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Abstract

The objective of the Special Nuclear Material (SNM) detection work being conducted at

Defence Research and Development Canada (DRDC) is to develop technologies that improve

the ability of the Canadian Armed Forces (CAF) to detect, quantify, and determine the threat

level of SNM. The Shielding Algorithm System (SAS) software is one such tool, which uses

an improved analysis of gamma ray spectra from radiological sources or SNM to determine

the quantity and threat level of the material. The SAS C++ software calculates the shielding

factor for several combinations of shielding materials, including self-shielding effects. This

algorithm uses a chi-squared minimization routine based on the Minuit code, and had been

previously tested using relatively simple scenarios involving only a single isotope. In this

work, the software was modified to correctly account for sources containing multiple isotopes,

to improve the chi-squared minimization calculations, including a procedure for discarding

outlier peaks entered by the user, as well as modelling concentric spherical shell sources.

Using the measured spectrum from a 789 g sample of reactor grade plutonium, the best-

fit materials and thicknesses were determined by the SAS software, as well as the activity

and mass of the source, which was found to be a mixture of Pu-239, Pu-240, Am-241, and

U-238. Although the plutonium mass was found to be slightly lower than expected, it was

of the same order of magnitude as the actual value. A spectrum from the same 789 g sample

of reactor grade plutonium with an additional 1/4-inch of lead shielding was then analyzed

by the SAS software. Although the top five best-fit materials and thicknesses were not

found to be as expected in this case, the expected geometry was also found by the program,

but ranked with a lower p-value. The latter result is encouraging, but there is more work

to be done to improve analysis of these scenarios involving multiple isotopes and shielding
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layers. Finally, an unknown spectrum from a Canadian Special Operations Force Command

(CANSOFCOM) exercise was analyzed by the SAS software and the source was determined

to be a combination of Pu-239, Pu-240, and Am-241, with 45± 11 kg of plutonium, shielded

by roughly 1 cm of steel. This would indicate an immediate SNM threat, as this amount of

plutonium could be used in a nuclear weapon, and is exactly the type of scenario for which

the SAS program was designed to analyze and identify.

This software tool has demonstrated that an improved estimate of the activity and shield-

ing materials of shielded isotopes can be achieved in realistic scenarios. Further testing of

more complicated spectra is underway in order to implement additional features in the code,

and to improve the calculations and user interface. The final product will then be made

available to the CAF to determine the threat level of SNM, or any radiological material,

encountered in the field.
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1. Introduction

The objective of the Special Nuclear Material (SNM) detection work being conducted at

Defence Research and Development Canada (DRDC) is to develop technologies that improve

the ability of the Canadian Armed Forces (CAF) to detect, quantify, and determine the

threat level of SNM. The Shielding Algorithm System (SAS) software is one such tool,

which uses an improved analysis of gamma ray spectra from radiological sources or SNM

to determine the quantity and threat level of the material. Determining the activity of a

radioactive gamma ray source becomes very difficult when shielding materials are involved,

as the gamma ray spectrum will change significantly in the presence of shielding, with a

reduction in the detected activity of the source. This makes it difficult to determine the

threat level and is especially true for Special Nuclear Material due to self-shielding effects.

The SAS software uses measurements of the shielded spectra, particularly the peak areas, to

determine the shielding materials and calculate the shielding factors, which are then used to

determine the total activity and (for SNM) the enrichment of the source. The program then

determines the most likely isotope(s), activities, and shielding materials that would conform

to all of these parameters. The main focus of this work is for SNM, although the same

calculations will work for all radioactive materials that have several different peak energies

available to measure. Therefore, the program also includes other major isotopes which would

be encountered in the field.
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1.1 Gamma Ray Spectra

The photoelectric effect, coherent (Rayleigh) and incoherent (Compton) scattering, and pair

production are the most relevant interactions for gamma ray spectra. As seen in Figure 1.1,

the photoelectric effect dominates at low energies. The photoelectric effect occurs when an

electron absorbs all the energy of an incident photon, thus ejecting it from the valence shell.

This is a preferable interaction for gamma ray spectroscopy because the measured energy of

the electron by the detector will be equal to the energy of the photon. Rayleigh (coherent)

scattering occurs when the photon is scattered without transferring energy through ionization

or excitation. Compton (incoherent) scattering occurs when only some of the photon’s energy

is transferred to the valence electron and the photon is then scattered. Although the electron

can be ejected, the total energy of the emitted photon is not accurately quantified. This

creates additional features within the spectrum, such as Compton plateaus and edges. Pair

production can only occur when a photon’s energy is greater than 1.022 MeV, resulting in the

annihilation of the photon and the creation of an electron-positron pair. These interactions

all contribute to the attenuation length of gamma rays in a material as well.

The objective of gamma ray spectroscopy is to identify the radioisotopes within a ra-

dioactive source based on their gamma ray emissions and to quantify their activity. The

most common gamma spectrometers are high-purity germanium detectors and sodium io-

dide detectors. Once a gamma ray interacts within the detector, a signal proportional to its

energy is created and then binned using a multichannel analyzer. Each photon represents a

random event within the spectrum and multiple events at approximately the same energy

generate Gaussian peaks. These peaks can be used to identify isotopes by matching known

isotope photopeak energies with the centroid of the measured peaks.

Once an isotope is identified, its activity, I, can be calculated as

I =
CPS

ε× BR×GF
. (1.1)
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Figure 1.1: Photon total cross sections as a function of energy in carbon and lead, showing the
contributions of the different processes [1–3]. The most relevant interactions for gamma ray
spectra are the photoelectric effect (σp.e.), Rayleigh scattering (σRayleigh), Compton scattering
(σCompton) and pair production (κnuc and κe).



4

The detector efficiency (ε), represents the probability of detection for a given photon. Effi-

ciency curves are produced when the efficiency of a detector is plotted as a function of energy,

and these curves vary for different detector configurations. The branching ratio (BR) rep-

resents the probability that the isotope will decay in such a way that results in a gamma

emission at a specific energy. The area under each peak is measured, and the net counts per

second (CPS) can simply be calculated by dividing the peak area by the live-time, and sub-

tracting the corresponding background level CPS within the region of interest. Finally, the

geometry factor (GF) represents the entire system of the measurement, including the source

configuration, any shielding between the source and detector, the detector configuration, and

the distance from the source to detector. The distance effect (as part of the geometry effect)

is inversely proportional to the square of the source-detector distance.

The process of calculating activity changes dramatically when shielding is involved, as

can be seen in Figure 1.2, which shows the spectrum for 789 g of reactor grade plutonium

with no additional shielding material as the black curve, whereas a spectrum for the same

source with an additional 1/4-inch of lead shielding is shown as the blue curve. When a

source is shielded, the intensity of the peaks in the gamma ray spectrum will decrease, with

low-energy peaks being attenuated more than high-energy peaks. Some peaks may disappear

from the spectrum, some peaks may change height drastically, and the count time may need

to increase. In most field cases the shielding material(s) may not be known, and thus are

not accounted for. This will have consequences in scenarios involving the detection of illicit

radiological or nuclear materials.

The decrease in the activity of gamma radiation resulting from passage through a shield-

ing material is described by

I = I0 × SF (1.2)

where I0 is the initial activity of the source, I is the activity after passing through a material
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Figure 1.2: Gamma ray spectra of a 789 g reactor grade plutonium source with no additional
shielding material (black curve) and with an additional 1/4-inch of lead shielding (blue
curve). Note that the live-time of the latter spectrum (735.24 s) is normalized to the live-
time of the bare spectrum (762.58 s).
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of thickness, t, with the shielding factor, SF, given by

SF = e−μt = e−(
μ
ρ )ρt (1.3)

where μ is the linear attenuation coefficient of the material. Dividing the linear attenuation

coefficient by the material’s density gives the mass attenuation coefficient (MAC):

MAC =
μ

ρ
. (1.4)

Given measurements of the net area of each peak, the live-time, detector efficiency, branching

ratio and the source-detector distance, the measured activity is determined from Equation

1.1. The goal of the SAS software is then to calculate the shielding factor from Equation 1.3

and determine the initial activity of the source, I0, from Equation 1.2.

These calculations were implemented in an early version of the SAS software [4], and

a more robust algorithm was later developed and tested [5]. Improvements to the code in

Ref. [5] were implemented and these changes are discussed in Section 2 of this report. Results

from testing the improved version of the SAS software are presented in Section 3, followed

by a summary in Section 4.



2. Improvements to the SAS Software

In the SAS software, as described in Ref. [5], the shielding factors were calculated using

the mass attenuation coefficients for several shielding materials, varying their thicknesses

as the minimization parameter. The best-fit parameters were then passed to a chi-squared

minimization routine based on the Minuit code [6]. Although this algorithm may be a more

brute-force computation than that in Ref. [4], we expect that this will accurately calculate the

shielding factor for a range of material thicknesses, allowing a more accurate determination

of the source activities and uncertainties. Furthermore, this algorithm can be generalized for

the case where multiple shielding materials are present, and can also account for self-shielding

effects.

An example of the user interface for the SAS program is shown in Figure 2.1. For a more

detailed description of the essential features and structure of the SAS code, please refer to

Ref. [5]. In this section, we discuss the changes made to the algorithm and its implementation

in the SAS software.

2.1 Chi-Squared Calculations

The SAS software was tested using a Ra-226 source shielded with 2 inches of lead, as well

as a Pu-239 source of unknown configuration to test the self-shielding calculations in Ref.

[5]. Using these spectra, the activity of the source was determined by the algorithm and

found to agree with the expected values in each case. The best-fit materials and thicknesses

determined by the program were also found to be as expected. This software tool has

demonstrated that an improved estimate of the activity and shielding materials of shielded

7
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Figure 2.1: An example of the user interface for the SAS Program, showing the input values
for the spectrum of 789 g of reactor grade plutonium.
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isotopes is achievable in these relatively simple cases. For details on these results, please

refer to Ref. [5].

However, upon further testing of this code with more complicated spectra, a number

of bugs in the code were found, as well as limitations in the algorithm as implemented.

The results in Ref. [5] were for relatively simple scenarios involving only a single isotope.

However, to calculate enrichment, the code must be able to analyze the spectra from samples

involving multiple isotopes. An attempt was made to analyze a spectrum for a Canadian

Special Operations Force Command (CANSOFCOM) exercise in April 2017. After an initial

analysis using PeakEasy, this spectrum was found to contain energy lines from Pu-239, Pu-

240 and Am-241. However, when using the SAS code to determine the shielding involved in

this scenario, it was discovered that the code was unable to analyze spectra with peaks from

these multiple isotopes. This was due to a bug in the code, which was found and quickly

fixed. The SAS program is now capable of calculating the shielding for spectra containing

up to five isotopes.

However, perhaps a more serious issue with the code was found in the chi-squared calcu-

lations. Although these calculations gave reasonable results for the relatively simple spectra

analyzed in Ref. [5], they were not found to behave as expected for more complicated cases

such as the CANSOFCOM exercise. In Ref. [5], the chi-squared was calculated using the

unshielded activity of the source, I0i, for each energy peak, i. As the activity of the source,

inferred from each peak, should be the same for each peak, a weighted mean was computed to

determine the average activity of the source, denoted Ī0. The chi-squared was then computed

as the minimization function, according to

χ2 =

nE∑
i=1

(
I0i − Ī0

)2
σ2
i

(2.1)

where nE is the number of energy lines and σi are the uncertainties on the values of I0i.

It was decided that a more transparent and correct way of handling the chi-squared
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calculations was to instead use the measured number of counts per second. This quantity,

for peak i of isotope j, is determined by dividing the net area of the peak, Aj
i , by the

live-time, t:

CPSj
i =

Aj
i

t
. (2.2)

This is then compared to the expected (theoretical) number of counts per second by rear-

ranging Eq. 1.1:

CPSj
i,th = εi ×GF× BRj

i × SFj
i × Ī0

j
(2.3)

where εi is the detector efficiency at energy peak i, GF is the geometry factor proportional

to the inverse-square of the source-detector distance, BRj
i is the branching ratio, SFj

i is the

total shielding factor for up to 3 materials, and Ī0
j
is the average unshielded activity for all

peaks of isotope j.

Generalizing the chi-squared calculations to the case in which multiple isotopes are

present, the chi-squared is then calculated as

χ2 =

niso∑
j=1

nE,j∑
i=1

(
CPSj

i − CPSj
i,th

)2
σ2
CPSji

+ σ2
CPSji,th

(2.4)

where niso is the number of isotopes, nE,j is the number of energy peaks for isotope j, and

the uncertainties on the measured and expected counts per second, for peak i of isotope j,

are given by

σCPSji
=

σAj
i

t
(2.5)

and

σCPSji,th
= CPSj

i,th

√(
σεi

εi

)2

+

(σBRj
i

BRj
i

)2

, (2.6)

respectively.

After the above calculations, the SAS program uses the material thicknesses and average

activities, Ī0
j
, that minimize the χ2 value for each set of materials as a starting point for a
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Minuit minimization, which is performed using TMinuit, the implementation of the Minuit

code used in the ROOT [7] library. As the shielding factors always decrease with increas-

ing material thickness, we expect the χ2 function to be reasonably well-behaved, with the

presence of false-minima to be rare. We therefore expect the values of these parameters to

give a good initial estimate as input to Minuit. Minuit further minimizes the χ2 of Equation

2.4 and determines more accurate estimates for the material thicknesses and source activity,

along with uncertainties on these parameters.

2.2 Self-Shielding for a Concentric Spherical Shell

In Ref. [5], the self-shielding factors due to two common source geometries were calculated

and implemented in the SAS code whenever plutonium, uranium, or americium sources were

present. These were a spherical source and a cube-shaped source (assuming that the cube

is viewed face-on to simplify the symmetry in the calculations). Although it is difficult to

model every possible source geometry, the more that are included in the code, the more

likely the program will be able to identify them. For this reason, including the self-shielding

factor due to a concentric spherical shell would be useful, as it is a common shape used in

implosion-type nuclear weapons [8].

We had calculated the self-shielding factors due to a sphere and cube-shaped source in

Ref. [5] and compared them with independent calculations from Ref. [9]. Calculating the

self-shielding factor due to a spherical shell proved to be more difficult, and was non-trivial

using the methods in Ref. [9]. An alternative method of integration, based on Ref. [10], was

used to calculate the self-shielding factor of a spherical shell, which we found to be

SFshell =
3

8μ3Δ(3D2 + 4Δ2 − 6DΔ)

[
2μ2D2 − 4 + 3(2μz + 1)e−2μz + (2μΔ+ 1)e−2μΔ

− 4μ2(D −Δ)2E3(2μΔ) + 4μ2z2E3(2μz)
]
(2.7)
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where z ≡ √
(D −Δ)Δ and the two parameters to be varied by Minuit are D and Δ, the

outer diameter and thickness of the shell, respectively. There are several methods that can

be used to calculate the exponential integral, E3(x) that appears in Equation 2.7. In the

SAS code, we use the recurrence relations given in [11] and the approximation given in [12].

For analogous expressions for the self-shielding factors of a sphere and cube-shaped

source, please see Ref. [5]. In those expressions, only one parameter (the diameter of the

sphere or the edge length of the cube) is involved. However, for the spherical shell, the two

parameters D and Δ are varied to minimize the chi-squared.

2.3 Automated Peak Rejection

The results generated by the SAS program are highly sensitive to the values of the param-

eters entered by the user, such as the peak energies and areas, uncertainties, FWHM and

background measurements, if applicable. These values are currently obtained from PeakEasy

and input manually to the SAS program interface by the user. There are a number of ways

to automatically discard any incorrectly entered data, or energy peaks that are difficult to

analyze. This automated peak rejection feature was added to the SAS program, with warn-

ing messages displayed when any user-selected peaks are discarded from the analysis. Once

the peak data is entered into the SAS interface and the user clicks the “Analyze” button,

the program removes the following peaks:

2.3.1 Peaks that are outside the range of the detector

Detector efficiency is a description of the given characteristics of the gamma ray spectrometer,

and its accuracy of measuring gamma rays over given energy peak ranges. Various detectors

were considered and the detector efficiency curves for each were modelled by fitting a fourth-

order polynomial to calibration data over a given set of energy ranges.
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It is difficult to accurately fit a polynomial over the energy range of an entire spectrum,

so there are currently four sets of energy ranges to describe the efficiency of the detectors.

To ensure that there are no errors when energy peaks between any two neighbouring ranges

are calculated, a check is made to ensure that there is not more than a 5% difference between

the efficiency of one set and its neighbouring set. The uncertainties on the efficiencies are

therefore assumed rather conservatively to be 5%.

If a user-selected peak is found to have an energy below the lower limit of the lowest

energy range (typically � 50 keV) or above the upper limit of the highest energy range

(typically � 1500 keV), then this peak is discarded, as the detector efficiency cannot reliably

be extrapolated in these regions.

2.3.2 Peaks that are below the K-edge energy

At low energies, typically � 100 keV, the contributions from x-ray absorption to the total

cross section becomes sizeable, resulting in a series of edges, as evident in Figure 1.1, the

particular energies of which are unique for each isotope. The edges are labelled according

to the shell the electron originates from, with the highest-energy edge typically called the

K-edge. As the shape of the continuum of the gamma ray spectrum can change drastically

below or near the K-edge energy, we choose to discard any user-selected peaks that are below

this K-edge energy, or within 10 keV above it. The K-edge energies for each isotope in the

SAS program were obtained from Ref. [13].

2.3.3 Peaks that do not fit the shielded activity curve

For the remaining peaks, the SAS program calculates the shielded activity (I in Eq. 1.1) for

each peak of each isotope. The energy-dependence of the shielded activity should be of the

form AEB, for some parameters A and B, so we fit this function to the shielded activity,

I ± σI , and calculate the expected values, Ith, from the fit parameters at each energy, for
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each isotope separately. We then calculate the chi-squared of this fit as

χ2 =

nE,j∑
i=1

(
Ii − Ii,th

σIi

)2

(2.8)

with nE,j − 2 degrees of freedom. If χ2 is greater than some critical value, χ2
c , obtained

from a contingency table (such as Table I.7 in Ref. [14]), then the peak with the largest

contribution to χ2 is discarded and the fit to the shielded activity is repeated until there

are no more peaks rejected. Once this is finished, the SAS program starts iterating over the

different shielding material combinations and thicknesses to calculate the unshielded source

activity, I0. The above steps are helpful as an initial removal of unnecessary peaks, which

speeds up the subsequent steps in the calculations.

2.3.4 Peaks that do not fit the expected CPS

For each material combination, the value of χ2 given by Eq. 2.4 is minimized by scanning

over the material thicknesses and activities. The total number of these fit parameters is

denoted nP . A second chi-squared test is then performed, comparing this value of χ2 with

the critical value, χ2
c , from a contingency table, similar to the previous step. If χ2 > χ2

c

for (
∑niso

j=1 nE,j)− nP degrees of freedom, then the peak among all isotopes with the largest

contribution to χ2 is discarded and χ2 is calculated again. This test is repeated until there

are no more peaks rejected. This essentially removes the peaks that contribute the most to

the chi-squared, thus improving the fit to the remaining peaks.

2.4 User Output

A number of minor changes to the user output were added to the SAS software. In addition

to the warning messages described above when peaks are discarded, the output dialog and

output files were modified to give the user more useful information.
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The user can select one of two output modes when running the SAS software. “Print”

mode (enabled by default) generates a dialog box and output file that give the user only the

essential information. This includes the geometry (size and shape of the source and shielding

materials), the activity, mass and enrichment of the isotopes involved for the top five best-fit

material configurations, sorted by p-value. “Debug” mode gives more verbose output in a

separate file that is useful to examine the calculations in more detail and to diagnose errors.

As the calculations have undergone significant improvements since Ref. [5], there have been

significant changes to this output. These include adding the distance correction factor to

the output, adding details on the outlier peak rejection steps, including generating plots

such as Figures 3.2 and 3.3, and a detailed summary of the input and output parameters to

Minuit. A list of all the material configurations considered, not simply those with the top

five p-values, is also included.

2.5 Documentation

Documentation for the SAS software was generated using Doxygen version 1.8.13 [15], and

is located in the /SAS/documentation folder of the source code. This includes a full list

of the C++ classes and methods in the code, in .html and .pdf formats. Upkeep of the

documentation is ongoing as further changes to the code are being made. Version control

of the code is being handled by a GIT repository, stored on the DRDC Ottawa Research

Centre Linux RAD cluster.



3. SAS Test Results

Gamma ray spectra using various isotopes, shielding materials, and detectors were obtained

at DRDC Ottawa Research Centre for the purposes of testing the SAS software. The

PeakEasy software (version 4.91) [16] was used to measure the peak areas and FWHM

of these spectra. In this section we present results of the SAS software using some of these

measurements as input.

3.1 Reactor Grade Plutonium, Bare

To test the SAS software, a spectrum from 789 g of reactor grade plutonium from Canadian

Nuclear Laboratories in Chalk River, with no additional shielding materials, shown as the

black curve in Figure 1.2, was analyzed. This spectrum has very well-defined peaks and a

very low background, which makes it ideal for testing the SAS software. The peak areas were

determined from PeakEasy, and the resulting values are given in Table 3.1. This scenario

differs from that studied in Ref. [5], as the latter only included peaks from Pu-239. In the

present case, peaks due to Pu-240, Am-241 and U-238 were also included in order to test the

ability of the SAS software to analyze multiple isotopes, as well as to test the self-shielding

calculations. The peak energies, branching ratios (taken from the Laboratoire National Henri

Becquerel database [17], except for some that were taken from the Brookhaven National

Laboratory National Nuclear Data Center [18]), their measured areas and uncertainties, as

well as the FWHM values from PeakEasy are given in Table 3.1, along with a description

of which peaks are rejected following the criteria described in Section 2.3. When the SAS

program is run, a warning message appears in the event that any peaks have been discarded,

16
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Figure 3.1: Warnings generated by the SAS program for the reactor grade plutonium scenario
with no additional shielding materials, indicating which peaks were discarded following the
criteria described in Section 2.3.

as shown in Figure 3.1.

Figure 3.2 shows the results of fitting the shielded activity to a function of the form

AEB, for free parameters A and B, in this case for the Pu-239 peaks. The left panel clearly

shows an outlier at 332.84 keV, which is removed as it is found to contribute the most to the

chi-squared of the fit to AEB given by Eq. 2.8 with χ2 = 84.259. This χ2 is greater than the

critical value of the chi-squared for outlier rejection, χ2
c = 15.086 for 5 degrees of freedom

at 99% confidence level. The outlier is removed and the fit is performed again, as shown

in the right panel. There are no further outliers for the Pu-239 isotope, as we now have
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Table 3.1: Peak energies and areas for the reactor grade plutonium spectrum with no ad-
ditional shielding (black curve in Figure 1.2), obtained from PeakEasy and used as input
for the SAS program. The live-time was 762.58 s and the Detective EX detector was at a
distance of 137 cm. The final column indicates which peaks were discarded following the
criteria described in Section 2.3.

Isotope Energy BR Area FWHM Peak

(keV) (×10−3 %) (counts) (keV) Rejection

Pu-239 98.44 7.96 ± 0.20 78,514.5 ± 555.1 1.42 below K-edge (121.79 keV)

129.30 6.31 ± 0.04 25,402.1 ± 370.7 1.31 near K-edge (121.79 keV)

203.55 0.563 ± 0.009 12,218.3 ± 322.7 1.34

332.84 0.488 ± 0.008 48,478.0 ± 309.6 1.56 does not fit shielded activity

345.01 0.548 ± 0.008 32,999.4 ± 266.6 1.46

375.05 1.540 ± 0.021 105,535.5 ± 381.7 1.55

393.14 0.540 ± 0.033 39,140.9 ± 250.5 1.68

413.71 1.464 ± 0.021 109,660.4 ± 358.9 1.55

451.48 0.187 ± 0.003 14,738.9 ± 164.9 1.52

Pu-240 45.24 46.2 ± 0.9 726.9 ± 301.4 1.32 below K-edge (121.79 keV)

160.31 0.4045 ± 0.0022 3,915.9 ± 411.9 1.99

642.34 0.0126 ± 0.0003 1,128.5 ± 80.2 1.87

Am-241 59.54 35,920 ± 170 46,026.6 ± 360.2 1.30 below K-edge (124.986 keV)

125.30 4.1 ± 0.2 13,149.3 ± 361.9 1.29 near K-edge (124.986 keV)

208.00 0.786 ± 0.009 103,364.9 ± 429.5 1.40 does not fit shielded activity

368.62 0.214 ± 0.005 21,287.4 ± 237.8 1.59

662.40 0.367 ± 0.006 35,659.9 ± 199.5 1.70

721.96 0.196 ± 0.005 18,984.0 ± 149.4 1.77

U-238 766.36 323 ± 4 1,914.1 ± 68.2 2.07 does not fit shielded activity

786.27 55.415 ± 0.700 257.8 ± 47.0 1.76

1001.03 847 ± 8 4,083.6 ± 71.0 1.87

1510.22 13.08 ± 0.19 125.2 ± 22.7 2.00

1737.77 21.4 ± 0.3 178.8 ± 20.6 1.98 outside detector range
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Figure 3.2: Fitting a function of the form AEB to the shielded activity for the Pu-239
isotope. The left panel clearly shows an outlier at 332.84 keV, and the right panel shows the
improved fit after removing this outlier.

χ2 = 8.754 < χ2
c = 13.277 for 4 degrees of freedom at 99% confidence level. This procedure

is also done for the other isotopes (Pu-240, Am-241 and U-238 in this case). The next step of

scanning over the thicknesses of different combinations of shielding materials then proceeds

with the remaining peaks. For each of these configurations, some of these remaining peaks

will be removed using a chi-squared test of the counts per second, as described in Section

2.3.4.

This spectrum was measured with no additional shielding materials, so the only contri-

bution to the shielding factor should be from the self-shielding of the source. Figure 3.3

shows the initial estimate of the self-shielding thickness obtained by minimizing the χ2 for

each self-shielding geometry in the single-material case. For the spherical source (left panel)

this thickness corresponds to the sphere’s diameter of 0.5 cm, and for the cube source (right

panel) this thickness corresponds to the cube’s edge length of 0.4 cm. These values are used

as input for the next step in the minimization using Minuit.
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Figure 3.3: χ2 for the spherical and cube-shaped self-shielding configurations. For the spher-
ical source (left panel), the initial estimate of the thickness (diameter of the sphere) that
minimizes the χ2 is determined to be 0.5 cm. For the cube-shaped source (right panel), the
initial estimate of the thickness (edge length of the cube) that minimizes the χ2 is determined
to be 0.4 cm.

Figure 3.4 summarizes the output of the SAS code for this case. As expected, the two

most likely shielding material combinations are those in which only the self-shielding is

present, either the cube or sphere. The spherical shell did not model this situation very well,

as its error in the thickness parameter was found to be very large. Minuit gave negative

values for the thicknesses in all of the 2- and 3-material combinations, so these unphysical

results were not printed.

A 789 g plutonium source, assuming metallic plutonium with a density of 19.86 g/cm3,

corresponds to a sphere of diameter 4.2 cm or a cube of edge length 3.4 cm. The thickness

values given in Figure 3.4 are somewhat lower than these expected values, which indicates

that the shape of the source may not be spherical or a cube viewed face-on. For example,

it may have been disk-shaped or rod-shaped or oriented in such a way that there is less
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################
SAS FINAL REPORT
################

Date: 18/Oct/2017
Time: 08:54:31

User: Ken Moats
Isotope Name: Reactive_Pu_789g_Bare_137cm_762s_morelines

---------------------
Location Information:
---------------------

X-Coordinate: None
Y-Coordinate: None

Location Description:
None

--------------------
Detector Information
--------------------

User: Ian_Watson
Detector Type: HPGeDetector

Date Calibrated: 15/Feb/2016
Time Calibrated:: 14:18:07

-----------------------------
Data Acquisition Information:
-----------------------------

Distance: 137 cm
Time: 762.58 s

========
RESULTS:
========
==================================================================
Shielding Configuration 1, chi2 = 3.773, Ndof = 6, p-value = 0.707
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube              0.35              0.05     (Edge Length)

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 7.81E+11 8.61E+10 3.41E+02 3.76E+01 8.89E+01 2.14E+00
Pu240 3.57E+11 6.73E+10 4.24E+01 7.98E+00 1.11E+01 2.14E+00
Pu Total 1.14E+12 1.09E+11 3.84E+02 3.84E+01

Am241 1.10E+12 9.24E+10 8.66E+00 7.28E-01

U238 6.02E+07 3.88E+06 4.86E+03 3.13E+02

==================================================================
Shielding Configuration 2, chi2 = 4.107, Ndof = 6, p-value = 0.662
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
  Plutonium_Sphere              0.51              0.08        (Diameter)

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 8.05E+11 9.57E+10 3.51E+02 4.18E+01 8.95E+01 2.19E+00
Pu240 3.49E+11 6.97E+10 4.14E+01 8.27E+00 1.05E+01 2.19E+00
Pu Total 1.15E+12 1.18E+11 3.93E+02 4.26E+01

Am241 1.13E+12 1.04E+11 8.91E+00 8.19E-01

U238 6.15E+07 4.23E+06 4.96E+03 3.41E+02

Figure 3.4: Report information and shielding configurations and activities for the 789 g
reactor grade plutonium spectrum with no additional shielding, obtained from the Minuit
minimization of the SAS program, and sorted by p-value.
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shielding material along the line of sight from the source to the detector than in these simple

cases. This suggests that the assumed geometry is not correct, so it would not be surprising

if the mass estimate does not quite match the expected value, which we will see below.

We see that the cube source gives a slightly better fit to the data than the spherical source

(higher p-value of 0.707 compared to 0.662), with total plutonium masses of 384± 38 g and

393 ± 43 g, respectively, and enrichments of 88.9 ± 2.1 % and 89.5 ± 2.2 %, respectively.

For a 789 g sample of Plutonium oxide (PuO2), we would expect roughly 700 g of Pu to be

present. Although the SAS program tends to underestimate the mass in this case, it gives

the same order of magnitude as the actual value, which is encouraging.

3.2 Reactor Grade Plutonium with 1/4-Inch Lead

Shielding

The results of the previous section demonstrate that the self-shielding can be calculated for

a relatively simple configuration and a well-defined spectrum with a low background. To

test the program with additional shielding materials, a spectrum from 789 g of reactor grade

Plutonium with an additional 1/4-inch of lead shielding, obtained from Canadian Nuclear

Laboratories in Chalk River, shown as the blue curve in Figure 1.2, was analyzed. Once

again, the peak areas were determined from PeakEasy, and the resulting values are given in

Table 3.2. We see that the appearance of this spectrum changes dramatically, as many of

the lower energy peaks have disappeared in the presence of the additional lead shielding.

Figures 3.5-3.6 summarize the output of the SAS code for this case. We see that the size

of the source geometry for the top five configurations is significantly larger than in the case of

the bare spectrum of Section 3.1, resulting in much larger mass values. However, examining

the verbose output file in more detail shows the expected result, a 0.96 ± 0.76 cm cube

source with 0.53± 0.09 cm of lead shielding, ranked further down the list as the 11th most
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Table 3.2: Peak energies and areas for the reactor grade plutonium spectrum with 1/4-inch
lead shielding (blue curve in Figure 1.2), obtained from PeakEasy and used as input for the
SAS program. The live-time was 735.24 s and the Detective EX detector was at a distance
of 137 cm. The final column indicates which peaks were discarded following the criteria
described in Section 2.3.

Isotope Energy BR Area FWHM Peak

(keV) (×10−3 %) (counts) (keV) Rejection

Pu-239 332.84 0.488 ± 0.008 5,460.8 ± 141.1 1.57 does not fit shielded activity

345.01 0.548 ± 0.008 4,340.0 ± 129.6 1.43

375.05 1.540 ± 0.021 18,536.0 ± 176.3 1.57

393.14 0.540 ± 0.033 7,607.7 ± 135.5 1.70

413.71 1.464 ± 0.021 24,002.7 ± 181.4 1.53

451.48 0.187 ± 0.003 3,954.7 ± 105.4 1.51

Pu-240 642.34 0.0126 ± 0.0003 454.8 ± 67.3 1.77

Am-241 368.62 0.214 ± 0.005 3,185.0 ± 130.0 1.53

662.40 0.367 ± 0.006 16,745.9 ± 140.2 1.71

721.96 0.196 ± 0.005 9,157.2 ± 108.3 1.77

U-238 742.18 97.12 ± 3.00 217.9 ± 40.7 1.23 does not fit shielded activity

766.36 323 ± 4 1,313.5 ± 56.9 1.80

786.27 55.415 ± 0.700 188.6 ± 40.3 1.54

1001.03 847 ± 8 3,866.1 ± 68.2 1.85

1510.22 13.08 ± 0.19 104.3 ± 21.4 2.25

1737.77 21.4 ± 0.3 165.4 ± 20.1 2.03 outside detector range
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################
SAS FINAL REPORT
################

Date: 18/Oct/2017
Time: 09:11:02

User: Ken Moats
Isotope Name: Reactive_Pu_789g_Pb_Quarter_Inch_137cm_735s

---------------------
Location Information:
---------------------

X-Coordinate: None
Y-Coordinate: None

Location Description:
None

--------------------
Detector Information
--------------------

User: Ian_Watson
Detector Type: HPGeDetector

Date Calibrated: 15/Feb/2016
Time Calibrated:: 14:18:07

-----------------------------
Data Acquisition Information:
-----------------------------

Distance: 137 cm
Time: 735.24 s

========
RESULTS:
========

==================================================================
Shielding Configuration 1, chi2 = 3.378, Ndof = 4, p-value = 0.497
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
  Plutonium_Sphere             44.08             13.21        (Diameter)
         Beryllium             18.28              1.53

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 2.13E+14 6.64E+13 9.32E+04 2.90E+04 7.82E+01 7.78E+00
Pu240 2.20E+14 7.31E+13 2.61E+04 8.67E+03 2.18E+01 7.78E+00
Pu Total 4.33E+14 9.87E+13 1.19E+05 3.03E+04

Am241 2.59E+14 7.70E+13 2.04E+03 6.07E+02

U238 1.49E+10 4.30E+09 1.20E+06 3.47E+05

==================================================================
Shielding Configuration 2, chi2 = 3.529, Ndof = 4, p-value = 0.474
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             54.51             16.41     (Edge Length)
Concrete_Shielding              8.07              0.76

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 4.55E+14 1.48E+14 1.99E+05 6.48E+04 8.35E+01 6.36E+00
Pu240 3.30E+14 1.08E+14 3.92E+04 1.28E+04 1.65E+01 6.36E+00
Pu Total 7.85E+14 1.84E+14 2.38E+05 6.61E+04

Am241 3.82E+14 1.10E+14 3.01E+03 8.64E+02

U238 2.14E+10 6.04E+09 1.73E+06 4.87E+05

Figure 3.5: Report information and the first two best-fit shielding configurations and ac-
tivities for the 789 g reactor grade plutonium spectrum with an additional 1/4-inch of lead
shielding, obtained from the Minuit minimization of the SAS program, and sorted by p-value.
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==================================================================
Shielding Configuration 3, chi2 = 3.627, Ndof = 4, p-value = 0.459
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
  Plutonium_Sphere            944.07            278.72        (Diameter)
Concrete_Shielding              8.45              0.76

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 6.09E+15 2.04E+15 2.66E+06 8.89E+05 8.42E+01 6.26E+00
Pu240 4.21E+15 1.39E+15 5.00E+05 1.65E+05 1.58E+01 6.26E+00
Pu Total 1.03E+16 2.46E+15 3.16E+06 9.04E+05

Am241 4.86E+15 1.41E+15 3.83E+04 1.11E+04

U238 2.67E+11 7.58E+10 2.15E+07 6.11E+06

==================================================================
Shielding Configuration 4, chi2 = 5.767, Ndof = 5, p-value = 0.330
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             35.79             10.14     (Edge Length)
          Aluminum             11.72              0.91

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 2.83E+14 8.27E+13 1.23E+05 3.61E+04 7.90E+01 7.19E+00
Pu240 2.77E+14 8.83E+13 3.29E+04 1.05E+04 2.10E+01 7.19E+00
Pu Total 5.60E+14 1.21E+14 1.56E+05 3.76E+04

Am241 3.28E+14 9.25E+13 2.58E+03 7.28E+02

U238 1.86E+10 5.08E+09 1.50E+06 4.10E+05

==================================================================
Shielding Configuration 5, chi2 = 5.850, Ndof = 5, p-value = 0.321
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             39.66             11.24     (Edge Length)
          Concrete             13.06              1.01

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 3.20E+14 9.37E+13 1.40E+05 4.09E+04 7.90E+01 7.18E+00
Pu240 3.13E+14 9.98E+13 3.72E+04 1.18E+04 2.10E+01 7.18E+00
Pu Total 6.33E+14 1.37E+14 1.77E+05 4.26E+04

Am241 3.71E+14 1.05E+14 2.92E+03 8.23E+02

U238 2.10E+10 5.73E+09 1.69E+06 4.62E+05

Figure 3.6: The third to fifth best-fit shielding configurations and activities for the 789 g
reactor grade plutonium spectrum with an additional 1/4-inch of lead shielding, obtained
from the Minuit minimization of the SAS program, and sorted by p-value.
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   Material 1        T1 (cm)          Material 2     T2 (cm)    Material 3   T3 (cm)       chi^2   dof        p-value

   Plutonium_Cube    0.956474 +/- 0.762456           Lead           0.534544 +/- 0.0879249     N/A      0 +/- 0     6.63914     4       0.156232
              

Isotope                Activity (Bq)                  Mass (g)              Mass Fraction (%)

             Pu239         1.65909e+12 +/- 1.19284e+12        724.492 +/- 520.889        80.6388 +/- 14.8758
             Pu240         1.46639e+12 +/- 9.16818e+11        173.949 +/- 108.757        12.1051 +/- 9.30065
             Pu Total      1.46639e+12 +/- 9.16818e+11        898.441 +/- 532.122        
               

Am241         2.27071e+12 +/- 1.6437e+12         17.8796 +/- 12.9426       

             U238          1.42473e+08 +/- 6.92298e+07        11489.8 +/- 5583.05         

Figure 3.7: A portion of the verbose output for the 789 g reactor grade plutonium spectrum
with an additional 1/4-inch of lead shielding, obtained from the Minuit minimization of
the SAS program. The configuration with a cube source and additional lead shielding was
found to have a lower (but still reasonable) p-value than the top five configurations shown
in Figures 3.5-3.6, but the material thicknesses and isotope mass for this case were found to
be as expected.

likely combination (see Figure 3.7), but with a reasonable p-value. This configuration gives

a plutonium mass of 898± 532 g, consistent with the expected value, and an enrichment of

80.6±14.9 %. While this is encouraging, we see that for this spectrum the SAS program has

difficulty finding the correct solution and ranking it properly above the others. Furthermore,

the relative uncertainties tend to be larger than they are for the bare spectrum analyzed in

Section 3.1. This is likely due to the fact that several of the low-energy peaks are missing

from the spectrum in the presence of additional shielding. The SAS program therefore needs

to make better use of the remaining higher-energy peaks, which is difficult as they suffer

from lower statistics. More sophisticated techniques, such as an automated background

subtraction and discarding interfering peaks, will likely help in scenarios such as these. Part

of the issue with plutonium can be having peaks too close together in energy, so we also need

to add more peaks to the SAS software. The addition of all available peaks should help,

especially higher-energy, lower-BR peaks. These techniques are worth investigating further

to improve the SAS program.
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3.3 CANSOFCOM Exercise Data

As a further test of the SAS program, the spectrum shown in Figure 3.8 of an unknown source

from a CANSOFCOM exercise was re-analyzed after the improvements to the SAS program

were implemented. The corresponding peak energies, branching ratios, their measured areas

and uncertainties, as well as the FWHM values from PeakEasy are given in Table 3.3.

Figure 3.8: Gamma ray spectrum of an unknown source from a CANSOFCOM exercise.
The live-time was 1148.1 s and the Detective EX detector was at a distance of 50 cm.

Figures 3.9-3.10 summarize the output of the SAS code for this case. We see that the

top five best-fit scenarios are consistent with a sphere or cube of plutonium of roughly 20-

30 cm in size, with minimal shielding (∼ 1 cm of steel), with the most likely configuration

corresponding to 45±11 kg of plutonium. This scenario would be an immediate SNM threat,
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Table 3.3: Peak energies and areas for the CANSOFCOM exercise spectrum from Figure 3.8,
obtained from PeakEasy and used as input for the SAS program. The live-time was 1148.1 s
and the Detective EX detector was at a distance of 50 cm. The final column indicates which
peaks were discarded following the criteria described in Section 2.3.

Isotope Energy BR Area FWHM Peak

(keV) (×10−3 %) (counts) (keV) Rejection

Pu-239 129.30 6.31 ± 0.04 289,816.0 ± 1,126.6 1.61 near K-edge (121.79 keV)

203.55 0.563 ± 0.009 112,646.0 ± 841.5 1.59 does not fit shielded activity

332.84 0.488 ± 0.008 324,830.5 ± 764.5 1.69

345.01 0.548 ± 0.008 295,509.7 ± 720.3 1.56

375.05 1.540 ± 0.021 960,362.7 ± 1,074.1 1.60

393.14 0.540 ± 0.033 371,370.8 ± 703.4 1.75

413.71 1.464 ± 0.021 1,053,568.0 ± 1,066.4 1.63

451.48 0.187 ± 0.003 150,679.4 ± 440.8 1.62

Pu-240 104.23 0.714 ± 0.070 473,909.1 ± 1512.7 1.70 below K-edge (121.79 keV)

160.31 0.4045 ± 0.0022 24,144.1 ± 1148.2 2.26

Am-241 59.54 35920 ± 170 807,921.9 ± 1359.3 1.65 below K-edge (124.986 keV)

125.30 4.1 ± 0.2 53,808.4 ± 1072.4 1.82 near K-edge (124.986 keV)

208.00 0.786 ± 0.009 406,379.3 ± 984.5 1.61 does not fit shielded activity

368.62 0.214 ± 0.005 81,267.6 ± 519.2 1.63 does not fit shielded activity

662.40 0.367 ± 0.006 78,977.1 ± 303.0 1.77

721.96 0.196 ± 0.005 45,474.0 ± 234.7 1.81
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################
SAS FINAL REPORT
################

Date: 18/Oct/2017
Time: 09:26:35

User: Ken Moats
Isotope Name: Ex_Va17

---------------------
Location Information:
---------------------

X-Coordinate: None
Y-Coordinate: None

Location Description:
None

--------------------
Detector Information
--------------------

User: Ian_Watson
Detector Type: HPGeDetector

Date Calibrated: 15/Feb/2016
Time Calibrated:: 14:18:07

-----------------------------
Data Acquisition Information:
-----------------------------

Distance: 50 cm
Time: 1148.1 s

========
RESULTS:
========

==================================================================
Shielding Configuration 1, chi2 = 0.410, Ndof = 3, p-value = 0.938
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             23.21              6.67     (Edge Length)
             Steel              1.12              0.33

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 8.69E+13 2.49E+13 3.80E+04 1.09E+04 8.38E+01 7.07E+00
Pu240 6.17E+13 2.69E+13 7.32E+03 3.19E+03 1.62E+01 7.07E+00
Pu Total 1.49E+14 3.66E+13 4.53E+04 1.13E+04

Am241 1.61E+13 4.32E+12 1.27E+02 3.40E+01

==================================================================
Shielding Configuration 2, chi2 = 0.411, Ndof = 3, p-value = 0.938
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
  Plutonium_Sphere             28.79              8.27        (Diameter)
             Steel              1.12              0.33

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 7.19E+13 2.06E+13 3.14E+04 9.00E+03 8.38E+01 7.07E+00
Pu240 5.10E+13 2.22E+13 6.05E+03 2.64E+03 1.62E+01 7.07E+00
Pu Total 1.23E+14 3.03E+13 3.74E+04 9.37E+03

Am241 1.33E+13 3.57E+12 1.05E+02 2.81E+01

Figure 3.9: Report information and the first two best-fit shielding configurations and activi-
ties for the CANSOFCOM exercise spectrum, obtained from the Minuit minimization of the
SAS program, and sorted by p-value.
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==================================================================
Shielding Configuration 3, chi2 = 0.496, Ndof = 3, p-value = 0.920
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             26.61              7.53     (Edge Length)
Concrete_Shielding              1.30              0.47

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 7.17E+13 1.98E+13 3.13E+04 8.65E+03 7.69E+01 1.14E+01
Pu240 7.91E+13 4.56E+13 9.38E+03 5.41E+03 2.31E+01 1.14E+01
Pu Total 1.51E+14 4.97E+13 4.07E+04 1.02E+04

Am241 1.38E+13 3.68E+12 1.08E+02 2.90E+01

==================================================================
Shielding Configuration 4, chi2 = 0.497, Ndof = 3, p-value = 0.920
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
  Plutonium_Sphere             33.00              9.34        (Diameter)
Concrete_Shielding              1.30              0.47

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 5.93E+13 1.64E+13 2.59E+04 7.16E+03 7.69E+01 1.14E+01
Pu240 6.54E+13 3.78E+13 7.76E+03 4.48E+03 2.31E+01 1.14E+01
Pu Total 1.25E+14 4.12E+13 3.36E+04 8.44E+03

Am241 1.14E+13 3.05E+12 8.97E+01 2.40E+01

==================================================================
Shielding Configuration 5, chi2 = 0.575, Ndof = 3, p-value = 0.902
==================================================================

     Material         Thickness         Thickness     
                                       Uncertainty    
                         (cm)              (cm)       
     --------         ---------         ---------     
    Plutonium_Cube             29.42              8.35     (Edge Length)
          Tungsten              0.06              0.03

     Isotope           Activity          Activity            Mass              Mass          MassPercent       MassPercent    

                                       Uncertainty                         Uncertainty                         Uncertainty    

                         (Bq)              (Bq)              (g)               (g)               (%)               (%)        

     -------           --------          --------            ----              ----          -----------       -----------    

Pu239 6.25E+13 1.73E+13 2.73E+04 7.57E+03 7.24E+01 1.47E+01
Pu240 8.74E+13 5.96E+13 1.04E+04 7.07E+03 2.76E+01 1.47E+01
Pu Total 1.50E+14 6.20E+13 3.76E+04 1.04E+04

Am241 1.23E+13 3.42E+12 9.70E+01 2.70E+01

Figure 3.10: The third to fifth best-fit shielding configurations and activities for the CAN-
SOFCOM exercise spectrum, obtained from the Minuit minimization of the SAS program,
and sorted by p-value.
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as this amount of plutonium could be used in a nuclear weapon.

Further modifications to the SAS program, such as an automated background subtraction

and discarding interfering peaks as mentioned in Section 3.2, as well as including more peaks,

will likely help improve these results.

3.4 Future Improvements

There are a number of improvements that must be made to the SAS software, including test-

ing, before releasing a final product for use by the CAF. For example, rather than requiring

a separate background measurement, the calculations can be improved by implementing

an automated background subtraction for SNM, as well as interference subtraction. Some

peaks are extremely close to each other, and can contribute to the net peak area calculated

in PeakEasy and entered into the SAS program, so in order to make better use of the entire

spectrum, the compensation for these interfering peaks is important. For example, ambi-

ent background peaks (typically U, Th daughters and K-40) occur from isotopes being in

equilibrium with the parent isotopes. Processed SNM, however, no longer has isotopes in

equilibrium, and therefore many peak interferences can be compensated for by using the

main peaks of these isotopes to calculate the correct background interference. This effect

can be separated from the general analysis as there will be no shielding effects.

Other possible improvements to the code include adding additional energy peaks for all

isotopes, incorporating additional isotopes from n − γ interactions, and isotopes such as

Np-237 and U-233, which are potential SNM threats that may be encountered in the field.

It is expected that improvements to the calculations and to the SAS algorithm itself will

arise from further testing, both at DRDC and by the CAF. The program interface will also

be improved to allow for ease of data entry and elimination of possible errors, especially as

more users begin to input values.



4. Summary

The objective of the SNM detection work being conducted at DRDC is to develop technolo-

gies that improve the ability of the CAF to detect, quantify, and determine the threat level

of SNM. The SAS software is one such tool, which uses an improved analysis of gamma ray

spectra from radiological sources or SNM to determine the quantity and threat level of the

material. The SAS C++ software calculates the shielding factor for several combinations of

shielding materials, including self-shielding effects. This algorithm uses a chi-squared mini-

mization routine based on the Minuit code, and had been previously tested using relatively

simple scenarios involving only a single isotope. In this work, the software was modified to

correctly account for sources containing multiple isotopes, to improve the chi-squared mini-

mization calculations, including a procedure for discarding outlier peaks entered by the user,

as well as modelling concentric spherical shell sources.

Using the measured spectrum from a 789 g sample of reactor grade plutonium, the best-

fit materials and thicknesses were determined by the SAS software, as well as the activity

and mass of the source, which was found to be a mixture of Pu-239, Pu-240, Am-241, and

U-238. Although the plutonium mass was found to be slightly lower than expected, it was of

the same order of magnitude as the actual value. A spectrum from the same 789 g sample of

reactor grade plutonium with an additional 1/4-inch of lead shielding was then analyzed by

the SAS software. Although the top five best-fit materials and thicknesses were not found

to be as expected in this case, the expected geometry was also found by the program, but

ranked with a lower p-value. The latter result is encouraging, but there is more work to be

done to improve analysis of these scenarios involving multiple isotopes and shielding layers.

Finally, an unknown spectrum from a CANSOFCOM exercise was analyzed by the SAS

32
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software and the source was determined to be a combination of Pu-239, Pu-240, and Am-

241, with 45 ± 11 kg of plutonium, shielded by roughly 1 cm of steel. This would indicate

an immediate SNM threat, as this amount of plutonium could be used in a nuclear weapon,

and is exactly the type of scenario for which the SAS program was designed to analyze and

identify.

This software tool has demonstrated that an improved estimate of the activity and shield-

ing materials of shielded isotopes can be achieved in realistic scenarios. Further testing of

more complicated spectra is underway in order to implement additional features in the code,

and to improve the calculations and user interface. The final product will then be made

available to the CAF to determine the threat level of SNM, or any radiological material,

encountered in the field.
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Les travaux sur la détection des matières nucléaires spéciales (MNS) menés à Recherche et
développement pour la défense Canada (RDDC) visent à développer des technologies qui
renforcent la capacité des Forces armées canadiennes (FAC) à détecter les matières nucléaires
spéciales, à les quantifier et à déterminer leur niveau de menace. Le logiciel d’analyse par
algorithme des blindages (Shielding Algorithm System, SAS) est un outil qui utilise l’analyse
améliorée des spectres de rayonnement gamma provenant de sources radiologiques ou de
MNS pour déterminer la quantité de matériau et son niveau de menace. Le logiciel SAS
C++ calcule le facteur de blindage de plusieurs combinaisons de matériaux de blindage, y
compris les effets d’auto-blindage. L’algorithme utilise la méthode de minimisation du test du chi 
carré fondée sur le code Minuit et il a déjà été mis à l’essai en fonction de scénarios simples
comprenant un seul isotope. Le logiciel a été modifié au cours des travaux pour qu’il tienne
compte correctement des sources contenant de multiples isotopes et ainsi améliorer les calculs 
de minimisation du test du chi carré, y compris une procédure pour éliminer les pics aberrants
entrés par l’utilisateur, en plus de modéliser des sources sphériques à couches concentriques.
À l’aide du spectre mesuré d’un échantillon de 789 g de plutonium à teneur nucléaire, le logiciel
SAS a permis de déterminer les meilleurs matériaux et épaisseurs, ainsi que l’activité et la
masse de la source qui a été déterminée être une combinaison de Pu-239, Pu-240, Am-241 et 
U-238. Bien que la masse calculée de plutonium a été légèrement inférieure à celle



  

  

attendue, elle était tout de même de même ordre de grandeur que la valeur réelle. Un spectre
du même échantillon de 789 g de plutonium à teneur nucléaire muni d’un blindage
supplémentaire de ¼ de pouce de plomb a ensuite été analysé à l’aide du logiciel SAS. Même
si les cinq meilleurs matériaux et épaisseurs n’ont pas été ceux auxquels on s’attendait dans ce
cas, la géométrie attendue a également été trouvée par le programme, mais classée avec une 
valeurde p inférieure. Ce dernier résultat est encourageant, mais d’autres travaux doivent être
faits pour améliorer l’analyse des scénarios comprenant de multiples isotopes et couches de
blindage. Enfin, un spectre inconnu obtenu à la suite d’un exercice du 
Commandement – Forces d'opérations spéciales du Canada (COMFOSCAN) a été analysé à
l’aide du logiciel SAS et la source a été déterminée comme étant composée de Pu-239, de 
Pu-240 et d’Am-241, avec 45+/-11 kg de plutonium, blindé par une couche d’environ 1 cm 
d’épaisseur d’acier. Ce résultat serait vu comme une menace immédiate provenant de MNS,
puisque cette quantité de plutonium pourrait être utilisée dans une arme nucléaire; c’est
exactement le type de scénario à analyser pour lequel le logiciel SAS a été développé. Le 
logiciel a démontré qu’il est possible de produire une meilleure estimation de l’activité des
isotopes blindés et de la nature des matériaux de blindage pour des scénarios réalistes.
D’autres essais sur des spectres plus complexes sont en cours afin d’intégrer des facteurs
supplémentaires au code et d’améliorer les calculs et l’interface utilisateur. Le produit final sera
à la disposition des FAC qui s’en serviront pour déterminer le niveau de menace de MNS ou de
tout matériau radiologique rencontré sur le terrain 
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