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Shielded and unshielded geometries in
the search for Orphan Sources

Thomas Hjerpe and Christer Samuelsson

Department of Medical Radiation Physics, The Jubileum Institute,
Lund University, University Hospital, SE-221 85 Lund, Sweden

ABSTRACT
A car-borne NaI(Tl) spectrometric system was used together with a 137Cs source to
obtain realistic data in the search of unshielded and semi-shielded orphan sources.
The PSC (potassium stripped counts) method was used to estimate the influence by
the shielding on the detection ability. A reduction of about 5% in the critical distance
was obtained for the semi-shielded source. A curve fitting method was also developed
and evaluated. The results showed inferior ability to find the source, compared to the
PSC method. However, it can be a useful complementary tool, for characterization of
the source shielding, and estimation of the distance from the road.
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INTRODUCTION
The definition of an orphan source is according to the International Atomic Energy
Agency (IAEA), (2003): “A source which poses sufficient radiological hazard to warrant
regulatory control, but is not under regulatory control because it has never been so, or
because it has been abandoned, lost, misplaced, stolen or otherwise transferred without
proper authorization”. In the European Union (EC, 2003), an orphan source is fur-
ther specified as a sealed source, with an activity level of which, at the time of its
discovery, is above the exemption level. An important component in the emergency
preparedness strategy is the use of monitoring systems to detect orphan sources; of
which mobile systems are a subtype. The radiation detector can be mounted in a car
(as in this study) or other vehicles, such as fixed-wing aircrafts or helicopters. With
mobile systems, a large area can be scanned in a short time. Any detector sensitive to
gamma radiation can be used, but highly sensitive gamma spectrometers are to prefer.
Successful use of mobile gamma spectrometers in the search for orphan radioactive
sources, and the recovery of radioactive material in the environment have been dem-
onstrated over the years (e.g., Deal et al., 1972; Bristow, 1978; Moreira, 1991).

The main challenge when searching for orphan sources with mobile systems is to
distinguish between signals originating from an actual source and signals originating
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from the natural background radiation. The task is complicated by the fact that the
measurements take place in an environment with varying background radiation lev-
els. Any criterion for deciding that a measured radiation field indicates the presence
of an orphan source has to consider this variable background. The strategy used by
the search team is dependant on the information available on the source. Important
information is knowledge about the radionuclide composition and strength, and in-
dications of the source location. For example, if the scenario is a lost therapy source
from a hospital, good knowledge about the characteristics of the source is most likely
available. However, the source can be very well shielded and difficult to detect, or
partly shielded. This study is focused on a scenario with known source characteristics,
and a geometry where the source in either unshielded or semi-shielded. The semi-
shielded geometry represents a scenario where, e.g., the source is located next to a
house or behind a rock. The source used was a 137Cs source with an activity of 2 GBq.
In a scenario with a single gamma emitting radionuclide and known source charac-
teristics, the search can be focused on one or a few gamma energies. This justifies the
use of a low-resolution detector system. Here, a car-borne gamma spectrometry sys-
tem equipped with a 4129 cm3 NaI(Tl) detector was utilized.

An on-line strategy that has been proven useful in a scenario with an unshielded
orphan source is the PSC method (Hjerpe and Samuelsson, 2003). The PSC method
is a robust and reliable method, based on a moving average algorithm that responds
to significant increases in the amplitude of the 137Cs full energy peak signal. A poten-
tial weak point with the PSC method is that it does not utilize that the expected curve
shape, of the signal originating from the point source, in consecutive measurements
when passing an unshielded point source can be theoretically determined. In addi-
tion, the results from the PSC method do not give an estimation of the source to road
distance. A curve fitting method was applied on the data to test if the ability to detect
the source can be increased by assuming a curve shape of the measured signal, where
the source strength is given. A second application for curve fitting was also tested: use
it as complementary tool to the PSC method, for characterization of the source shield-
ing geometry on found sources without the need for leaving the vehicle. When the
source was regarded to be unshielded, curve fitting was also used to estimate the
source to road distance.

The objectives are to evaluate if the ability of finding an orphan source is affected by
a semi-shielded geometry, and investigate if a method based on curve fitting can be
an alternative search method. Furthermore, evaluate if curve fitting can be used to
give information about the shielding geometry and for estimation of the source to
road distance of an orphan source found by the PSC method.

THEORY AND METHODS
The parameters used from the spectra are the measured counts in the energy windows
for the 661.6 keV gamma line of 137Cs, and the 1461 keV gamma line of 40K. The
counts in the 137Cs originating from 40K is subtracted, using the stripping ratio c

K,Cs
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(the ratio between the number of counts caused by 40K in the 137Cs window and the
number of counts in the 40K own window). This approach of deconvoluting the
spectral interference from 40K in the 137Cs window is recommended by the IAEA and
the International Commission on Radiation Units and Measurements (ICRU), and
is commonly referred to as the Stripping method (IAEA, 1991; ICRU, 1994). To
avoid introducing large uncertainties by the short sampling time, the spectral inter-
ferences from U and Th in the 137Cs window are neglected. When searching for or-
phan radioactive sources in the environment from a moving vehicle it is important to
use a well-thought-out strategy in order to make optimal use of the information
obtained. Two different methods to analyse the obtained data are used in this study.

The PSC method
A straightforward on-line method that has been proven powerful is the PSC method
(Hjerpe and Samuelsson, 2003). It is based on a moving average algorithm applied to
the 25 most recently consecutively collected spectra, where the sampling time for
each spectrum is three seconds. The spectra are divided into a test group containing
the five most recently collected spectra and a control group containing the other 20.
The test statistic, PSC, is the ratio of the average number of potassium-stripped counts
for the test group, N

Ćs,1...5
, and the control group, N

Ćs,6...25
. This can be expressed as:

PSC =
NCs,1…5

NCs,6…25

´

´
PSC =

NCs,1…5

NCs,6…25

´

´ [Eq. 1]

NCs = NCs − cK ,Cs NK´NCs = NCs − cK ,Cs NK´ [Eq. 2]

where N
Cs

 and N
K
 are the measured gross number of counts in the 137Cs window and

40K window respectively, and c
K,Cs

 is the stripping ratio for the interference due to 40K
in the 137Cs window.

The resulting PSC is compared to a pre-estimated alarm level. The alarm level for the
PSC method, L

PSC
, was determined from about 3,000 spectra obtained by car-borne

measurements on natural background, using the procedure described by Hjerpe et al.
(2001).

Curve fitting
Driving with a constant speed on a straight road passing a point source and measure
continuously with a fixed sampling time is mathematically equivalent to performing
stationary measurements of a line source (Coll, 1985). The length and source strength
of the equivalent line source is determined by the sampling time of the spectrometer
system, the driving speed and the activity of the point source. The equivalent princi-
ple allows using the well-known expression for calculating the photon fluence at any
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point in space from a line source (see Fig. 1 for geometric definitions). Thus, the
photon fluence, Φ, at the detector during one measurement can be expressed as:

Φ
S

4 π D
atan

x

D

L

2D
−





atan
x

D

L

2D
+





θe µ− D sec θ( )
⌠


⌡

d=
[Eq. 3]

where

S is the source strength of the equivalent line source
D is the perpendicular distance from the road to the source
x is the centre position on the road that is covered by the measurement
L is the distance covered by one measurement
µ is the linear attenuation coefficient in air at an energy of 661.6 keV

If the response, ε(θ), of the detector systems to a 137Cs point source at distance D is
known, the net counts in the 137Cs window for a measurement with sampling time t
is determined by:

N = t ε(θ)Φ [Eq. 4]

The measured counts are proportional to the photon fluence, assuming a negligible
angular dependency of the response. Eq. 4 can be used to determine the theoretical
curve shape of the expected net counts in the 137Cs window, caused by the point
source, as function of the position of the road. Using Eq. 4 as regression model is not
straightforward. In this study, the regression model was chosen to the first-order serial
expansion of Eq. 4. A constant, C, was also added to represent the signal in the 137Cs

Road distance (∆) covered by five measurements

D

2 GBq     Cs source137

∆ = 40 m 40 m 40 m 40 m 40 m

Direction of car

Position (x) on the road for five measurements

D

50 MBq/m     Cs source
137

0 m-40 m 40 m-80 mx = -120 m

Direction of car

Figure 1. The experimental geometry, and its equivalent situation according to
the "duality principle" (Coll, 1985).
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window not originating from the point source. The four-parameter regression model
can be written:

N(x) = e−µD (θ1(x) − θ2(x)) + C
tε(D)S
4πDN(x) = e−µD (θ1(x) − θ2(x)) + C

tε(D)S
4πD [Eq. 5]

where

θ1(x) = atan
(x−B) + L/2

D
θ2(x) = atan

(x−B) − L/2
D{         }  , {         }θ1(x) = atan

(x−B) + L/2
Dθ1(x) = atan

(x−B) + L/2
D

(x−B) + L/2
D

θ2(x) = atan
(x−B) − L/2

Dθ2(x) = atan
(x−B) − L/2

D
(x−B) − L/2

D{         }  , {         } [Eq. 6]

The parameters have clear physical interpretations, and are summarized in Table 1.

The curve fitting method
The regression model above (Eqs. 5 and 6) was here applied as a search method,
where the source strength was known. The fitting procedure was applied on esti-
mated N

Ćs
 in the nine latest consecutive spectra. The test statistic was chosen to the

correlation coefficient between the fitted curve and the experimental data points,
R2

yy(x)
. The resulting R2

yy(x)
 was compared to a pre-estimated alarm level. The alarm

level for the curve fitting method (CF method), L
CF

, was determined from same spec-
tra obtained by car-borne measurements on natural background as for the PSC method,
using the procedure described by Hjerpe et al. (2001). However, due to the time-
consuming curve fitting procedure, fewer spectra were used than for estimating L

PSC
.

Strategy in the search for and characterisation of orphan sources
The first objective was comparing the PSC and CF methods, when the methods are
individually used as primary search algorithms. The critical distance (CD) for the
unshielded and the semi-shielded 137Cs source are estimated. The CD is defined as the
D at which the source can be detected with 50% probability when passing it.

The second objective was to use the PSC method as the primary search method.
When the PSC method alarm, the curve fitting technique is applied to the resulting
N

Ćs
 in the spectra from the interesting area. The resulting R2

yy(x)
 is used to decide if

the source can be regarded as shielded or unshielded. When the source is regarded to

Regression 
parameter 

Physical interpretation 

S The strength of the equivalent line source [s-1 m-1] 
B Position on road with maximum fluence [m] 
C Baseline counts in the 137Cs window, not originating from the point source 
D The perpendicular distance from road the to the source [m] 

Table 1. Physical interpretations of the regression parameters in Eqs. 5 and 6.



6

be unshielded, the fitted distance D is then the estimation of the distance between the
source and the road.

MATERIALS AND EXPERIMENT
The gamma spectrometry system used was a GDM 40 RPS system, manufactured by
GammaData Burklint AB(1), in conjunction with a 4-litre NaI(Tl) detector. The sys-
tem was energy calibrated, were the window settings was from 545 to 755 keV and
from 1320 to 1600 keV for the 137Cs and 40K windows, respectively.

In the field experiments, a sealed 137Cs source with an activity of 2 GBq was acting as
the orphan source. Measurements with the source were performed in a flat field on a
military training ground near Revingehed, 15 km east of Lund, Sweden. The system
was placed inside the car with the detector mounted approximately 2 m above the
ground to minimize the influence of the roughness of the ground surface. The source
was placed unshielded on the field, at D = 100, 120, 140, 160, 175 and 210 m. For
each D, the source was passed ten times with a driving speed of about 50 km/h, and
measuring with a sampling time of three seconds. The geometry, both the physical
situation and the equivalent situation used in the calculations, is described in Figure
1. About 3,000 spectra, without the use of a radioactive source, were also obtained
driving in the area; these measurements were used to estimate the alarm levels.

The geometry with a semi-shielded source was produced by manually cropping the
data set (see Fig. 2 for an illustrative example). The curve fitting was performed with
the software LAB Fit.

Figure 2. An example of results when passing the unshielded source, and the con-
structed semi-shielded source. The three data points with circles around are cropped
to construct the data set representing a semi-shielded source.
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(1) GammaData Burklint AB, Box 15120, Uppsala, Sweden
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RESULTS AND DISCUSSION
The stripping ratio c

K,Cs
 was determined to 0.76. The alarm levels, L

PSC
, and L

CF
 at the

one false alarm per hour rate, was determined to 1.38 and 0.86. In the estimation of
L

CF
, requirements were set on the fitted parameters, by the means of allowed ranges

(see Table 2). The resulting R2
yy(x)

 were the fitted parameters did not fulfil all require-
ments were excluded.

Critical distances
The estimated CDs for the PSC method and the CF method are summarized in
Table 3. As seen from the results in Table 3, the PSC method is both more sensitive
(higher CDs) and more robust to shielded geometries, compared to the CF method.
The lower CDs for the CF method are not surprising. The few data points, the small
increase above to the baseline, the large background variations, and the high uncer-
tainties in the data is not the ideal situation for performing regression analysis. A
technique based on smoothing the data, such as the PSC method, is a more logical
approach.

Curve fitting as a characterization tool
In the second objective, using the curve fitting as complementary tool to the PSC
method, the curve fitting was only performed when the PSC method gave alarm. The
resulting R2

yy(x)
 for both shielding geometries, are plotted against the fitted D in Fig-

ure 3. The results in Figure 3 show that unshielded sources up to a D of about 100 to
120 m can be distinguished from semi-shielded sources, by examine R2

yy(x)
.

For the measurements with the unshielded source, the average fitted source to road
distance (D

fit
) is plotted against the actual distance (D

true
) in Figure 4. The result

shows fairly good agreement between the fitted distance and actual distance, with
better accuracy for the shorter distances. The regression model used underestimates
the distance, and the effect is clearer for larger distances. This underestimation is

Table 2. The allowed ranges for the regression parameters.
Regression 
parameter 

Range 

B -200 to 200 m 
C -25 to 125 counts 
D <250 m 

 

Table 3. Estimated CDs for the PSC and CF methods, for a 2 GBq 137Cs source. Two
shielding geometries are considered: unshielded and semi-shielded.

 PSC method CF method 
 Unshielded Semi-shielded Unshielded Semi-shielded 

Critical distance 180 m 170 m 150 m <100 ma 
a Not detected at the minimum D of 100 m  
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Figure 3. Resulting R2
yy(x)

 as function of fitted D for the true source to road dis-
tances 100, 120, 140, and 160 m; the black markers represent the unshielded
geometry and the grey markers the semi-shielded. The lines are linear regression
lines.
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introduced by the model, since the first-order serial expansion (Eq. 5) underestimates
the maximum fluence. Using a more sophisticated model would decrease the discrep-
ancy between the fitted and actual distances.

CONCLUSIONS
The results in this study show that the PSC method is a robust method. The CD is
not greatly affected by the semi-shielded geometry, a decrease of about 5% was found.
The CF method is unsuitable to employ as a single search method, at least for the
conditions in this study. The CD for the unshielded source is 15% less than for the
PSC method. In addition, shielded sources can be highly detrimental for the CF
methods ability to detect the source.

Using the curve fitting technique on the data where the PSC method gives alarm
might be a helpful complementary tool. For distances less than about 120 m, the
correlation coefficient can be used for deciding if the source is unshielded or not. For
unshielded sources, the regression model can be applied to estimate the distance from
the road to the source. Increased accuracy of the fitted parameters would be achiev-
able by applying a more sophisticated regression model than the first-order approxi-
mation used here.
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