly being fitted on collars for dosimetric studies of wildlife

(Hinton et.al. 2015), with environmental dose rates.
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Table 1 Physical characteristics for reference adults taken from ICRP (1975, 2002).

ICRP23 (1975) ICRP89 (2002)

Male Female Male Female
Mass (kg) 70 58 73 60
Height (m) 1.70 1.60 1.76 1.63
Density (kg m®) 1070 1040

Table 2 The major chemical element composition of the human body with corresponding
percentage per mass of the 70 kg reference man (ICRP 1975).

Element Mass of element in 70kg Person Percent by Mass (%)
(kg)

Oxygen (O) 43 61.35

Carbon (C) 16 22.82

Hydrogen (H) 7 9.99

Nitrogen (N) 1.8 2.57

Calcium (Ca) 1 1.43

Phosphorus (P) 0.78 1.11

Minor elements 0.51 0.73
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Table 3 Human Body Mass Attenuation Coefficients derived from the material composition
and the elemental mass attenuation coefficients. The linear attenuation coefficient is obtained
by using the average body density, neglecting anatomical variations. Values for **'Cs

(662 keV) were determined by interpolation between tabulated values.

Energy (keV) Mass Attenuation Linear Attenuation
Coefficient (m?kg™) Coefficient (m™)

30 0.052796 56.0691

40 0.032341 34.34655

50 0.024746 26.2803

60 0.021087 22.39471

80 0.017673 18.76885

100 0.016008 17.00037

150 0.013812 14.6686

200 0.012481 13.25447

300 0.010778 11.44662

400 0.009633 10.2306

500 0.008775 9.318863

600 0.008118 8.621373

662 0.00782 8.3048

800 0.00713 7.571909

1000 0.006408 6.805753

1500 0.005203 5.525981
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Table 4 The comparison of water and PVC plastic as a substitute material for the human
body for 662 keV, with other media that gamma rays are likely to travel through in the

environment of the experiment.

Medium Density (kg/m°) Mass Attenuation Linear Attenuation
(m°/kg)
(m™)
Water 1000 0.00874 8.7400
Plastic (PVC) 1300 0.00808 10.5040
Air 1.225 0.00775 0.0095
Soil 1400 0.00769 10.7660

Table 5 Time that the gamma ray source was placed at a corresponding radial distances.

Segment Area (m°) Time (s)
Al 1.00 30.0

A2 0.49 14.7

A3 0.26 7.8

A4 0.0.5 15
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Table 6 Human operator reduction in natural background environment.

Operator  Weight Height (cm) Gender Reduction

(kg) (%)
Substitute 152+0.5
A 75 175 Male 158+1.0
B 61 160 Female 136+1.1

Table 7 Reductions in *¥'Cs peak count rates due to the operator determined by the numerical
model for different detector-operator offset distances, d, and source depth D.

Depth (m) Offset (m) Height (m) Reduction (%)
0 0.06 0.9 34.1
0 0.13 0.9 26.1
0 0.13 1.2 26.4
0 0.20 0.9 20.1
0.01 0.13 0.9 26.5
0.05 0.13 0.9 27.9
0.10 0.13 0.9 28.7
0.10 0.13 1.2 28.9
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Figure 1: Angular dependence of the efficiency for the SUERC backpack system.
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Figure 2: Geometry of the numerical model, showing a detector at height h above the ground
with an operator with a simplified cuboid geometry with width L, depth W and a detector-
operator offset of d. The source is at distance R, azimuthal angle ¢ and depth D below the

ground surface.
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Figure 3: Hexadecagon grid marked to create uniform field. Positions R, angle « and segment

areas A used to calculate period of time source must be placed at each position to create a

uniform field.
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Figure 4: Gamma ray spectra for **'Cs, with and without substitute operator present. The

reduction in the full energy peak count rate when the operator is shielding the detector is

21.1+3.0%.
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Figure 5: Measurements conducted near the calibration site at Fukushima University, 4™

November 2012, with and without the operator present. With the recorded spectra (top) and

the ratio of count rates without the operator to those with the operator present (bottom).
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