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Abstract

Mobile gamma spectrometry is a key method when searching for gamma-
emitting radioactive sources that have come out of regulatory control
through accidents or deliberate events. Such sources can be more or less
shielded, which reduces and distorts the gamma spectrometric signal. It
makes detection more difficult as the signal from the primary radiation de-
creases. An estimate of the shielding is needed to assess the potential
hazard before approaching to handle the source. The NKS/SHIELDMORC
activity is a step on the way to gain experiences in mobile gamma spec-
trometry for detection of shielded sources. It is carried out in collaboration
between mobile detection teams from Denmark, Finland, Iceland, Norway
and Sweden. The aim is to develop and test practical methods to detect
lost or hidden gamma emitting sources and estimate their locations and
activities. This report describes results from preparatory theoretical calcu-
lations and some experimental acquirements on situations with shielded
Cs-137 and Co-60 sources, using a 4 litre Nal(Tl)-spectrometer. A method
of applying a ratio of count rates in three regions of interest (ROI) repre-
senting selected parts of the Compton scattered registrations together with
one ROI for primary registrations seems to be useful for determination of
the amount of scattered radiation from a possible shield around the
source. The method may also roughly indicate the physical properties of
the shield in terms of thickness and whether the material has high or low
atomic number. However, further experiments are needed to verify this.
The intention is to make the verification in a joint Nordic field experiment in
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Abstract

Mobile gamma spectrometry is a key method when searching for gamma-emitting radioactive
sources that have come out of regulatory control through accidents or deliberate events. Such
sources can be more or less shielded, which reduces and distorts the gamma spectrometric
signal. It makes detection more difficult as the signal from the primary radiation decreases. An
estimate of the shielding is needed to assess the potential hazard before approaching to handle
the source. The NKS/SHIELDMORC activity is a step on the way to gain experiences in
mobile gamma spectrometry for detection of shielded sources. It is carried out in collaboration
between mobile detection teams from Denmark, Finland, Iceland, Norway and Sweden. The
aim is to develop and test practical methods to detect lost or hidden gamma emitting sources
and estimate their locations and activities. This report describes results from preparatory
theoretical calculations and some experimental acquirements on situations with shielded Cs-
137 and Co-60 sources, using a 4 litre Nal(TI)-spectrometer. A method of applying a ratio of
count rates in three regions of interest (ROI) representing selected parts of the Compton
scattered registrations together with one ROI for primary registrations seems to be useful for
determination of the amount of scattered radiation from a possible shield around the source.
The method may also roughly indicate the physical properties of the shield in terms of
thickness and whether the material has high or low atomic number. However, further
experiments are needed to verify this. The intention is to make the verification in a joint
Nordic field experiment in 2020. The report describes a proposed design for such an
experiment.
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1. Introduction

1.1 The problem

Lost (orphan) radioactive sources (Material Out of Regulatory Control, MORC) can put
people in danger. Accidents with orphan sources are not very common, but events leading to
dangerous situations happen almost every year worldwide. Between 1960 and 2001, at least
34 accidents involving orphan radioactive sources have occurred, resulting in 42 early deaths
and injuries to hundreds of people (UNSCEAR, 2011). Mobile gamma spectrometry is an
important method when searching for lost or hidden radiation sources. Authorities in the
Nordic countries responsible for radiation safety and detection have together with Lund
University participated in NKS funded research projects with the intention of improving
methods to detect orphan gamma-ray sources by the use of mobile gamma spectrometry.

In the NKS funded projects MOMORC 2016 and AUTOMORC 2017 - 2018 methods for
calculating maximum detectable distances for unshielded gamma ray sources were developed.
The validity of the calculations was tested in joint Nordic experiments. A good agreement was
achieved between theoretically calculated detection distances and practical measurements with
the types of mobile spectrometers that are used in the Nordic countries. This has provided an
understanding of how detector type and size, vehicle speed, acquisition time and variations in
the natural radiation background affect the ability to detect unshielded gamma-ray sources
(Finck et al, 2017; R&éaf et al, 2017, 2018).

Unshielded source geometries in open environments are not always representative for actual
situations. A source can be located in a building and/or placed in a shielded container, thereby
reducing its radiation into the environment and its apparent activity, making it more difficult
to detect. The shielding material will produce additional scattered radiation, which makes the
source ‘“‘signature” in the spectrometer’s pulse height distribution more complex. On the other
hand, the changed signature provides an opportunity to identify the presence of shielding
material around the source.

The amount of scattered radiation in relation to the primary photon fluence increases as the
radiation passes through matter. Moreover, photons of different energies are attenuated to
different extent in a shield. This could be used to determine how much shielding material
exists between a source and an observer. Such an investigation has been done in an NKS
project RadShield (Toivonen et al, 2017). In the former study, two methods were tested: (1)
Measuring full energy peak areas for two different energies from the same radionuclide, and
(2) measuring and comparing the step rise in the pulse height distribution just to the left of a
full energy peak with the area of the full energy peak. The first method needs two photon
energies from the same radionuclide and can thus be applied on Co-60, but not for the mono-
energetic gamma emitter Cs-137. The second method can work for mono-energetic gamma
emitters, but requires comparing measurements for different shielding thickness, material,
detector type, detector efficiency and observing the effect of albedo from the ground.

The RadShield investigated parts of the shielding problem through stationary high-resolution
gamma spectrometry. The activity, SHIELDMORC 2019, described in this work, is intended
to further deal with shielding characterisation in more complex, but probably more realistic,
situations with shielded gamma-ray sources from the viewpoint of mobile gamma
spectrometry by means of the more commonly used low resolution Nal(TI)-spectrometers.
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1.2 The aim

The aim of the project is to develop and test methods for detecting orphan gamma-ray sources
with mobile gamma spectrometry, in order to determine distance, approximate shielding and
activity for the radiation source. The first part of the project (SHIELDMORC 2019), which is
presented in this work, includes results from theoretical calculations and initial preliminary
measurements against shielded sources containing Cs-137 and Co-60. The results from these
measurements are intended as a test of an idea of constructing a “knowledge library”, in the
form of sets of count rates in various regions of interests (ROI) in the spectrometer pulse
height distribution, representing primary and Compton scattered radiation from the source.
After constructing such a knowledge library from a number of calibration measurements of
gamma emitting sources for different shielding geometries, the intention is to test its
usefulness in a joint Nordic field experiment (SHIELDMORC 2020). This report presents
proposals on how such a field experiment can be carried out.
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2. Theory

In mobile gamma spectrometry, measurements of the primary photon fluence rate are used to
identify possible presence of orphan gamma-ray sources. To determine the activity of a
source, it is necessary to know the distance to the source. As the photon fluence monotonously
decreases with increasing distance following a well-known physical law, the distance can be
determined by performing at least two primary fluence measurements at different locations.
The activity can then be calculated provided that the source is not shielded. If the source is
shielded, the primary fluence will be reduced and the activity will seem apparently lower. The
shielding can give rise to Compton scattered photons, whose energy distribution will depend
on the shielding material and the thickness of the shield. Measurements of the scattered
photon fluence can therefore provide information about the shielding. If the shielding of the
source is known, its actual activity can be calculated. How the distance to a source and its
shielding can be estimated by mobile gamma spectrometry in order to determine the actual
activity of an identified orphan gamma-ray source is briefly described in the following.

2.1 The primary photon fluence from an unshielded point source

2.1.1 The primary fluence at a stationary observation point

The primary photon fluence rate ¢ in air at distance, r, from a photon source, which emits S
photons per second can be written:

. S'ef/!a r

 Axr?

where s is the linear attenuation coefficient for photon absorption in air. The attenuation

coefficient ua is depending on the density of the air, pa, and can be expressed in its density-

independent form, the mass attenuation coefficient (t/p)a. The air density is a function of air
pressure, temperature and moisture content. The linear attenuation coefficient is obtained by:

(2:1)

ta =1l p), p, (2:2)

The term 1/4zr? in Eqn 2:1 is generally called “the inverse square law”. It dominates the
decrease of the photon fluence for the first 30 metres from the source. At longer distance, the
exponential term e*" grows increasingly more important when the distance r from the source
is increased. At long distances (kilometres) the exponential reduction of the photon fluence
dominates. It can be said that at long distances the air is opaque for gamma radiation, unlike
how visible light easily can penetrate thick layers of the atmosphere. The relative
contributions of the “inverse square law” and the exponential attenuation law with increasing
distance is illustrated in Fig 2.1.

The relatively limited range of gamma radiation in air affects the distance at which it is
possible to detect a radiation source. This is especially important to take into account in
mobile measurements, where the acquisition time for each single measurement generally is
limited to a few seconds. Already beyond a few hundred meter distance, the primary photon
fluence from radiation sources is reduced by attenuation in the air so much that the source
detectability begins to be significantly affected.
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Reduction of the primary photon fluence from a point source
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Fig 2.1 The reduction of the primary photon fluence with distance from a point source as described in Eqn 1. The
dotted blue line shows the reduction due to the component, 1/4 zr?, generally called the inverse square law, which
is independent of photon energy. Hatched curves show the reduction from attenuation in air, e, by the
exponential attenuation law. Curves are given for Tc-99m (turquoise), Cs-137 (green), Co-60 (lilac). Solid curves
show the combined total reduction effect.

2.1.2 The primary fluence when moving along a straight path

When the detector is moving in a straight direction with constant speed, passing a point source
located at a certain distance R perpendicular to the path, the distance between the detector and
the source varies in time according to:

r(t) = R% +(v1)? (2:3)

where v is the constant speed of the detector (and vehicle) and t is the time (Fig 2.2). The time
t can be chosen to O at the point when the detector passes the source, i.e. at the shortest
distance between the detector and the source, where r(t) = r(0) = R.

Inserting Eqn 2:3 into Eqn 2:1 yields:
S'e—ua\/R%(vt)z

(1) —
40 Az (R? +(vt)?)
Eqgn 2:4 gives the time variation of the primary photon fluence rate at the detector in mobile

measurements. For a constant speed, the photon fluence rate can also be expressed as a
function of the distance d = vt along the road, whered =0att=0.

(2:4)

S'e—ya\/Rerdz

¢(d) :m (2:5)

This function is often called “the intensity curve”. An example of the shape of the intensity
curve is shown in Fig 2.3. It represents the varying signal from the source when the detector
moves at a constant speed past the source.
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Fig 2.2 Geometry for mobile measurements along a straight road, passing an unshielded point source. For a
constant speed v, at time t the vehicle will be at the location d = vt along the road, assuming that t = 0 when the
vehicle passes the source at the nearest point. Measurements of the photon fluence can be made in intervals with
acquisition time At along the road, representing an average of the varying photon fluence rate in time between t
and t + At or in space along the straight road between vt and v(t+At).

The “intensity curve” (the varying primary fluence rate) expressed as a function of distance
along the road (Eqn 2:5) is only depending on the distance d along the road, the attenuation
coefficient of air x and the distance R from the road to the source. Since the attenuation
coefficient is a function of photon energy, the shape of the intensity curve for a given primary
photon energy E is thus only depending on the distance R and independent of the activity of
the source. If the photon fluence rate is high enough to be accurately measured with a mobile
spectrometer along the road, the distance R can be determined from the shape of the curve. By
knowing the photon fluence rate and the distance R the photon emission rate, S, from the
unshielded source can be calculated using Eqn 2:1. The activity A of the source will be S /4,
where £ is the branching ratio (number of photons per decay) for the energy transition E in the
source radionuclide.

To be able to make this calculation the measurement statistics in the spectrometer for the
primary photon energy E must be sufficiently good to acquire observations in two or more
places along the path. During mobile measurement, acquired data will be an average of the
photon fluence rate along the part of the road represented by the acquisition time interval. A
road part must not be too long in relation to the distance R, because then acquired data will
form large discrete steps along the road, which make it difficult to determine the shape of the
"intensity curve".

If the photon fluence rate from the source is low, near the detection limit, when the distance to
the source is closest, it will be difficult to determine the curve shape accurately enough to be
able to calculate the source distance and the activity of the source. A method to use Monte
Carlo Markov Chain statistical analysis can somewhat improve the ability of determining
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distance and activity when the measurement statistics are poor, but the method is not yet
sufficiently developed to say with certainty where the potential limit goes. (Bukartas et al,
2018).

Fluence rate from point source

4500
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/ 1000 \
¥ 1066

/ \
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— oS BE ms e BN T : o : =N B em N N e
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Distance along road from centre line (m)

Relative units

Fig 2.3. Example of the variation of primary photon fluence rate along a 600 m straight road, where an
unshielded gamma ray point source is placed at a certain distance R from the road opposite the road coordinate 0.
(See Fig 2.2). The primary photon fluence rate, often called “the intensity curve” (blue line) has a maximum just
opposite the source and drops off at distance. The shape of the curve is formed by Eqn 2:4 and is solely
depending on the distance R to the source and the attenuation coefficient of the air for the primary photon energy.
If the photon fluence is high enough, the shape can be measured with a detector at different locations along the
road (yellow points).

The width and shape of the “intensity curve” changes in function of the distance between the
road and the radiation source as can be seen in Fig. 2.4 for 662 keV photons and Fig 2.5 for
1332 keV photons. It is a clear widening of the “intensity curve” when the distance, R, to the
radiation source increases. The widening of the curve can be used to determine the distance
between the road and the radiation source if at least two measurements are made along the
road path at sufficient distance. One of the measurements should preferably be made where
the maximum count rate is obtained (the location on the road with the shortest distance to the
source). Since good statistics are required in the measurement data, it may be necessary to
extend the measurement times by standing still in the measuring points.

The shape of the “intensity curve” depends on the "inverse square law" and on the exponential
attenuation of the radiation in the air. For distances within a few hundred meters the energy
independent “inverse square law” term 1/4nr> dominates the reduction of the primary fluence.
Therefore, there is no big relative difference in the shape and widths of the “intensity curves”
for 662 keV and 1332 keV as long as the distance is within a few hundred meters. So, the
same curve shape can be approximately used for a range of photon energies as long as the
exponential air attenuation is non-dominant.

Table 2.1 shows relative numerical values of the “intensity curve” at certain distances, d,
along the road path for different distances, R, between the road and the radiation source.

10
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Here is an example of how Table 2.1 can be used to estimate the distance between the road
and a point source:

A Cs-137 photon source placed 100 meters from the road will produce 71.6% of the maximum
fluence at 50 m down the road from the location of the maximum value and 33.8% 100 m down the
road from this location. A source placed 150 m from the road will produce 83.4% at 50 m and
52.0% at 100 m down the road. Suppose a measurement of the primary photon fluence from a Cs-
137 source gives the reduction 78% at 50 m and 43% at 100 m down the road. This corresponds to
values just between the values in the table for 100 m and 150 m. So the distance to the source can
be estimated to be about 125 m.

For point sources placed within a few hundred metres from the road a measurement of the
photon fluence at the maximum value and at 100 m distance along the road from the
maximum value will give reasonable indication of the distance to the source within about £15
m, provided that both measurements have a statistical uncertainty of less than about 10%. This
is provided that the source is unshielded in the direction towards the road.

Table 2.1. The proportion of photon fluence at distances, d, along the road path in relation to the point on the
road with maximum fluence, which is the road location closest to the radiation source. Values are given for
different distances R between this road location and the source.

Photon energy and distance, d, along the road path to the point opposite the source
dsi:tl;rncfe 662 keV 1332 keV
fromroad | _50m | d=100m | d=200m | d=50m | d=100m | d=200m
R=50m 0.411 0.112 0.0135 0.434 0.132 0.0204
R=100m 0.716 0.338 0.0623 0.738 0.377 0.0864
R=150m 0.834 0.520 0.140 0.852 0.564 0.183
R=200m 0.888 0.640 0.229 0.903 0.682 0.285
R=250m 0.918 0.719 0.314 0.930 0.756 0.379

11
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Relative primary photon fluence, 662 keV

——R=50m
—— R =100 m
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Fig 2.4. Relative primary photon fluence at 662 keV along a road path where an unshielded source is
placed at different distances R from the road. All maximum values are set to 1.

Relative primary photon fluence, 1332 keV
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Fig 2.5. Relative primary photon fluence at 1332 keV along a road path where an unshielded source is
placed at different distances R from the road. All maximum values are set to 1.

12
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2.2 The primary photon fluence from a shielded point source

2.2.1 The primary fluence after a rectangular wall when moving along a straight path

Consider a situation where the radiation source is shielded with a rectangular wall perpendicu-
lar to the direction between the source and the observer. Suppose the wall has thickness b,
density o and mass attenuation coefficient (¢/p)b. (Fig 2.6). Then the primary fluence rate at
the road location d will be an expansion of Egn 2:5 to include the photon path through the
wall.

[ﬁ] pabyR2+d? [ﬁ] ppbyR2+d2
- (ﬁ] payR2+d? - Pla 2P
PJa

R R

jd)=>° 26)

Az (R?+d?)

An example of an “intensity curve” for a 662 keV source at 200 m from the road path shielded
by a 30 cm rectangular wall of water is shown in Fig 2.7. As a comparison the “intensity
curve” without wall (only air shielding) is given.

d=vt 4 Distance, mobile detector,
.. moving with speed v
~__~~~~~~‘~ r \\\\\\
_________ e Gamma ray
___________ e source

R 17335 shielded

_______ - behind a
__________ P rectangular

S P wall

Oblique penetration through the
wall attenuates radiation more
- than straight penetration

Fig 2.6 Geometry for mobile measurements along a straight road, passing a point source shielded by a straight
wall of a certain thickness, b. The attenuation of primary photons in the wall is depending on the angle of the
photons incident on the wall, The more oblique angle, the more primary photons will be attenuated in the wall.
This leads to reduced primary photon fluence when the distance along the road from the centre line increases in
comparison to a case without wall shielding.

The “intensity curve” with shielding by a rectangular 30 cm wall of water is narrower than
without shielding. The curve resembles a situation where the source is placed at a shorter
distance, without wall shielding (See Fig 2.4). So the question is: Is shielding by a rectangular
wall equivalent to placing a source with lower activity at a shorter distance without wall
shielding and with only air attenuation? The answer is: Not fully, as can be seen in Fig 2.7b.
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In this figure a comparison is made with the “intensity curve” for an unshielded source placed
at R = 140 m and its activity reduced to 2.1%. The two curves nearly overlap at distances
close to the maximum, but differ when the distance along the road increases. The attenuation
for larger oblique angles is larger when the radiation penetrates the wall than when there is
only air attenuation.

Relative primary photon fluence, 662 keV
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== Including air attenuation

\ Shielding by 30 cm water
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Fig 2:7a Relative primary photon fluence (“intensity curve”) along a road path where a 662 keV source shielded
by a 30 cm thick rectangular wall of water is placed at distance R = 200 m from the road (yellow curve). As a
comparison the “intensity curve” for an unshielded source at the same distance is shown (red curve). All
maximum values are set to 1.

Relative primary photon fluence, 662 keV
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Fig 2:7b Relative primary photon fluence (“intensity curve”) along a road path where a 662 keV source shielded
by a 30 cm thick rectangular wall of water is placed at distance R = 200 m from the road (yellow curve),
compared to an unshielded source at 140 m with 2.1 % of the activity (turquoise curve). All maximum values are
setto 1.
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2.2.2 The primary fluence after a cylindrical wall when moving along a straight path

If the shield is a cylindrical wall instead of a rectangular wall the shielding will be the same in
all direction as seen from the centre of the cylinder (Fig 2.8). There is no oblique penetration
effect. Suppose the cylindrical wall thickness is c, the density pc and mass attenuation
coefficient (¢/ p)c. Then the primary fluence rate at the road at location d will be:

o (BT e

$(d)= 47 (R?+d?) &)
This is equal to
| #] paREr 02 21 pe-| 2] pec
P .
Az (R*+d?)

The second exponential term depends only on the radius of the cylinder and the corresponding
attenuation of photons travelling a distance equal to the radius. It is constant for a given cylinder.
Thus, introducing a cylindrical shield will not change the shape of the “intensity curve” ¢ (d),
only the amplitude. The cylindrical shield acts as if a point source with lower activity would
have been placed in exactly the same position as the original source without a shield.

4 Mobile detector, traveling direction
. _with speed v

Gamma ray
source

- shielded
-------------------------------------------- behind a
cylindrical
wall of
e thickness ¢

Primary photons are
attenuated equally in all
directions

Fig 2.8 Geometry for mobile measurements along a straight road, passing a point source shielded by a cylindrical
wall of a certain thickness, ¢. The attenuation of primary photons in the cylindrical wall is the same in all
directions from its the centre point. This leads to equivalence with an unshielded source at the same distance R,
but with reduced activity equal to the attenuation of primary photons in the shield.

Definition of apparent activity. The similarity between cylindrical shielding and reduced
source activity also brings the fact that the model for calculation of maximum detection
distances for point sources is valid also for sources shielded by cylinders, if a reduced activity
of the source is presumed. The reduced activity is here defined as apparent activity. The
reduction from the true activity corresponds to the primary photon attenuation in the shield
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material. One can thus simulate a radiation source with lower activity by placing a cylindrical
shield around it. The calculated detection distance tables can be used, as they are, if one
reduces the source activity to numerically correspond to the loss of primary photons due to
attenuation in the shield.

Fig 2.9 shows an example of the equivalence between cylindrical shielding and apparent
activity of a point source in mobile measurement:

At 200 m distance from an unshielded 662 keV source, the primary photon fluence rate is 3-10~7
photons per m?s per emitted photon from the source. A 10 cm cylindrical shield of water reduces
the primary photon fluence to 1.27-107 photons per m?s, i.e. 42.3% of the fluence rate from the
unshielded source. If a source with 43.2% reduced activity is placed at the same distance, it
provides exactly the same primary photon fluence rate as from the higher activity shielded source.

For a rectangular shield, the attenuation is not compatible with a cylindrical shield. This leads
to deviation in the “intensity curve” towards lower values of the curve along the road path at
distance from the centre line. The “intensity curve” will therefore seem narrower as if a source
with reduced activity would have been closer to the road.

Primary photon fluence rate, 662 keV
E
&2 Unshielded source
Q
<
o Cylindrical shielding by
% 10 cm water
2 Air attenuation only with
% reduced source activity
E
a
-400 -300 -200 -100 0 100 200 300 400
Distance along the road (m)

Fig 2.9 Primary photon fluence rate (“intensity curve”) along a road path from an unshielded 662 keV source at
200 m from the road (red curve) and the same source shielded by a 10 cm cylindrical wall of water (yellow
curve). This is compared with an unshielded source at 200 m with an apparent activity (i.e. reduced source
activity) to 42.3 % of the true activity of shielded source (turquoise dotted curve). The latter two curves overlap
exactly, because the attenuation in the shield is exactly matched with the reduced source activity.

2.3 The scattered photon fluence from a point source

The equivalence of primary photon fluence reduction by cylindrical shielding and apparent
source activity is not valid for scattered photon fluence. The scattered fluence increases due to
photons interacting in the shield. This can be used to provide a rough estimate of the thickness
of the shield and thereby also obtain an estimate of the true activity of the source behind the
shield. The method, however, requires careful comparative measurements using different
shielding materials and thickness. To understand how scattered photons can be used to detect
the thickness of a radiation shield, one needs to look at the theory of Compton scattering.
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2.3.1 Photon energies from Compton scattering
Compton interaction follows a well-known law. The energy Ec (keV) of the scattered photon
can be calculated by the equation:

E
E. = J (2:9)

E
1+ (1- o
+E(cos)

0

Ep is the primary (unscattered) photon energy, Eo is the resting energy of the electron (510.999
keV), and @ is the angle of the Compton scattered photon relative to the direction of the
primary photon.

In Compton scattering, photon energies and angles are independent of the material. For 662
keV primary photons, Compton scattered photons will have energies from 184 keV for 6 =
180 degrees (backscattering) up to 662 keV (forward scattering). The relationship between
scattering angles and photon energies is shown in Fig 1.

Compton scattering of 662 keV photons
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Fig 2.10. Relationship between scattering angle and energy of the scattered photon for Compton scattering of 662
keV primary photons.

2.3.2 Energy range of Compton photons detectable with Nal(Tl)-spectrometers

The ability to detect the energy of Compton scattered photons depends on the resolution
capability of a gamma spectrometer. HPGe spectrometers can, through their high resolution,
detect the energies of Compton scattered photons and hence scattering angles better than low-
resolution Nal (TI)-spectrometers. However, as the latter are more common for mobile gamma
spectrometry, their ability and limitation for detection of Compton photons needs to be
studied.

Good quality Nal(TI)-spectrometer can have an energy resolution FWHM of about 6 - 7
percent at 662 keV, which corresponds to about 40 - 46 keV. The energy resolution for the 4-
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liter Nal(TI)-spectrometer used by Lund University to investigate Compton scattering in this
work was about 50 keV. Thus, in order to resolve a registration of a Compton photon in the
pulse height distribution, it must have an energy of at least 50 keV lower than the primary
energy 662 keV, i.e. 612 keV. In order to cope with slightly worse conditions with
amplification drifts, it has been assumed here that a Compton photon must have no higher
energy than 600 keV in order to be distinguished from the registrations of primary photons in
the pulse height distribution. This corresponds to a scattering angle of 23 degrees or more
(Eqn 2:9 and Fig 2.10).

2.3.3 Non-collimated sources

Fig 2.11 is a schematic representation of Compton scattering from a point source behind a
shield. While the primary photons recorded by the spectrometer have progressed straight
through the shield to the detector (here denoted as the central axis), the Compton photons
originate from interactions in the shield that occurred somewhere on the side of the central
axis. Therefore, in order to detect Compton scattered photons by a gamma spectrometer
located on the central axis (where primary photons are detected), the source must be open
enough so that photons can be emitted at a sufficient angle to the central axis.

Of course, Compton interaction also occurs in materials other than in the shield between the
source and the detector, such as in the air and the ground between the source and the detector,
in the detector housing and in materials in the detector proximity. Many of the primary
photons from the source will be scattered at larger angels in the air, the ground and the
detector housing than nearly forward (23 degrees) and recorded at lower energies than 600
keV. Therefore, registrations in the region of 600 keV and slightly below mainly provide
characteristics of a combination of the shielding material and its thickness and the opening
angle of the radiation source.

2.3.4 Collimated sources

If the source is collimated (radiation is mainly emitted in one direction), Compton photons
from the shield will be reduced (Fig 2.12). In order to obtain photons in the detector
origination from Compton interactions in the shield, simultaneously with primary photons
along the central axis, the source needs to have sufficient opening angle. To be able to register
photons in the range 500 - 600 keV, the source needs to have up to 42 degree aperture relative
to the central axis, i.e. a total of 84 degrees opening towards the detector. If the source is
collimated e.g. to a 20 degree opening, i.e. 10 degrees relative to the central axis, the energies
of the Compton photons will be in the interval 649 - 662 keV. This contribution cannot be
distinguished from the primary energy 662 keV with a Nal(Tl)-spectrometer. However, it
should work with a high-resolution HPGe spectrometer.

A collimated photon source placed behind a shield, from which it is possible to measure
primary photons that have passed through the shield, does not produce measurable Compton
photons at 600 keV or lower if the aperture of the collimator seen from the source point is less
than 44 degrees (except for the minor contribution of Compton photons produced by primary
photons that have penetrated the collimator and interacted in the detector housing). Collimated
source geometries exist in various radiation apparatus, e.g. level gauges. From these, one
cannot expect measurable Compton radiation produced in a shield in front of the apparatus if
the primary radiation is clearly detectable (the collimator opening is directed towards the
detector). This makes it difficult to estimate the thickness of a shield by looking at photons
recorded in the range 500 - 600 keV. The absence of Compton scattered photons would
indicate a source without shielding, but with lower activity because the primary photon
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fluence is reduced by the shield. Such a situation is shown in the experimental results using a
level gauge with a Cs-137 source. (See section 3.3).

662 keV L

Source Shield

________________ _—_—.-.

Detector

Fig 2.11. For 662 keV primary photons, Compton scattering 23 degrees in the shield will result in photon energy
600 keV. Compton scattering 41.5 degrees will result in 500 keV photons.

662 keV

Collimator

Source Shield

E__ -

23° Compton scattered photons 600 keV
not seen

Detector

Fig 2.12.. If the source is collimated, then photons from the source are emitted in a narrow angle around the
pathway of primary photons registered in the detector. This stops most photons in the collimator that are emitted
in an angle that would allow them to be Compton scattered in the shield and registered in the detector. For
example, if the collimator prohibits photons for angles 23 degrees and larger relative to the pathway of primary
photons between the source and the detector, then Compton photons at 600 keV and lower energies will not be

seen in a Nal(TI) gamma spectrometer.
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2.4 Calculations of scattered radiation from a point source using Monte Carlo
technique

The possible presence of shielding material complicates estimates of the true activity of a
source. It is necessary to have an understanding of the spectrum of scattered photon fluence
due to different shielding thickness, material, photon energy and albedo from the ground and
the additional detector effects when the photon spectrum is converted to a pulse height
distribution by the gamma spectrometer.

2.4.1 Normalized scattered fluence

Some preliminary calculations of the photon fluence spectrum have been done in this project
by using MCNP Monte Carlo calculations (Werner et al, 2018), where the photon fluence
spectrum was calculated for continuous energies and the results given in predefined 10 keV
intervals for varying distance from a point source in unshielded geometry (only air shielding)
and with different shielding material and thickness.

In order to illustrate the scattering effect regardless of the activity of the source, the amount of
scattered radiation is studied relative to the amount of primary radiation.

Definition of normalized scattered fluence: The ratio of scattered photon fluence to primary
photon fluence from a source is here called normalized scattered fluence. It is calculated per
energy interval. In this theoretical study the energy interval is chosen to 10 keV. For
experimental gamma spectrometric measurements, the energy interval can be taken as the
width of a channel, the width of an number of channels (Region of Interest, ROI) or the width
of a full energy peak.

Examples: Some examples of Monte Carlo calculated normalized scattered fluence from a
Cs-137 point source is given here:

Fig 2.13 shows the normalized scattered fluence one meter above ground at distances 10,
30, and 100 m from an unshielded Cs-137 point source one meter above ground. The
scattered radiation increases at lower energies and with increasing distance to the source.
The Compton backscatter peak is clearly seen at 10 and 30 m distance at about 170 keV
and less clearly at 100 m distance because multiple Compton scattering begins to dominate
at larger distances.

Fig 2.14 shows the normalized scattered fluence, for a source shielded by 10 cm wood. The
increase of scattered radiation at lower energies at 10 and 30 m is about 2 - 3 times that of
an unshielded source due to the increased Compton scattering in the shield. It is a little less
than 2 at 100 m, where the scattering effect from the shield is more mixed in with the air
scattering at longer distances.

Fig 2.15 shows how much a 3 cm wooden shield contributes to scattered photon fluence in
comparison with only air scattering from an unshielded source. The extra-scattered fluence
from the wood shield is quite evenly distributed over all energies with a ratio of about 1.4 -
1.5 for most energies at distances 10 m and 30 m. At 100 m the extra-scattered fluence
from the shield is a little lower, about 1.2

Fig 2.16 shows how much a 10 cm wooden shield contributes to scattered photon fluence
in comparison with only air scattering from an unshielded source. The extra-scattered
fluence is in the order of 2 - 3 for 10 and 30 m distance from the source and a little less
than 2 for 100 m distance.
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Scattered/Primary photon fluence, unshielded source 662 keV
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Fig 2.13. Normalized scattered radiation one meter above ground at distances 10, 30, and 100 m from an
unshielded Cs-137 point source.
Scatterd/primary photon fluence, source 662 keV with 10 cm wood shield
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Fig 2.14. Normalized scattered radiation from a Cs-137 point source one meter above ground, shielded with 10

cm wood.
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Scatterd/primary photon fluence from source shielded by 3 cm wood divided by
scattered/primary photon fluence from an unshielded source, 662 keV
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Fig 2.15. Ratio of normalized scattered radiation from a 3 cm wood shielded source to normalized scattered
radiation from an unshielded source. Values are given for source distances of 10 m, 30 m, and 100 m. The source
and observer is one meter above ground. The curves show the excess of scattered photon fluence created by the

wood shield.

Scatterd/primary photon fluence from source shielded by 10 cm wood divided by
scattered/primary photon fluence from an unshielded source, 662 keV
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Fig 2.16. Ratio of normalized scattered fluence from a 10 cm wood shielded source to normalized scattered
radiation from an unshielded point source of Cs-137. Values are given for source distances of 10 m, 30 m, and
100 m. The source and detection point are one meter above ground. The curves show the excess of scattered

photon fluence created by the wood shield.
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Monte Carlo calculations of scattered radiation indicates that at least in theory it should be
possible to estimate the thickness of a shield from analysis of the normalized scattered fluence
if the distance to the source is within 100 m. The material of the shield will be difficult to
determine, but its thickness expressed in mean free paths of the primary photons may be
possible to estimate. Together with knowledge of the distance to the source, its true activity
can then be estimated.

2.4.2 Measurements of pulse height distributions for scattered radiation to be incorporated
in a “knowledge library”

When using a gamma spectrometer to measure photon fluence, measurement data will be
distorted by the detector's energy-dependent absorption and scattering effects on the photons
reaching the detector. This results in an energy distribution of the measured pulses (the pulse
height distribution) from the photons interacting in the detector, which differs from the energy
distribution of the photon fluence. Photons with lower energies are more likely to be
registered in the pulse height distribution than photons with higher energy. The detector has a
higher efficiency (to a certain limit) for detecting lower energy photons. The efficiency
depends on the detector’s surface area in relation to the incident direction of the photons and
on the volume of the detector. Because the detector efficiency increases with lower energies,
the spectrometer’s registrations will be enhanced for scattered radiation at lower energies. In
addition, other effects such as Compton photon escape from the detector and scattering in the
detector housing will further distort the pulse height distribution in the energy region of
scattered photons. This distortion may be calculated with Monte Carlo methods, but there will
still be uncertainties because of difficulties of exact modeling of the detector geometry and
surrounding material. Therefore, experimental measurements of the pulse height distribution
should be carried out for various shielding geometries to determine how the registered
scattered component of the radiation changes with shield thickness, material and distance.
Results from such experimental measurements of scattered radiation are given in Section 4.
This kind of “calibration” measurements for specific source, shielding, distaste and detector
combinations will constitute part of the knowledge library, which is intended as a tool to
assess radiation shielding in future real-world situations.

2.3.2 Use of the variation of scattered radiation along the road to estimate the shielding of a
point source

With mobile gamma spectrometry, several measurements of the scattered fluence contribution
(i.e. the pulse height distribution) can be made along the road. For thicker shields and longer
distances to the source the contribution of scattered radiation increases most in the low energy
region 50 - 150 keV. This effect may be used to estimate whether a source is shielded or not
and could possibly also provide a hint of the thickness of a shield.

Increased registration in a spectrometer’s low energy region without any trace of a full energy
peak, may indicate pure “’skyshine”, which could have its origin in a source with high activity,
but heavily shielded in the direction of the detector, for example a source placed in a cellar in
a house along the road. The distance over which there is an increased skyshine” without a
primary contribution may indicate if the source is close or far away.
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3. Equipment and measuring methods

In most of the measurements described in this report, a measurement system from Lund
University was used as described below. In a joint experiment conducted in 2018 where all
Nordic teams participated, the respective teams' mobile equipment was used as described
under measurement systems used by the Nordic countries.

3.1 Measuring equipment

3.1.1 The Lund University measuring system

For all measurements against point sources, an Exploranium GR 460 mobile gamma spec-
trometer from Lund University was used with a 4 liter Nal(TI) crystal. The spectrometer
registers the pulse height distribution at one-second intervals. Since all measurements were
made stationary, measurement data were summed to acquisition times varying between 3 and
100 minutes, depending on the shield thickness and material. Longer acquisition times were
used when the radiation source was heavily shielded. Acquisition times were chosen long
enough to obtain reasonably good measurement statistics (less than 1% standard deviation,
background subtracted) in the full energy peak for each nuclide (662 keV for Cs-137 and 1332
keV for Co-60). Background measurements were taken at each location for acquisition times
between one hour and several hours

3.1.2 Measuring systems used by the Nordic countries

Denmark.The measurement car from DEMA, Denmark, is a converted VW Multivan with
room for a driver, a co-driver and two operators. One driver and one operator normally
operate the car. The car is equipped with an RSI RS-700 system with two detectors connected,
an RSX-1 4L Nal(TI) and a RSX-3x3 (0.39L) Nal(TIl) crystal, but only the 4 L detector was
used for this experiment. The detectors are placed in a box mounted on the roof of the car,
with the detectors mounted in line, with the small detector in front of the large detector. The
system is connected to a computer inside the car, which is running RadAssist 6.0.4.0.

Finland. Team STUK from Finland used two four-liter Nal(TI) detectors mounted inside a
MB Sprinter van called SONNI2. SONNI2 is a new version of the radiological emergency
response vehicle developed by STUK. The vehicle has identical detector packages (Environics
RanidPort Mobile) mounted vertically on the floor near the opposing walls of the vehicle. The
detectors are moderately collimated with 20 mm steel plates that cover the 180 degree view
facing the inside of the vehicle. This type of collimation gives a distinct difference between
the signals from the two detectors and the source of the radiation can be localized to either the
right side or the left side of the vehicle. The results of the STUK team are the consolidated
detections from these two detectors; when the source was on the right side of the vehicle, the
right detector was used and vice versa.

Iceland. The Icelandic team used a SPARCS mobile survey system. It consists of two 2L
Nal(TI) detectors connected to an acquisition unit (ATU). The ATU is connected to a laptop
computer with a special software called AVID. The detector was placed in the back seat of a
hired station wagon near the right door. This would be a typical configuration in case of a
search for a lost or stolen radiation source.

Norway. The spectrometer from NGU, Norway, was mounted inside a Toyota HiAce van. The
measuring system was an RSX-5 system (Radiation Solutions, Canada), also belonging to
NGU. RSX-5 is a 20 L Nal(TI) system, consisting of five 4 L Nal(TI) crystals. The system
was positioned behind the passenger seat - front right in the rear compartment. It was oriented
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vertically with the four "downward™" crystals on the right-hand side of the vehicle. One
“upward” crystal was situated on the other side of the four downward crystals in such a way
that it was mostly shielded by the four "downward" crystals for radiations coming from right
side and opened for radiations coming from left side of the vehicle. In all of the analysis,
which follows, we have used the summed signals from the four "downward" crystals as
detector 1, giving us an active volume of 16 L; the signal from the "upward” (left) crystal is
referred as detector 2 with an active volume of 4 L. The signals from all the crystals are
processed in an onboard spectrometer and exported via TCP/IP to a laptop in the front cabin
of the vehicle, running RadAssist software. RadAssist software controls data acquisition,
monitoring, and analysis of data, and allows secondary software packages to access the same
live data stream from the device. Real time data acquisition and analysis was performed using
RadAssist and post-acquisition analysis was done using Geosoft software.

Sweden. The Swedish mobile measuring systems designed and owned by the Swedish
Radiation Safety Authority (SSM) were based on Chevrolet Silverado pickup vans. SSM
operated one system and Lund University another. Detectors and electronics were mounted in
the service beds of the cars. The mobile spectrometric system consisted of four detectors; two
sodium iodide detectors (Nal(Tl)) with the dimensions 430 x 102 x 102 mm (L x W x H) (4
L). Ths system operated by Lund University also had one 76.2x76.2 mm (3"x3", @ x L)
cylindrical Nal(TI)-detector and one high purity germanium detector (HPGe) with a relative
efficiency of 123%. The signal from the two 4 L Nal(TI) detectors were added to get better
statistics. Thus, the effective volume of the 4 L Nal(TI) detectors were 8 liters (8 L). The two
4L Nal(TI) detectors were attached to the ceiling of the service compartment 1.67 meters
above the ground (to detector center). The HPGe detector was mounted in a rack and facing
backwards, 1.54 m above ground. The 3"x3" Nal(TI) detector was placed in the back 1.02 m
above ground (to detector center) .The detectors had free line of sight in 90 degrees relative to
the driving direction except for the plastic doors that covered the sides of the service
compartment.

3.2 Radiation sources

The radiation sources used in the experiments can all be considered point-shaped in relation to
the distances between the radiation source and the detector. Radiation sources that allowed the
emission of photons in all directions are here called non-collimated sources. One radiation
source (level guard) was provided with a built-in lead shield that allowed emission of photons
mainly within a narrow angular range. This is here referred to as a collimated source.

3.2.1 Non-collimated sources

A Cs-137 point source with activity 10 MBqg was placed in a trailer that could be moved to
distances between about 10 to 80 m meter from the 4-liter Nal(TI)-detector. Wooden blocks
and clay bricks combined to different thickness were used as shielding material around the
source. (Fig 3.1 and 3.2 showing shielding with clay bricks). Measurements with shielding
material in place were made at 10 and 20 m distance. Measurements without shielding
material were made in 20 m intervals from 20 to 80 m.

A few measurements were also made with a 60 MBqg Co-60 source at 20 m distance from the
detector using 1 - 5 clay bricks as shielding material.

In a close-distance set-up, a Cs-137 point source with activity 345 kBq, was placed 1 m from
the 4-liter Nal(Tl)-detector. Wood blocks and clay bricks combined to different thickness
were used as shielding material.
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These geometries should allow for measurement of Compton scattered photons from the
shield. Compton scattering 23° or more from a 662 keV source will produce photons with
energies 600 keV or less (Fig 2.10). This energy difference can be resolved with a Nal(TI)-

spectrometer.

Fig 3.1 Non-collimated source

geometry. Point sources of Cs-
137 and Co-60 (location
indicated by the arrow), were
used in this shielding geometry,
with 1 - 5 clay bricksand 1 - 7
wooden blocks, in this picture
with 5 clay bricks (500 mm) as
a shield between the source and
the detector. The detector is
placed at various distances 1 -
20 m to the right of the shield,
depending on the source
activity.
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Fig 3.2 Non-collimated source geometry. Point sources of Cs-.137 and Co-60
were used in this shielding geometry, with 1 - 5 clay bricks and 1 - 7 wooden
blocks, in this picture with 5 clay bricks (500 mm) as a shield between the
source and the detector and a thickness of one clay brick surrounding the source
in all other directions. The detector is placed at various distances 1 - 20 m to the
right of the shield, depending on the source activity.

3.2.2 Non-collimated Co-60 source with heavy lead shielding

In the final sub-study of AUTOMORC 2018 (Ré&af et al, 2018), the four Co-60 point sources
(named S-1, S-2, S-3 and S-4) were placed together in a cylindrical lead shield container. The
total activity of the sources was 1127 MBq. The thickness of the cylindrical shield was about
6 cm. This reduces the primary photon fluence rate from the Co-60 photons down to about
0.19% of the original for 1,17 MeV and 0.27% of the original for 1.33 MeV photons. Fig 3.3
shows the cylindrical shield. Fig 3.4 shows the location of the four sources inside the shield
with the top lid removed. For the shielding measurements described here, the top-lid was in
place as in Fig 3.6.

The shield container with the Co-60 sources was mounted on a car trailer to facilitate moving
the sources to different distances from the road where the measurement vehicles were (Fig
3.5). The distance to the roadside was 30 m. This produces an ambient dose equivalent rate of
about 0.05 pSv/h at the roadside from the Co-60 source. During the last 10 minutes of the
experiment, the source was moved to 20 m from the roadside.

Since measurements against the shielded source were made stationary by all the Nordic teams
at the same time, and the source once moved from 30 to 20 m to distance from the roadside in
order to increase the detection probability, the distances to the source became a bit different
for the different teams. However, this is of little importance to the results, as all the analysed
measurement results are given in relation to the ROI count rate for primary photons. Fig. 3.6
shows the vehicle of the Danish measurement team in the measuring position on the opposite
side of the road (about 35 m from the source).
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o

Fig 3.4. The lead container with the top lid
removed to show the position the sources. The four
Co-60 sources were inside the small red tubes at
the bottom of the lead container The thickness of
the lead shield around the sources was about 6 cm.

Fig 3.3. The shielded source container with the Co-
60 sources used in the shielding experiment.

Dyrommar
vag

Fig 3.5 The shielded Co-60 source in the trailer for easy movement to different distances from the
main road where the vehicles with the mobile spectrometers were parked. The source in the trailer
was initially placed 30 m from the main road (2018-06-07 14:00 - 14:20) and then moved to 20 m

distance in order to increase the detection probability (14:20 - 14:30).
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Fig 3.6. The Danish (DEMA) team the measuring vehicle parked on the main road just opposite the
small road where the trailer with the shielded Co-60 source was placed.

3.2.3 Collimated source

A lead-collimated level guard with a Cs-137 source of 520 MBq was used at the distance 17
m from the 4-liter Nal(TI)-detector. Wood blocks and clay bricks combined to different
thickness were used as shielding material in front of the source. (Fig 3.7, 3.8 and 3.9). The
opening angle of the collimator, seen from the source towards the detector, was in the
horizontal direction 12 degrees and in the vertical direction 18 degrees. With the central axis
pointing towards the detector (i.e. the path of primary photons), the maximum angle that
primary photons could hit the shield in front of the level guard was 6 degrees in the horizontal
direction and 9 degrees in the vertical direction. This would produce Compton photons at the
detector with energies between 657 and 662 keV in the horizontal direction and between 651
and 662 keV in the vertical direction. These cannot be resolved from registrations in the
primary full energy peak when using a Nal(TI)-spectrometer. (Compare with Fig 2.12).

3.2.4 Dimensions of the shielding material

The thickness of the clay bricks used, as shielding material was 50 mm and their density 2120
kg/m3. From 1 to 7 clay bricks were used as shielding. The thickness of the wooden blocks
was 45 mm and their density 520 kg/m®. From 1 to 7 wooden blocks were used as shielding.
The maximum number of clay bricks and wooden blocks was somewhat different for different
experiments. The number used in each experiment is reported together with the results in
section 4.
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Fig 3.7 Collimated level guard with a 520 MBq Cs-137 source placed in radiation position
as seen from the detector location. The distance between the source and the detector was

16.7 m. The opening angle of the collimator, seen from the source towards the detector,
was in the horizontal direction 12 degrees and in the vertical direction 18 degrees.

Fig 3.8 Collimated source geometry. Clay bricks (1 - 5 bricks, 50 - 250 mm) were used as
shielding material in front of the collimated Cs-137 source, in this picture with one clay
brick supported by wood blocks underneath.
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9

Fig 3.9 Collimated source geometry. Wooden blocks (1 - 10 blocks, 45 - 450 mm) were
used as shielding material in front of the collimated Cs-137 source, in this picture with 8
blocks.

3.3 Data analysis

Ideally, spectral information in the form of the entire pulse height distribution would be used
in the analysis of scattered radiation from an unshielded or shielded source. This is the case
for the measurements made with the Lund University GR 460 system. However, when data
from different teams with different measuring systems have to be used and compared, using
spectral data is complicated because different measurement systems produce outputs in non-
compatible data formats. Instead, a set of regions of interest (ROI) representing different parts
of the photon energy spectrum has been used. It is easier to implement and all participants can
produce ROI measurement data. If the ROIs are chosen optimally, the ratio of their net count
rates will give an approximate representation of the scattered photon fluence from the source.
The choice of ROIs for Nal(Tl)-detectors with explanation is given in Table 3.1 for Cs-137
and Table 3.2 for Co-60.

Table 3.1. ROIs in the pulse height distribution of a Nal(TI)-detector that are representative for primary energies
and Compton scattered photons from Cs-137. Due to the low resolution of the detector type, there is an additional
distribution of count rate registrations across ROI limits.

ROI Used for

51 - 216 keV Compton scattered 662 keV photons 126 - 180 degrees (Backscatter)

226 - 391 keV Compton scattered 662 keV photons 62 - 119 degrees (“Medium” angle scatter)
402 - 567 keV Compton scattered 662 keV photons 29 - 60 degrees (“Small” angle scatter)
579 - 744 keV Primary photons 662 keV

Table 3.2. ROIs in the pulse height distribution of a Nal(TIl)-detector that are representative for
primary energies and Compton scattered photons from Co-60. Due to the low resolution of the
detector type, there is an additional distribution of count rate registrations across ROI limits.

ROI Used for

200 - 350 keV Compton scattered 1173 keV photons 91 - 180 degrees and Compton scattered
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565 - 715 keV

930 - 1080 keV

1090 - 1240 keV

1250 - 1400 keV

1332 keV photons 94 - 180 degrees (Backscatter)

Compton scattered 1173 keV photons 44 - 58 degrees and Compton scattered
1332 keV photons 48 - 61 degrees (“Medium” angle scatter)

Compton scattered 1173 keV photons 16 - 28 degrees and Compton scattered
1323 keV photons 24 - 33 degrees (“Small” angle scatter)

Primary photons 1173 keV and Compton scattered 1332 keV photons 14 - 24
degrees (“Small” angle scatter of 1332 keV photons)

Primary Photons 1332 keV

In order to analyze the net contribution of scattered photons from the radiation source, the
contribution from the natural background must be subtracted. If one has no previous
background measurements at the current location, another representative background must be
used. For the measurements made by all the teams during the AUTOMORC 2018 experiment,
an average value of the natural background along Kraftverksvagen in Barseback has been
used, although this is not fully representative for the background at the site of the Co-60
shielding measurements.

Since the analysis is based on the ratio of photon fluence rates of scattered radiation to
primary radiation, the source activity does not matter. The distance between the source and
detector has some influence but it varies slowly with distance, which was shown for Cs-137 in
a separate experimental study (SHIELDMORC, second progress report, 2019).
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4. Results and discussion

To investigate if Compton scattered photons measured by a gamma spectrometer can be used
to obtain information about shielding material that may be present in front of a gamma
emitting point source, a number of measurements of the pulse height distribution in a 4 liter
Nal (TI) spectrometer have been recorded for three different shielding materials (wood, burnt
clay brick and lead) for three detector-source distances between 1 and 20 m.

4.1 Non-collimated source. Shielding experiments at source detector distance 10 -
80m

A 10 MBq Cs-137 point source was placed in a trailer that could be moved to different
source-detector distances. The gamma spectrometer was the Lund University 4-liter Nal(TI)-
detector. Wooden blocks and clay bricks combined to different thickness were used as
shielding material in front of the source. In one set-up, a lead shield around the source was
used. Shielding measurement data are compared to results without shielding (air only).

4.1.1 Cs-137 source with air only, source-detector distance 20 - 80 m

Fig 4.1 shows the net (background subtracted) normalized (to the full energy peak count at
662 keV) pulse height distributions from the unshielded source (only Compton scattering in
the air) measured at different distances between 19.6 and 79.6 meters from the detector. There
is only minor contribution of forward (23 degrees) scattered photons in the air just below 600
keV. There is a small increase in scattered radiation at energies between 186 and 350 keV
from photon scattered between 70 degrees (side scatter) and 180 degrees (backscatter). Below
186 keV there is an increase in the relative pulse height distribution due to multiple scattered
photons in the shield, air, detector surroundings and the detector itself. To conclude, air
scattering does not notably increase the scattered photon fluence just below 600 keV for a 662
keV photon source, at least not up to 80 meter distance from the source.

4.1.2 Cs-137 source with wood shield, source-detector distance 20 m

Fig 4.2 shows the net normalized pulse height distributions from the source at 19.6 m,
unshielded and with 1 - 7 wooden blocks as shielding material in front of the source. There is
an increase below 600 keV in the normalized pulse height distribution from Compton photons
scattered 23° or more for increasing number of wooden blocks in the shield. The normalized
increase factor in the count rate at 600 keV (in relation to the full energy peak) is about 1.6
times when going from no shielding to 225 mm wood shielding (5 blocks) and about 1.9 times
for 315 mm (7 blocks).

4.1.3 Cs-137 source with burnt clay shield, source-detector distance 10 m

Fig 4.3 shows the net normalized pulse height distribution from the source at 9.6 m,
unshielded and with 1 - 7 burnt clay bricks as shielding material around the source. An
increase in the relative pulse height distribution can be seen below 600 keV for increasing
number of clay bricks. The normalized increase factor in count rate at 600 keV is about 2.5
times when going from no shielding to 150 mm clay brick shielding (3 bricks). For 250 mm (5
bricks) the increase is 3.2 times compared to an unshielded source. For 350 mm (7 bricks) the
increase is 6.5 times, which is so much that the primary 662 keV peak hardly can be
discerned.
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Net normalized pulse height distribution from Cs-137
with air-only shielding at different source-detector distances
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Fig 4.1. Net normalized pulse height distribution (background subtracted) from a 10 MBq Cs-137 source,
recorded by a 4-liter Nal(T1)-spectrometer at four different distances from 19.6 m to 79.6 m from the source. The
maximum count rate in the full energy peak is set to 100 for each measurement. There is almost no increase in
forward (23 degrees) scattered photon fluence around 600 keV with increasing distance, but a small increase can
be seen for single Compton scattering for larger angles (70 - 180 degrees producing photons in the range from
360 keV down to 184 keV) and for multiple scattering (photons detected in the range 50 - 183 keV).

Net normalized pulse height distribution from Cs-137
with stepwise increasing wood block shielding
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Fig 4.2. Net normalized pulse height distribution (background subtracted) from a 10 MBq Cs-137 source with
different wood shielding thickness shielding around the source, recorded by a 4 liter Nal(Tl)-spectrometer at 19.6
m from the source. The thickness of a wood block is 45 mm. The maximum count rate in the full energy peak is
set to 100 for each measurement. An increase in the small angle Compton scattered photon fluence around 600
keV is seen for increased shield thickness, indicating that some forward scattering is occurring in the shield.
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Net normalized pulse height distribution from Cs-137
with stepwise increasing clay brick shielding
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Fig 4.3. Net normalized pulse height distribution (background subtracted) from a 10 MBq Cs-137 source with
different clay brick shielding thickness around the source, recorded by a 4 liter Nal(TI)-spectrometer at 9.6 m
from the source. The thickness of a clay brick is 50 mm. The maximum count rate in the full energy peak is set to
100 for each measurement. A substantial increase in the small angle Compton scattered photon fluence around
600 keV is seen for increased shield thickness, indicating major forward (23°) scattering in the shield with
increased thickness.

4.1.4 Cs-137 source with lead shield, source-detector distance 10 m

Fig 4.4 shows the net normalized pulse height distribution from the source at 9.6 m,
unshielded and with 18, 32 and 43 mm thick cylindrical shaped lead shielding around the
source. There is only a minor increase in the relative pulse height distribution at 600 keV for
increasing lead shield thickness. Counted from air only shielding, between the source and the
detector, the normalized increase factor is 1.5 for 18 mm lead, 1.8 for 32 mm lead and 2.1 for
43 mm lead in the shield. These values are significantly lower than for clay brick shielding for
equal mass thickness of the shield (43 mm lead is about equal to 230 mm clay in mass
thickness).

In addition, the mass attenuation coefficient for lead is approximately 1.5 times higher than
for the clay bricks at 600 keV, due to the increased photo-electric effect in high atomic
number material. This means that the scattered photons in the lead shield are more strongly
attenuated than in the clay shield. This relative difference in mass attenuation coefficient
becomes even more pronounced at lower energies. As shown in Fig 4.4, the amount of
scattered photons does not increase at lower energies compared to no shielding (only air),
except for 43 mm lead where an additional contribution from multiple scattered photons is
seen at lower energies. This difference may be due to differences in shield thickness upwards
and to the side of the three lead containers.
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Net normalized pulse height distribution from Cs-137
with stewise increasing lead shielding thickness
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Fig 4.4 Net normalized pulse height distribution (background subtracted) from a 10 MBq Cs-137 source with
different cylindrical lead shield thickness around the source, recorded by a 4 liter Nal(T1)-spectrometer at 9.6 m
from the source. The maximum count rate in the full energy peak is set to 100 for each measurement. A minor
increase in the small angle Compton scattered photon fluence around 600 keV is seen for increased shield
thickness, indicating some forward (23°) scattering in the shield with increased thickness. At lower energies,
however, only little large angle scattering is seen, because lower energy photons scattered in the shield are very
likely to be absorbed in the shield.

4.1.5 Using registrations of Compton scattered photons in the normalized pulse height
distribution to estimate shielding thickness at source-detector distances 10 - 20 m

The probability that a photon will undergo a Compton interaction depends on the density of
the absorbing material and the energy of the photon. The probability is independent on atomic
number of the material. Therefore, two different materials should produce the same amount of
Compton scattered photons if their mass thickness is the same. This could be used to
determine the mass thickness of a shield.

To make a simple test of the method, the amount of Compton scattered radiation produced by
one burnt clay brick shield (thickness 50 mm) was compared to scattered radiation from a
203.5 mm thick shield of wood blocks. The two shields have the same mass thickness, 106
kg/m?. Since the mass thickness of one clay brick shield is equal to 4.52 wood blocks of
thickness 45 mm, measurement data for wood shielding was obtained by interpolation
between results for 4 and 5 wood blocks. The measurements were made at a source-detector
distance of 9.6 m for the clay brick shield and 19.6 m for the wood shield. The difference in
distance should be of little significance at energies between 300 and 600 keV from a Cs-137
source according to the experience from the measurement of the Compton distribution for air
scattering only (see section 4.1.1).

Results showing the net normalized pulse height distribution for the 50 mm burnt clay shield
and the 203.5 mm wood shield are given in Fig 4.5. The two distributions are approximately
equal within the energy interval 180 - 600 keV. The average ratio clay/wood is 1.07. The
average ratio clay/air for the same energy interval is 1.76.
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Since Compton scattering should be proportional to the mass thickness, the average clay/wood
ratio should be 1.0. That it was measured to 1.07 can be due to a small difference in the water
content of clay bricks and wood blocks between the time of measurement in the field and the
determination of the material’s densities in the laboratory (half a year). This affects the exact
thickness of wood selected in the interpolation of measurement data between 4 and 5 wood
blocks.

This difference in ratios clay/air indicates that the method of using the increase in net
normalized Compton distribution for increasing shield thickness should be a way to determine
shield thickness expressed in mass thickness independent of shielding material, in any case as
long as the Compton effect is the dominant interaction in the material, i.e. the Compton
scattered photons escape the shield to a high degree. However, for materials with high atomic
numbers, such as lead, the attenuation of the Compton photons in the shield is so high that the
method does not work (See section 4.1.4).

In Fig 4.5 an increased count rate distribution can be seen above the full energy peak of 662
keV for the source-detector distance 9.6 m. The increase is not so pronounced for the source-
detector distance 19.6 m. This is explained by pile-up of pulses in the gamma spectrometer for
the higher count rate at 9.6 m. Because of this, and that there are no Compton photons above
662 keV, the count rate ratio for clay/wood and clay/air is not valid for energies above the full
energy peak.

Net normalized pulse height distribution from Cs-137
for equal mass thickness of clay and wood
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Fig 4.5 Net (background subtracted) normalized (to full energy peak count rate) pulse height distribution from a
10 MBq Cs-137 source with 50 mm burnt clay brick shielding measured at source-detector distance 9.6 m (dark
blue curve) and with 203.5 mm wood blocks measured at source-detector distance 19.6 m (magenta curve). As
comparison, a measurement for the same source without shielding at source-detector distance 19.6 is shown
(turquoise curve). All measurements were recorded by a 4 liter Nal(TI)-spectrometer. The clay shield and the
wood shield have the same mass thickness (106 kg/m?). Since the probability of Compton scattering is only
depending on the mass thickness of the scattering material, the normalized scattered photon fluence should be the
same for the two shielding setups, just as found. The average ratio of measured pulse height distribution
clay/wood (yellow curve) is 1.07 for photon energies 180 - 600 keV. The average ratio of measured pulse height
distribution clay/air is 1.76 for the same energy interval (orange curve).
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4.1.6 Summarizing experiments with shielded Cs-137 at distances 10 - 20 m

At distances 10 - 20 m, the increase in the net normalized pulse height distribution in the
scattered photon energy region below 600 keV (23 degrees scattering and larger) indicates a
relationship between shield mass thickness and count rate relative to the count rate in the full
energy peak of 662 keV. This is because the probability of creating Compton photons in the
shield is proportional to the density of the shield material and the photon energy. It is
independent of atomic number of the material. This may be used to determine approximate
shield thickness, by measuring the ratio of count rates in the detector for scattered to primary
radiation and compare it with the corresponding value for air-only. The air between the source
and the detector adds to the count rate in the Compton distribution, but very slowly with
increasing source-detector distance because the density of air is in the order of 1/1000
compared to the density of a shield made of common building material. Moreover, if the
distance to the source is known or measured (for example by the method described in section
2.2) the Compton scattering in air can be corrected for.

This conclusion applies to shield materials with low or medium atomic numbers where the
photoelectric absorption effect is low for the Compton scattered photons. For high atomic
number materials, Compton scattered photons will be attenuated at much greater extent. This
makes determination of the thickness of the shield with the Compton scattering method
difficult, in principle non-functioning. Shields with high atomic number will virtually act as a
source without shielding but with apparent lower activity, because the shield produces only
little trace of additional scattered photons.

4.2 Non-collimated source. Shielding experiments at source detector distance 1 m

In this setup, a Cs-137 point source with activity 345 kBq, was placed 1 m from the side of a
4-liter Nal(Tl)-detector. Wood blocks and clay bricks combined to different thickness were
used as shielding material.

4.2.1 Cs-137 source with wood shield, source-detector distance 1 m

The net (background subtracted) normalized (to the full energy peak count at 662 keV) pulse
height distributions from the source, unshielded and with 1 - 5 wooden blocks around the
source are plotted in Fig. 4.6. An increase below 600 keV is seen from Compton photons
scattered 23 degrees or more for increasing number of wood blocks in the shield. The increase
factor in the count rate at 600 keV (in relation to the full energy peak) is about 3 times when
going from no shielding to 225 mm wood shielding (5 blocks). This is a higher increase factor
than measured at 19.6 m for the same shielding thickness (1.6 times for 5 blocks, see section
4.1.2). It can probably be explained by the detector volume, taking up £20 cm from its centre
line as seen from the source, covers up a larger solid angle at 1 m than at about 20 meter, thus
allowing more combinations of 23 degrees scattered photons to reach the detector at 1 m.

4.2.2 Cs-137 source with burnt clay shield, source-detector distance 1 m

Fig 4.7 shows the net normalized pulse height distribution from the source, unshielded and
with 1 - 3 burnt clay bricks around the source. A similar increase in the normalized pulse
height distribution can be seen below 600 keV for increasing number of clay bricks. The
normalized increase factor in count rate at 600 keV is about 6 times when going from no
shielding to 150 mm clay brick shielding (3 bricks). This is higher than the corresponding
increase (2.5 times for 3 bricks, see section 4.1.3) measured at 9.6 m distance. It can probably
be explained by the increased solid angle of the detector seen from the source at 1 m
compared to 9.6 m, although further experiments have to be done to verify this.
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Net normalized pulse height distribution from Cs-137 at 1 m distance
with different wood shielding
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Fig 4.6 Net normalized pulse height distribution (background subtracted) from a 345 kBg Cs-137 point source
with different wood shielding thickness around the source, recorded by a 4-liter Nal(Tl)-spectrometer at 1 m
from the source. The thickness of a wood block is 45 mm. The maximum count rate in the full energy peak is set

to 100 for each measurement. An increase in the small angle (23 degrees) Compton scattered photon fluence
around 600 keV is seen for increased shield thickness as predicted by the theory.

Net normalized pulse height distribution from Cs-137 at 1 m distance
with different burnt clay shielding
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Fig 4.7. Net normalized pulse height distribution (background subtracted) from a 345 kBq Cs-137 point source
with different clay brick shielding thickness around the source, recorded by a 4-liter Nal(TI)-spectrometer at 1 m
from the source. The thickness of a clay brick is 50 mm. The maximum count rate in the full energy peak is set to

100 for each measurement. An increase in the small angle (23 degrees) Compton scattered photon fluence around
600 keV is seen for increased shield thickness as predicted by the theory
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4.2.3 Using registrations of Compton scattered photons in the normalized pulse height
distribution to estimate shielding thickness at source-detector distance 1 m

In section 4.1.5 it was shown that the Compton scattered radiation is nearly equal for a shield
with one burnt clay brick (thickness 50 mm) and a shield of wooden blocks with thickness
203.5 mm, the two shields having the same mass thickness, 106 kg/m?. This is because the
Compton effect is independent of atomic number of the scattering material and proportional to
the mass thickness of the material. It was shown using the net (background subtracted)
normalized (to the full energy peak) pulse height distribution for source-detector distances 9.6
and 19.6 m. The question is whether this also applies to other distances. Corresponding
calculations have been made with measurement data from the source-detector distance 1 m.
The results from this calculation are shown in Fig. The ratio of net normalized count rates for
50 mm clay shield to 203.5 mm wood shield is 1.07, which is exactly the same value as
obtained for the Cs-137 source with about 30 times the activity at 10 - 20 times the distance.
Thus, the fact that the probability of Compton scattering depends solely on the mass thickness
of the shield results in that the ratios of the net normalized pulse height distributions for
different materials of the same mass thickness will be the same regardless of the distance and
the activity of the photon source (within certain limits). This implies that the method of using
the measured Compton distribution should work to determine the mass thickness of a shield,
as long as the shield’s own absorption of the Compton photons is not very strong.

The method of using Compton photons to determine the thickness of a shield is based on
detecting both primary photons and scattered photons for different scattering angles (different
energies). This must be done with a detector having small dimensions in relation to the
distance between the detector and the photon source. If the detector is wide relative to the
source-detector distance, the angular relationships between primary photons and scattered
photons will not be clear. This is the case where the distance between the detector and the
source is 1 m and the detector's length perpendicular to the distance direction is 0.4 m. This
gives the ratio 50 mm clay shielding to air-only of 2.44. For longer source-detector distances
(10 - 20 m) the corresponding ratio becomes 1.76 (see section 4.1.5). Thus, when measuring
ratios of net normalized pulse height distributions for different shield mass thicknesses aimed
for the “knowledge library”, sufficiently long source-detector distances are needed in order not
to obtain distorted values due to detector dimensions. Further investigations to better under-
stand the problem need to be performed.

4.2.4 Cs-137 source with burnt clay shield combined with wood shield, source-detector
distance 1 m

Building material that can act as shielding material for hidden radiation sources can have
different densities. To show how combinations of different materials, wood affect the net
normalized pulse height distribution, some experiments were made with combinations of
materials.

Figs 4.9 - 4.11 show the increase in the net normalized pulse height distribution below 600
keV for increasing number of combinations of clay bricks and wood blocks. The increase
from the combined shielding material is approximately proportional to the added mass
thickness giving about 8 times for the combination of 150 mm clay and 225 mm wood
shielding. This is also the case at lower energies with multiple Compton scattering. At 100
keV the relative increase factor for 225 mm wood is 3.3, for 150 mm clay about 10 and for the
combination of these, an increase factor of about 13 was found.
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Net normalized pulse height distribution from Cs-137 for equal mass
thickness of clay and wood shield, source-detector distance 1 m
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Fig 4.8 Net (background subtracted) normalized (to full energy peak count rate) pulse height distribution from a
345 kBq Cs-137 source with 50 mm burnt clay brick shielding measured at source-detector distance 1 m (dark
blue curve) and with 203.5 mm wood block shielding measured at the same distance (magenta curve). A
measurement without shielding is shown (turquoise curve). Data were recorded by a 4 liter Nal(TI)-spectrometer.
The clay shield and the wood shield have the same mass thickness (106 kg/m?). Since the probability of Compton
scattering is only depending on the mass thickness of the scattering material, the net normalized scattered photon
fluence should be the same for the two shielding setups, just as found. The average ratio of measured pulse height
distribution clay/wood (yellow curve) is 1.07 for photon energies 180 - 600 keV. The average ratio of measured
pulse height distribution clay/air is 2.44 for the same energy interval (orange curve).

Net normalized pulse height distribution from Cs-137 at 1 m distance
with combined burnt clay and wood shielding
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Fig 4.9. Net normalized pulse height distribution from a 345 kBq Cs-137 point source with one clay brick shield
and additional 1, 3 and 5 wood block shields around the source, recorded by a 4-liter Nal(TI)-spectrometer at 1 m
from the source. The thickness of a clay brick is 50 mm, a wood block is 45 mm. The maximum count rate in the
full energy peak is set to 100 for each measurement. An added increase in the small angle (23 degrees) Compton
scattered photon fluence around 600 keV is seen with the addition of wood blocks.
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Net normalized pulse height distribution from Cs-137 at 1 m distance
with combined burnt clay and wood shielding
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Fig 4.10 Net normalized pulse height distribution from a 345 kBqg Cs-137 point source with a 2-clay brick shield
and additional 1, 3 and 5 wood block shields around the source, recorded by a 4-liter Nal(TI)-spectrometer at 1 m
from the source. The thickness of a clay brick is 50 mm, a wood block is 45 mm. The maximum count rate in the
full energy peak is set to 100 for each measurement. A small added increase in the small angle (23 degrees)
Compton scattered photon fluence around 600 keV is seen with the addition of wood blocks.

Net normalized pulse height distribution from Cs-137 at 1 m distance
with combined burnt clay and wood shielding
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Fig 4.11 Net normalized pulse height distribution from a 345 kBq Cs-137 point source with a 3-clay brick shield
and additional 1, 3 and 5 wood block shields around the source, recorded by a 4-liter Nal(TI)-spectrometer at 1 m
from the source. The thickness of a clay brick is 50 mm, a wood block is 45 mm. The maximum count rate in the
full energy peak is set to 100 for each measurement. A minor added increase in the small angle (23 degrees)
Compton scattered photon fluence around 600 keV is seen with the addition of wood blocks.
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4.2.5 Summarizing experiments with shielded Cs-137 source at 1 m and 10 - 20 m distance

When comparing the experiments at 1 m source-detector distance with 10 - 20 m distance, the
ratio of the respective net normalized pulse height distributions for Compton scattered
photons becomes equal for different shielding materials with the same mass thickness.
However, the corresponding ratio for a shielding material to air-only is not equal at 1 m and
10 - 20 m. This is because when the detector's dimension is not small in relation to the
distance (which it is not at 1 m distance), the angular distribution of the Compton photons
from the shielding material in relation to air-only (no shielding) does not become clear. It is
thus important that the measurement of the pulse height distribution for Compton scattered
photons is made with sources located at a sufficient distance from the detector. Then the
method of using the Compton distribution to determine the shield thickness should work for
common construction materials such as brick and wood.

4.3 Non-collimated source, Co-60 with burnt clay shield, source-detector distance
20m

A Co-60 point source with activity 60 MBg, was placed 19.6 m from the side of a 4-liter
Nal(TI)-detector. Clay bricks combined to different thickness were used as shielding material.
Count rates in five ROIs as defined in Table 3.2 were calculated and normalized to the ROI
for the full energy peak at 1332 keV. The net normalized pulse height distribution is shown in
Fig 4.12. The increased count rates for Compton scattered photons as the shield thickness is
increased is clearly visible.

4.3.1 Using Regions-of-interest (ROI) instead of the entire pulse height distribution

Instead of using the entire pulse height distribution for Compton scattered photons, repre-
sentative ROIs can be chosen. This is easier to implement for different gamma spectrometry
systems. Count rates in ROIs representing different Compton scattered photon angles are
shown in Fig 4.13 for increased number of burnt clay bricks in the shield. This indicates that it
should be possible to approximately determine shield thickness using the ROI method. Of
course, this must be preceded by measurements of ROI count rates for known shield
thicknesses to form a “knowledge library” of ROI count rate ratios linked to shield mass
thickness.

4.3.2 Summarizing experiments with Co-60 source and burnt clay shielding

The increase in the normalized pulse height distribution in the Compton scattered photon
energy region below 600 keV (23 degrees scattering and more) indicates a relationship
between shield thickness and increased number of registrations relative to the full energy peak
at 662 keV. A corresponding relationship has been detected for five representative ROIls for
Co0-60. This may be used to determine approximate shield thickness provided that the
phenomenon also occurs for radiation sources at longer distances, which was indicated to be
the case based on measurements of a Cs-137 source up to 80 m source-detector distance
(Section 4.1.1).
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Net normalized pulse height distribution from Co-60
with varying clay brick shielding
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Fig 4.12. Net (background subtracted) normalized count rates for an unshielded Co-60 source and the same
source shielded by 1, 3 and 5 clay bricks, measured by Lund University 4 liter Nal(TI)-spectrometer. Source
detector distance is 19.6 m.
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Fig 4.13. Net (background subtracted) normalized count rates in the five ROIs defined in Table 3.2 for an
unshielded Co-60 source and the source shielded by 1, 3 and 5 clay bricks, measured by Lund University 4
liter Nal(T1)-spectrometer. The count rates in the ROI representing the full energy peak of 1332 keV is set to
100%. Data has been linked with a smooth curve. Source detector distance is 19.6 m.
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4.4 Non-collimated source. Shielding experiment with a Co-60 source, preformed
by the Nordic teams

As a final set-up in the AUTOMORC field experiment in Barsebédck 2018, the Nordic teams
made some preliminary spectrometric measurements using a shielded Co-60 source. These
measurements were analyzed to find out if spectral data represented in a set of regions of
interest (ROI) could be used to draw conclusions about the shielding of a hidden point source.
The shielding measurements were compared to air-only measurements using data from the
calibration measurements that each team performed initially in the AUTOMORC 2018
experiment in order to determine the detector efficiencies. The source activity calibration was
34 MBaq. It was placed between 6 and 8 m from the respective detector. The exact distance
varied individually for each detector as the mounting in the measuring vehicle varied.

4.4.1 Unshielded source geometry

The overall results from the Nordic teams' measurements for the five ROIs representing the
spectral net (background subtracted) distribution of the photon fluence from an unshielded
Co-60 source are shown in Fig 4.14. For measurements on the unshielded Co-60 source, the
photon contribution from the source dominates over the natural background. The potential
error in the net contribution is therefore small even if the background is not fully
representative of the measurement site. From Fig 4.14 it can be seen that the relative (in
relation to the full energy peak area of 1.33 MeV) net (background subtracted) pulse height
distribution from an unshielded Co0-60 source is approximately the same independent of
detector volume for 4 - 16 liter Nal(TI)-detectors and for source-detector distances between 6
and 16 m (and probably slowly varying at lower energies for longer distances). This
characteristic, referred to here as a ROI-signature, should make it possible to use the ROI
method to distinguish a shielded source (giving a different pattern, see Fig 6) from an
unshielded one, provided that the count rate in the full energy peak is significantly above the
background.

Background subtracted relative count rate
from an unshielded Co-60 source
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Fig 4.14 Background subtracted relative count rates in the five ROIs defined in Table 1 for an unshielded Co-
60 source measured by the Nordic teams using Nal(TI)-spectrometers with volumes between 4 and 16 liter.
The count rates in the ROI representing the full energy peak of 1.33 MeV is set to 100%. Data has been
linked with a smooth curve. Source detector distances vary between 6 and 16 m.
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4.4.2 Lead shielded source geometry

Measurement data for the Co-60 source with 6 cm lead shielded are shown in Fig 4.15 for the
respective Nordic team and detector. The results are shown in percentage terms, where the
count rate for the 1.33 MeV peak is set to 100%. Since the photon fluence from the shielded
source is very low at the measurement points, no subtraction of the background has been done
in this case. The background is measured over a larger area (along Kraftverksvégen) and
therefore not exactly representative of the location where the shielding measurements were
carried out. This is evident because for some of the measurements the count rate for the
background in the low energy range, here represented by ROI 200 - 350 keV, shows higher
values than for the shielding measurements, which would not be possible if the background
pulse height distributions were representative of the location.

Results from the Nordic teams' measurements on unshielded and shielded Co-60 radiation
sources are given in Table 4.1. The team from Iceland had difficulties with the measuring
equipment during the measuring step and their results are hence not reported here. The
background measurements used by the teams were based on pulse height acquisition of a
larger area in the vicinity of the shielding source set-up. They may therefore not be fully
representative of the background at the location of the shielding measurements.

As can be seen from the measurement data in Table 4.1 and Fig 4.15, there is really no
difference in measurement data between the background and the shielded radiation source,
other than that which can be attributed to the uncertainty in the background measurement. In
short, the shielded Co-60 source could not be detected at 30 m distance with the measurement
times used by the teams. That way the experiment was not so successful. The only conclusion
that can be drawn is that the amount of scattered radiation in the lead shield when measured at
about 30 m distance is small. It appears that materials with lower atomic numbers in the
experiment with clay brick shielding for Co-60 produces greater amount of scattered radiation
than a shield of lead gives, which actually was found to be valid for Cs-137 (See section 4.1).
This may be used to roughly determine what type of material is present in a radiation shield.
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Table 4.1. Count rates in ROIs (cps) measured during the AUTOMORC 2018 experiment in Barseback, for
background measurement, for unshielded Co-60 point source calibration measurement and for lead shielded Co-
60 measured 7 June 2018 between 14:00 and 14:30. Count rates for unshielded and shielded Co-60
measurements refer to gross count rates. Also given are data for a measurement in 2019 by Lund University of
an unshielded Co-60 source at the same location.

Team and detector:

DEMA — 4 liter Nal(Tl)

ROI (keV) Background (cps) Unshielded Co-60 (cps) | Shielded Co-60 (cps)
200 - 350 299.2 1504 245.2
565 - 715 64.5 528.4 61.5

930 - 1080 334 347.4 34.4

1090 - 1240 27.5 1049.8 29.6

1250 -1400 18.4 890.5 23

Team and detector:

STUK — 4 liter Nal(TI)

ROI (keV) Background (cps) Unshielded Co-60 (cps) | Shielded Co-60 (cps)
200 - 350 247 1792 441
565 - 715 58.7 582.7 57.6

930 - 1080 25.7 321.3 21.9

1090 - 1240 20.9 992.5 17.4

1250 -1400 13.4 855.2 11.2

Team and detector:

SSM — 8 liter Nal(Tl)

ROI (keV) Background (cps) Unshielded Co-60 (cps) | Shielded Co-60 (cps)
200 - 350 693 3075 568
565 - 715 171 1138 164

930 - 1080 88 685 95

1090 - 1240 64 1773 79

1250 -1400 51 1524 61

Team and detector:

NGU — 16 liter Nal(TI)

ROI (keV) Background (cps) Unshielded Co-60 (cps) | Shielded Co-60 (cps)
200 - 350 923 4196 740
565 - 715 226 1685 203

930 - 1080 115 967 110

1090 - 1240 93 2728 94

1250 -1400 69 2324 70

Team and detector:

LU — 4 liter Nal(TI) (Measured 2019-08-23)

ROI (keV) Background (cps) Unshielded Co-60 (cps) | Shielded Co-60 (cps)
200 - 350 352.7 2894.6 not measured
565 - 715 101.5 1131.6 not measured
930 - 1080 55.3 796.7 not measured
1090 - 1240 435 1858.9 not measured
1250 -1400 30.0 1548.3 not measured
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Fig 4.15. Relative count rates in the five ROIs defined in Table 1 for natural background and an unshielded 34
MBq Co-60 source and a shielded 1127 MBq Co-60 source in a 6 cm thick cylindrical lead container, measured
by the Danish Emergency Management Agency (DEMA) using a mobile 4 liter Nal(TI)-spectrometer (upper
left), the Finnish Radiation and Nuclear Safety Authority (STUK) using a mobile 4 liter Nal(TI)-spectrometer
(upper right), the Swedish Radiation Safety Authority (SSM) using a mobile 8 liter Nal(TI)-spectrometer (lower
left) and the Geological Survey of Norway (NGU) using a mobile 16 liter Nal(TI)-spectrometer (lower right).
The count rates in the ROI representing the full energy peak of 1.33 MeV are set to 100%. Data has been linked
with a smooth curve. Source detector distances are about 8 m for the unshielded source and between 20 and 35
m for the shielded source (depending on team and time of measurement).

4.4.3 Summarizing the shielding experiment with a Co-60 source, preformed by the Nordic
teams

It is difficult to draw any more in-depth conclusions from the results of the joint Nordic
AUTOMORC lead-shielding experiment with a Co-60 source. There was very limited time
for the experiment. One difficulty was that the heavy shielding lead to insufficient counting
statistics in the pulse height distributions in the short time available for the experiment.
Furthermore, the natural background, which must be subtracted, had not been measured at that
exact location but was an average over a lower distance. These things in combination make
measurement data uncertain. To better understand the scattered radiation generated by lead
shielding, more detailed experimental investigations need to be done.
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4.5 Collimated source. Shielding experiments with Cs-137 at source-detector
distance 17 m

A lead-collimated level guard with a 520 MBq Cs-137 source was used at the source-detector
distance 16.7 m from a 4-liter Nal(Tl)-spectrometer. Wood blocks and clay bricks were placed
in front of the source as shielding material. (Fig 3.8 and 3.9). The collimator was so narrow (6
degrees in the horizontal direction and 9 degrees in the vertical direction, Fig 2.12) that the
combined source and shielding geometry would not produce Compton photons in the shield
that could be measured (resolved) with the spectrometer simultaneously with the primary
photons from the source.

4.5.1 Collimated source, wood shield, 17 m distance

Fig 4.16 shows the net (background subtracted) normalized (to the full energy peak count at
662 keV) pulse height distributions from the collimated source, unshielded and with 1 - 10
wooden blocks as shielding material placed in front of the source. This corresponds to a shield
thickness of up to 450 mm of wood and a mass thickness of 234 kg/m?. As expected, there is
no noticeable difference in the relative photon fluence for varying shield thickness for
energies from 600 keV and downward, indicating that Compton scattered photons in the
shield with angles larger than 23 degrees from central axis are non-existent (23 degree
scattering is what could be resolved with a Nal(Tl)-spectrometer). The source is collimated to
such a small opening angle that virtually no scattered photons arise in the direction of the
recorded primary radiation (i.e. along the central axis). Some multiple scattered photons are
seen in the energy region 50 - 184 keV. However, with a high resolution HPGe spectrometer
having about 0.3% resolution at 662 keV, there might be a chance to register Compton
photons just to the left of the full energy peak, but this has not been investigated here.

4.5.2 Collimated source, burnt clay shield, 17 m distance

Fig 4.17 shows the net normalized pulse height distribution from the collimated source,
unshielded and with 1 - 5 burnt clay bricks as shielding material placed in front of the source.
This corresponds to a shield thickness of up to 250 mm of clay brick and a mass thickness of
530 kg/m?. As in the case with wood shielding, there is no noticeable difference in the relative
photon fluence for different clay brick thickness at energies 600 keV and downwards to 450
keV, because the collimated source does not allow primary photons to reach the clay shield at
angles relative to the central axis that would produce Compton photons with these energies.
For lower energies and increasing shield thickness, increasing number of multiple scattered
photons can be seen.

4.5.3 Collimated source, lead shield, 17 m distance

Fig 4.18 shows the net normalized pulse height distribution from the collimated source,
unshielded and with a 40 mm lead shield in front of the source. This corresponds to a mass
thickness of 454 kg/m?. As in the case with wood or clay shielding, there seems to be no
noticeable difference in the relative photon fluence with the lead shield for energies between
450 and 600 keV, indicating that Compton scattered photons down to these energies are non-
existent. Multiple scattered photons are visible in the low energy region with the shield
present.
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Net normalized pulse height distribution from Cs-137 level guard
with stepwise increasing wood block shielding
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Fig 4.15 Net (background subtracted) normalized pulse height distribution from a 520 MBq Cs-137 level gauge
with different wood shielding thickness, recorded by a 4 liter Nal(TI)-spectrometer 16.7 m from the source. The
thickness of a wood block is 45 mm. The maximum count rate in the full energy peak is set to 100 % for each
measurement. There is no noticeable difference in the photon fluence for energies between 250 and 600 keV,
indicating that Compton scattered photons in angles 23 - 105 degrees from the center axis are non-existent. Some
multiple scattered photons are visible in the low energy region for high shield thickness.
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Fig 4.16 Net (background subtracted) normalized pulse height distribution from a 520 MBq Cs-137 level gauge
with different clay brick shielding thickness, recorded by a 4 liter Nal(TI)-spectrometer 16.7 m from the source.
The thickness of a clay brick is 50 mm. The maximum count rate in the full energy peak is set to 100 % for each
measurement. There is no noticeable difference in the photon fluence for energies between 450 and 600 keV,
indicating that Compton scattered photons in angles 23 - 50 degrees from the center axis are non-existent.
Registrations from multiple scattered photons are visible in the low energy region for high shield thickness.
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Net normalized pulse height distribution from Cs-137 level guard
with and without lead shielding
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Fig 4.17 Net (background subtracted) normalized pulse height distribution from a 520 MBq Cs-137 level gauge
with 40 mm lead shielding in front, recorded by a 4 liter Nal(Tl)-spectrometer 16.7 m from the source. The
measurement is compared to registrations without a shield (only air between the source and the detector). The
maximum count rate in the full energy peak is set to 100 % for each measurement. There seems to be no
noticeable difference in the photon fluence for energies between 450 and 600 keV, indicating that Compton
scattered photons in angles 23 - 50 degrees from the center axis are non-existent. (The variations seen in the

energy interval are not statistically significant). Multiple scattered photons are visible in the low energy region
with the shield present.

4.5.4 Summarizing shielding experiments with Cs-137 collimated source

With a collimated photon source, some of the primary photons emitted sideways are prevented
from forming Compton photons that can reach the detector in its position where it can register
the primary radiation. If the collimator has an aperture less than 23 degrees relative to the
central axis (a total of 46 degrees aperture), no single scattered Compton photons with energy
below 600 keV are recorded together with the primary energy (in full energy peak) when using
a Nal(Tl)-spectrometer. Therefore, because of the low resolution of Nal(Tl)-spectrometers, the
method of determining shield characteristics using single scattered Compton photon contribu-
tions cannot be used if the source is collimated. However, some information is found in the
low-energy region where multiple scattered Compton photons are recorded. Whether this is
useful for getting an idea of shielding characteristics may need to be further investigated. With
a high-resolution gamma spectrometer, it may be possible to identify Compton scattered
photons with only a few degrees scattering angle, resulting in a few keV energy reduction, and
thus be able to obtain information about the characteristics of the shield. However, this has

not been investigated here, but the report by Toivonen et al, 2017, indicates that it could be
done.
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5. Conclusions

In mobile measurement, the distance to a point source can be determined by measuring the
photon fluence rate at the passage when the maximum occurs and the photon fluence rate
along the road path at another point, provided both measurements have sufficiently good
statistical precision and that the two measuring points have a sufficient spacing along the road.
Sufficient spacing will be about the same distance as the source distance from the road.
Measurements at several points along the road provide conditions for getting the best distance
for the measurements. If the measurement statistics are not sufficient, it may be necessary to
stand still and acquire measurement data at different points along the road during a sufficient
time.

Possible non-uniform angular efficiency of a detector will add to the uncertainty when the
direction to a source is unknown or uncertain. A detector with uniform angular efficiency
along the horizontal plane and no structure shielding near the detector, is a great advantage
when determining the distance to a radiation source, since no correction for varying detector
efficiency needs to be performed.

A photon source surrounded by a cylindrical shield is equivalent to an unshielded source at the
same distance with a lower (apparent) activity, where the decrease in activity corresponds to
the number of primary photons from the source being attenuated in the screen. For cylindrical
shields, the same detection distance tables can be used as for unshielded radiation sources if
only the activity is reduced proportionally to the attenuation of primary photons in the shield.

For a radiation source having a rectangular shield, the above does not apply. In this case, the
attenuation increases as the photons pass obliquely through the shielding material. The "inten-
sity curve"” decreases faster with increased distance along the road compared to an unshielded
radiation source. Whether this effect in practice can be used to obtain the shield thickness
from measurements along the road path remains to be investigated. This also requires further
calculations in order to draw final conclusions.

The Compton air-scattered photon fluence increases slowly as the distance to the radiation
source increases. The scattered fluence also increases when a shield is placed between the
source and the detector. The probability of Compton scattering is proportional to the mass
thickness of the scattering material. This can be used to assess, by gamma spectrometry, how
much scattering material (air and an additional radiation shield) exists between the radiation
source and the detector. When registering low energy scattered photons relative to primary
(unscattered) photons in a gamma spectrometer, the effect is pronounced for lower energy
registrations because the counting efficiency of the detector increases with decreasing photon
energy (down to about 100 keV). This may be beneficial for the method. However, the
measured pulse height distributions in the detector must be translated to useful descriptions of
scattered photon fluence and shield parameters.

It is difficult to theoretically calculate the pulse height distribution for different shielding
geometries and distances, especially in the low energy region where multiple scattered
photons are recorded. This is because scattering effects in the detector and surrounding
materials contribute significantly to the complexity of the detected pulse height distribution.
Another solution is therefore to make measurements on a number of well-known situations
with different shielding material, thicknesses and distances, and create a set of reference
values of relative pulse-height distributions. From this a “knowledge library” can be created
with data for different measurement situations and for the combination of detectors and
vehicles used. The “knowledge library” can then be used as an aid to analyse unknown
situations with shielded radiation sources.
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Background subtraction is necessary to obtain the net contribution from the source. Thus,
background measurements representative for the environment where the source is situated
must be done before an assessment of the shielding characteristics can be made. When the
applied background is not fully representative for the measurement location and the primary
photon fluence from the source is very low, large uncertainties occur.

It is necessary to be able to register the full energy peak in the pulse height distribution. It is in
relation to this peak area that the Compton distribution for different energies provides
information about the characteristics of the shield (and thus to the aforementioned knowledge
library). This relation is here called the normalized pulse height distribution.

The method of using Compton scattered photons to determine the properties of a shield should
be able to work for sources that are isotopically radiant. For collimated sources, from which it
is not possible to register Compton scattered photons together with primary photons the
suggested method does not work.

It is not necessary to do the analysis on the full information in a registered pulse height
distribution. It is sufficient to use selected regions of interest (ROIS) that represent specific
energy intervals (for example, the full energy peak, the area of Compton scattered photons just
below the full energy peak, and a few more low-energy regions representing multiple
Compton scattering). This is a way to simplify the analysis that allows different gamma
spectrometry systems to be used without special programming.

In order to measure low fluence rates from shielded sources, the acquisition times need to be
long enough. With mobile equipment, it will be necessary to stand still for a sufficient period
of time to obtain necessary statistical accuracy. With mobile equipment, the advantage is that
measurements that contribute to information about the source can easily be made in different
places, for example when measuring sources with uneven shielding in different directions.

The actual activity of a radiation source found in a search mission using mobile gamma
spectrometry is most likely unknown. In order to calculate the actual source activity, the
source's shielding and the distance to the source must be determined. The distance can be
determined by the use of “intensity curves” described above.

The conclusions given here are based on theory and results from preliminary gamma
spectrometric data with a few different types of radiation-shielding materials and material
thicknesses. To determine how well the proposed methods work in practice, additional field
experiments need to be conducted with different types of detectors and detector sizes. One
step on this path is the proposed field experiment jointly with Nordic participants in project
SHIELDMORC 2020.
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Appendix A. Proposed experiments

This is a proposal for a joint Nordic field experiment to investigate whether the methods
presented in this report for determining distances and shielding for point sources can in
practice be applied to mobile gamma spectrometry with the measuring equipment available in
the Nordic countries.

A.1 The meaning of a “knowledge library”

The pulse height distribution produced by scattered radiation from shielded radiation sources
can be quite complex. Calculating them as a function of shielding material, density and thick-
ness for a specific detector and environment is a difficult task. Instead, it is proposed to meas-
ure gamma spectrometric results for known situations and create tables and diagrams of rela-
tions between different parts of the scattered component and the primary component as repre-
sented in regions of interest (ROIs). This is called a “knowledge library”. It may also include
theoretical calculations, such as how primary radiation varies for different photon energies and
distances. The idea is to try a method for analysing measurement data that can be used for a
quick assessment of a situation without the need for extensive computerized analysis.

Real situations can differ greatly from those studied in the experiment. It is therefore not
certain that the “knowledge library” can be used for a different real case. However, the
experiments should be able to show if it is at all possible to use a “knowledge library” method
to address the problem of shielded radiation sources.

A.2 Determining the distance to a source

Information about the distance to a radiation source is necessary to be able to calculate the
source's activity from measurements of the primary photon fluence rate. Since the primary
photon fluence in air decreases according to a combination of the square of the distance and
the exponential attenuation in the air, it is possible to determine the distance to the source with
two or more measurements at different distances, provided the source shielding is unchanged.
The relationship between primary photon fluence and distance is solely dependent on the
primary photon energy, not the source activity. For a straight path with a source on one side,
the question of the distance to the source can be described as searching through a series of
"intensity curves" (Fig Al), where the curve maximum occurs opposite the source and where
the width of the curve only depends on the distance, R, to the source. The set of “intensity
curves” constitutes here a “knowledge library” for determining the distance to a source. By
comparing the measurement data (the count rate in the full energy peak) with the theoretically
calculated curves at different places along the road, it is possible to find out which curve best
fits the observations. Thus, the distance R can be determined. This is actually possible to do
by hand if only the count rate in the full-energy peak from the source has sufficiently low
statistical uncertainty to allow measurements at two or more different locations along the road.

A.2.1 The distance experiment

Teams will obtain sets of “intensity curves” for different source-detector distances valid for
measurements on a straight road past a source. Sources of Cs-137 will be placed in different
set-ups at different distances. The teams should do gamma spectrometric measurements at
certain (marked) points along the road and obtain the net (background subtracted) full energy
peak count rates. From the relative count rates and using the set of “intensity curves” the
distance can be determined. From the distance and the full energy peak count rate, the
apparent activity of the source is calculated.
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At the same time, also the net (background subtracted) contribution of air-scattered radiation
recorded in the pulse height distribution below the full energy peak should be noted for a set
(3 - 5) of regions of interest (ROI). These data form part of the “knowledge library” for air
scattered radiation at different distances from the source and will be used in the next
experiment when determining shielding properties of a source.

Relative primary photon fluence, 662 keV
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Fig A1 Normalized primary photon fluence along a road path where a photon source of primary
energy 662 keV is located at different distances R from the road. All maximum values are set to 1.
This set of “intensity curves” can be used to determine the distance from at set of count rate
measurement data in the full energy peak of a mobile spectrometer along the road. When the place of
maximum count rate along the road is determined in a first pass and set to 1, the curve corresponding
to the correct distance can be found by comparing the curves with the reduced count rate at certain
distances away from the maximum. Example: Obtaining the relative count rates 1 at the maximum
position, 0,7 at 50 m and 0,3 at 100 m distance from the maximum, indicates that the shortest
distance from the road to the source is about 100 m (the magenta colored curve).

A.3 Determining the shielding properties of a source

When shielding material is inserted between the source and detector the primary photon
fluence at the detector is reduced, but the relation between scattered and primary fluence is
increased because of the increased Compton scattering of photons in the shield (Fig A2 and
A3). If the relation between scattered and primary fluence is known for various shield
thickness and materials, the shielding properties may be assessed from the pulse height
distribution registered by a gamma spectrometer. The relation is complicated to calculate
theoretically, but it can be measured for different radionuclides and mass thicknesses of shield
materials including the air between the source and detector. It is independent of the activity of
the source. Measured observations can be stored in a “knowledge library”, which then can be
used to assess an unknown, approximately similar, situation with a shielded source. In the
experiment primarily Cs-137 will be used as the source.
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A.3.1 The shielding experiment part 1:

This constitutes a start of a “knowledge library” containing measured scattered to primary
count rate ratios in a gamma spectrometers pulse height distribution. It will be implemented
by setting up a number of predefined geometries with different shielding material and shield
thickness. Teams make measurements and store data in a simplified form (as ROI count rate
ratios) in the “knowledge library”.

A.3.2 The shielding experiment part 2

This includes measurements on shielded point sources with unknown shielding and distance,
but of a similar design as the geometries stored in the “knowledge library”. The teams should
identify approximate distance, shielding and activity. The intention is to investigate if the
“knowledge library” method is a useful tool and to identify what improvements can be made.

A.4 Limitations of the experiment

The scattered radiation from a shielded photon source is a complex phenomenon that depends
on many parameters. In the relatively short time available to the teams to conduct the experi-
ments, only a small number of shielding geometries can be examined and stored in the
“knowledge library”. The experiment will be limited to one radionuclide, Cs-137.

Net normalized pulse height distribution from Cs-137
with air-only shielding at different source-detector distances
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Fig A2. Net (background subtracted) normalized pulse height distribution from a Cs-137 source recorded by a 4
liter Nal(TI)-spectrometer at different distances from the source with only air between the source and detector.
The maximum count rate in the full energy peak is set to 100 for each measurement. The suggestion is to quantify
the difference in scattered radiation in relation to the primary by using one ROI for the primary photon fluence
and, for example three ROI’s for the scattered fluence at lower energies (indicated as black lines). The exact
energy intervals of the ROI’s will be selected before the experiment takes place.

58



NKS SHIELDMORC Final Report 2019 Page 59 (61)

Net normalized pulse height distribution from Cs-137
with stepwise increasing clay brick shielding
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Fig A3. Net normalized pulse height distribution from a Cs-137 source (background subtracted) recorded by a 4
liter Nal(TI)-spectrometer at 9.6 m from the detector with different amount of clay brick shielding around the
source. The maximum count rate in the full energy peak is set to 100 for each measurement, mimicking a source
in a building with different wall thickness. The scattered fluence at 100 keV for 5 bricks is increased nearly 30
times compared to only air shielding for the same distance. At the same time the primary fluence is reduced about
4 times.
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Mobile gamma spectrometry is a key method when searching
for gamma-emitting radioactive sources that have come out of
regulatory control through accidents or deliberate events. Such
sources can be more or less shielded, which reduces and
distorts the gamma spectrometric signal. It makes detection
more difficult as the signal from the primary radiation
decreases. An estimate of the shielding is needed to assess the
potential hazard before approaching to handle the source. The
NKS/SHIELDMORC activity is a step on the way to gain
experiences in mobile gamma spectrometry for detection of
shielded sources. It is carried out in collaboration between
mobile detection teams from Denmark, Finland, Iceland,
Norway and Sweden. The aim is to develop and test practical
methods to detect lost or hidden gamma emitting sources and
estimate their locations and activities. This report describes
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results from preparatory theoretical calculations and some
experimental acquirements on situations with shielded Cs-137
and Co-60 sources, using a 4 litre Nal(Tl)-spectrometer. A
method of applying a ratio of count rates in three regions of
interest (ROI) representing selected parts of the Compton
scattered registrations together with one ROI for primary
registrations seems to be useful for determination of the
amount of scattered radiation from a possible shield around the
source. The method may also roughly indicate the physical
properties of the shield in terms of thickness and whether the
material has high or low atomic number. However, further
experiments are needed to verify this. The intention is to make
the verification in a joint Nordic field experiment in 2020. The
report describes a proposed design for such an experiment.

Mobile gamma spectrometry, MORC, orphan hidden gamma
sources, radiation accidents, shielding, Compton scattering
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