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Zusammenfassung

Die Überlagerung von Spektren verschiedener Quellen und damit verbundene sogenannte Inter-

ferenzerscheinungen können die Nuklididentifizierung in der Gammaspektrometrie entscheidend

beeinflussen. Dieses Phänomen wird in der vorliegenden Arbeit experimentell und in Simula-

tionen untersucht. Die Ergebnisse sind speziell vom verwendeten Detektor und ebenso von der

Identifikationssoftware abhängig. Durch die Kombination von Spektren verschiedener Isotope

werden unterschiedliche Szenarien entwickelt. Die Spektren werden mit Hilfe einer im Rahmen

des NUCLEONICA Webportals entwickelten Simulationssoftware, dem Gamma Spectrum Ge-

nerator, und einem MCNP-basierten Monte-Carlo Rechner, dem easy Monte Carlo Programm,

modelliert. Vor der Benutzung der NUCLEONICA Programme werden sie mit Messergebnissen

validiert. Ein Vergleich zu experimentellen Spektren von Punktquellen und ausgedehntem nu-

klearen Referenzmaterial, gemessen mit einem Natrium-Iodid Szintillationsdetektor, zeigt, dass

die Simulationen für eine Behandlung der Interferenzszenarien exakt genug sind. Entsprechend

der unterschiedlichen Eigenschaften von Gammaspektren sind verschiedene Arten von Inter-

ferenzen möglich. Es wird beobachtet, dass sich Spektren im Bereich der Photopeaks, sowie

im Backscatter Bereich und im Compton Kontinuum beeinflussen können. Eine zusätzliche

Betrachtung von Abschirmung und ausgedehnten Geometrien zeigt, dass diese nicht nur die

Intensität der Strahlung verringern, sondern auch die Form des Spektrums verändern und so

die Wahrscheinlichkeit der Nuklididentifizierung reduzieren.



Abstract

The effects of ’overlaying’ spectra of different sources and associated interference phenomena

can strongly influence nuclide identification in gamma spectrometry. These phenomena are

studied both experimentally and in simulations. The results are particularly dependent on

the spectral detection equipment used as well as the identification software. Various cases

are developed by combining spectra of two or more isotopes. Spectra are simulated with

the Gamma Spectrum Generator, a powerful web-based gamma modelling tool developed

within the NUCLEONICA nuclear science portal and an MCNP-based Monte Carlo engine, the

easy Monte Carlo. Prior to using the NUCLEONICA simulation tools they were validated by

showing that measured gamma spectra agree well with the model calculations. A comparison

to experimental results, obtained with a common sodium iodide scintillator, spectrometric

point sources and nuclear reference material, shows that the simulation is accurate enough

to investigate interference scenarios. According to different properties of the gamma spectra,

various types of interferences are possible. It is found that spectra can influence each other in

the photo peak region, as well as in the backscatter peak area and the Compton continuum.

A further consideration of the additional effects of shielding and real-life extended source

geometries shows that these do not only reduce spectrum counts but also change the spectrum

shape and therefore decrease identification probability.
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Introduction

The International Atomic Energy Agency (IAEA) Illicit Trafficking Database reports 336 inci-

dents involving unauthorized possession of radioactive material and related criminal activities

from January 1993 to December 2008. Fifteen incidents in this category involved highly en-

riched uranium (HEU) and plutonium. [1] In April 2010 US President Barack Obama said at

the plenary session of the Nuclear Security Summit: ’Just the smallest amount of plutonium

- about the size of an apple - could kill and injure hundreds of thousands of innocent people.

Terrorist networks have tried to acquire the material for a nuclear weapon, and if they ever

succeeded, they would surely use it.’ The summit and its extensive media coverage empha-

sized the importance of Nuclear Security in order to prevent the diversion of nuclear material,

which is one of the biggest challenges the world faces today. Border monitoring using gamma

spectrometry and along with it the identification of nuclides are the key tasks related to this

endeavor. Especially, as shielding and the so-called masking1, where the signature of one ra-

dioactive source is concealed by another, pose major challenges to the equipment and make

identification much harder.

The present work is the attempt to comprehensively describe and investigate the masking

problem. This is done by experimental work along with simulations of gamma spectra, carried

out with the Gamma Spectrum Generator (GSG) and the easy Monte Carlo tool (eMC),

developed at the Institute for Transuranium Elements (ITU) in Karlsruhe, Germany. The GSG

is a web-based gamma modelling application, hosted on the NUCLEONICA nuclear science

and data portal (www.nucleonica.net). While the GSG can produce spectra for assumed point-

sources only, it can be coupled with the Monte Carlo based eMC to also process spectra of

shielded and extended sources.

These tools can be a powerful help in tackling the masking issue, not only in teaching, but

also in situations in professional life of gamma analysts, when sophisticated laboratories and

sources are not available. The main advantage of the GSG and the eMC compared to similar

modelling software is that they are extremely fast, since they work with a preset database of

1Note the wording: the term ’masking’ is associated with the Illicit Trafficking of nuclear material, while

the word ’interference’ as used in the title should refer to the underlying physical phenomenon in gamma

spectrometry. The term interference shall indicate that different sources of radiation influence each other, but

is not used like in wave physics in this context.
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detector response functions in addition to live Monte Carlo calculations, see chapter 2.3. The

tools can be used to model gamma spectra of isotopes, which are not easily available. The

spectra can then be used to test detection systems and identification methods, to check their

effectiveness with respect to masking.

Both applications are still very new, so it has to be shown that the simulations are accurate

enough to efficiently explore the masking topic. Therefore a careful validation for point sources,

extended sources and shielding conditions are documented in 3.1. All experimental evaluation is

done with a handheld Sodium Iodide (NaI) detector, the identiFINDERUltra by ICx Radiation,

a radionuclide identification device (RID) widespread in the field of Nuclear Security (see 2.2).

Subsequently different masking scenarios are developed by combining spectra of the iso-

topes for nuclear weapons-use, Pu-239 and U-235, with commonly used industrial, medical or

NORM isotopes (see chapter 2.1) suitable as masking agents in one of the three categories of

masking described in chapter 1.1.2. This is done both with simulated spectra and experimen-

tally to proof the accuracy of the used tools also in this more sophisticated area of application

(see 3.3). The so-produced spectra are then analysed comparing two different identification

approaches and in the following so-called masking limits, the point where the nuclear mate-

rial is fully disguised, are established, see chapter 4. The detailed qualitative and quantitative

description of the phenomenon provided shall be used to improve detector performance and

formulate new strategies to combat the masking issue in the future.



Chapter 1

Theory

The following pages give the theoretical background for the investigation. First, the masking

phenomenon is introduced and then the underlying physics and gamma spectrometry basics

described.

1.1 The Masking Issue

Especially after the 2001 attacks in the United States, authorities all over the world have come

to the conclusion that terrorism is one of the major threats to face in the 21th century. While

terrorist groups still mainly use conventional materials and weapons for their attacks,there

have already been attempts to use radioactive material and there are concerns that these will

increase in the future.

Ferguson and Potter [2] define four possible scenarios involving radioactive material, calling

them the ’Four faces of nuclear terrorism’: First the ’theft and detonation of an intact nuclear

bomb’ and secondly the ’theft or purchase of fissile material leading to the fabrication and

detonation of a crude nuclear weapon - an improvised nuclear device (IND)’. Furthermore they

speak of the possibility of an attack against a nuclear facility in order to release radioactivity

and as a fourth point ’the unauthorised acquisition of radioactive materials contributing to the

fabrication and detonation of a radiological dispersion device (RDD) - a ’dirty bomb’ - or a

radiation exposure device (RED)’. [2, p. 3].

Experience in many parts of the world shows, that concerns about terrorist attacks involving

fissile material or other radioactive sources are not unjustified. The term fissile material, also

referred to as special nuclear material, usually means material suitable for producing nuclear

weapons, it includes weapon grade plutonium (Pu-239) as well as high-enriched-uranium (HEU,

U-235) and is considered material of special concern. See also the section on the classification

of sources in 2.1.

3



CHAPTER 1. THEORY 4

Movements of both fissile and other materials outside of the regulatory and legal frame-

works continue to occur over the last decades. The International Atomic Energy Agency (IAEA)

Illicit Trafficking1 Database reports 336 incidents involving unauthorized possession and related

criminal activities from January 1993 to December 2008. Fifteen incidents in this category in-

volved HEU and plutonium. In addition, 421 reported incidents involved the theft or loss of

nuclear or other radioactive materials and 724 cases involved other unauthorized activities,

such as the unauthorized disposal of radioactive materials. In remaining 81 cases the reported

information was not sufficient to determine the category of incident. [1]

It follows that the prevention of diversion and Illicit Trafficking and therefore the detection

of radioactive sources is an essential component of an overall strategy to ensure that such

materials do not fall into the hands of terrorist groups.

1.1.1 Preventing Illicit Trafficking

One should note, that, in contrast to other means terrorists could use, such as biological or

chemical weapons or explosives, radioactive material is the only one that can be detected

from the distance before its actual use. Radiation detection plays a key role in the issue.

The application of detection equipment in the Nuclear Security field is wide, it includes the

protection of material at nuclear facilities, the detection of Illicit Trafficking at border crossing

points, and radiological security of highly visible international and governmental institutions

and during major public events. [3]

For all these applications it is of utmost importance to have instruments that are reliable

in detecting, localizing and identifying radioactive sources. Radionuclide Identification Devices

(RIDs) are mainly used for inspections at border crossing points (after a radiation detector

triggered an alarm) to assess a possible hazard. They work with gamma spectroscopy. Spectra

are taken and analysed by included software within a very short range of time to provide the

operational staff with a basis for decision-making.

The identification necessarily relies on the quality of the spectra. Inherent deficiencies of

gamma spectroscopy itself and difficulties of different detection instruments might be exploited

for circumventing the identification. Experts fear two ways of ’tricking’ the system, shielding

and masking, and of course a combination of those, see [4]. The simplest approach is the use

of lead or other dense materials to absorb the radiation emission from the illicit material. This

worsens the statistics of the spectra and suppresses low energy lines. This is especially bad

for special nuclear material, as Pu-239 and U-235 have their main gamma peaks in the low

energy region and very low emission probabilities for gamma rays. The use of X-ray machines

in combination with radiation monitoring to detect shielding material is one way of preventing

1Deliberate, illegal movement of radioactive materials, including nuclear material, for terrorist, political or

illegal profit is generally understood to be Illicit Trafficking . [3]
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this strategy. Still the shipment needs further inspection in case of heavy shielding to identify

the nuclides involved. Very effective, at least for plutonium, are also neutron detectors, as Pu

sends out neutrons due to spontaneous fission and in oxides also due to α-n reactions.

1.1.2 Different Types of Masking

Even more complication arises from the intended combination of isotopes in order to confuse

the RID. In the so-called masking strategy, radiological material is hidden in a legal shipment, a

source of radiation announced to authorities. The categorization of different types of masking

can only be done with taking into account inherent gamma spectrometry properties that

contribute to different problematic regions, see section 1.2.5. Only at these crucial points

masking can occur and avoid the correct identification.

1. Twomey and Keyser [5] investigated the masking of radiological material with other

isotopes that show gamma lines close to the ones of the threat. They showed that in this

case detector efficiency is still important, but not the decisive factor. The outcome will only

rely on the resolution, a detector property described in section 1.2.4. If a detector can resolve

adjacent line sufficiently, one can assume that they will also be identified correctly, but of

course depending on the method of identification. One example might be the nearby main

gamma lines of weapon-grade plutonium and the commonly used industrial isotope Ba-133 in

the energy region of 250 to 450 keV

2. Reinhard et al. [6] showed a second way of masking, by hiding gamma lines of material

in the so-called backscatter peak of another isotope. The backscatter peak originates from

gamma rays being scattered back into the detector crystal from the detector surroundings,

depositing a part of their energy there. The energy distribution of these scattered gammas

shows that all scattering events above an angle of 120◦ contribute to a region around 200 keV

in the spectrum [7], see also section 1.2.2. Therefore the peak will lie in the low energy region,

which makes it suitable for covering the lines of especially nuclear material. An example is the

hiding of the main U-235 peak in the backscattering region of the industrial isotope Cs-137.

3. However, a third way of masking can be observed. Gamma lines of an isotope could

be buried in the strong Compton distribution of another nuclide. The masking of uranium in

the strong background of a K-40 (present in fertilizers) Compton distribution is such a case.

Those scenarios are in particular hard to trace as the masking agent here, K-40, is naturally

occurring radioactive material (NORM), which would in real life cause a radiation alarm but

may not require further inspection.

The present thesis investigates a masking scenario for each of these three types.The worst

case would be a combination of shielding and masking. Strategies against it again include good

detector resolution, X-ray imaging and neutron detection.
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1.1.3 Identification of Nuclides

As mentioned already, masking can only be investigated together with the identification of

nuclides involved. The described types of masking will influence the identification process

dependent on the mode of identification. The most used algorithms for identifying isotopes

are based on peak-search methods, where peaks are located, peak properties are checked and

the peak energies and intensities are compared to a reference library of gamma lines. One

can easily understand that problems with peaks hidden in a backscattering area or Compton

distribution can occur with this method. Also overlapping peaks because of poor detector

resolution are hard to trace.

A recent approach to overcome these difficulties is the template matching method. There

the actual measured spectrum is compared to a given preset of spectra and the solution is

demanded to be consistent in shape with the whole spectrum, not only the peaks. This is very

resource demanding if used in the detection device itself (eg. in the identiFINDERUltra), as

reference spectra, modelled or measured, have to be available in the memory of the device.

Therefore still further development is needed and the method is not widespread in the field yet.

The present paper looks into both identification methods and shows a comparison of the results.

If the method is used on a PC (GADRAS or Gamma Designer Software), model calculations

are made until the full spectrum is consistent with the solution. These programs can even

identify isotopes which are completely disguised by scattering, absorption and masking. This

specific software however is expensive and not available to the public.

1.1.4 Masking Limits

From the identification results given for a specific detector used with a certain identification

method, one can establish the so-called masking limits, a term referred to by the IAEA to set

standards for the performance of detection systems with respect to masking. It describes at

which point a radiological material hidden in the spectrum of an innocent nuclide cannot be

identified any longer, expressed as the ratio of the dose rates at detector or activities of the

respective materials.

Masking limits are given for a specific set of samples and detector/ id-method arrangements

in chapter 4. One should note that these limits only apply for specific combinations. If one

would want to define masking without considering identification software, one could establish

an ultimate masking limit by setting the threshold where the human eye cannot see the presence

of the interested radiological material in the spectrum anymore.

Masking limits for a range of isotopes and detectors are now also established by the

very recent IAEA RASE (Replicative Performance Assessment of Spectrometric Equipment)

program. In this effort experimental spectra will be taken, overlaid, distorted and fed back into



CHAPTER 1. THEORY 7

identification programs to explore their performance [8].

1.2 Gamma Spectrometry Basics

The following chapter is a short repetition of the principles of gamma spectrometry based on

the book by Glenn F. Knoll [7]. The selected topics make no claim to be complete, but should

give the necessary tools to further understand the concepts of gamma interference.

Most radioactive sources produce gamma rays of various energies and intensities. When

these emissions are collected and analysed with a gamma spectroscopy system, a gamma

energy spectrum can be produced. It contains the number of the emitted gamma ray photons

as a function of their energy. These energies are characteristic and are used to determine the

identity and quantity of gamma emitters present in the source.

1.2.1 The Shape of the Gamma Spectrum

The shape of the spectrum is mainly determined by interactions of the gamma ray photons in

the detection volume. Possible interactions are photoelectric absorption, Compton scattering

and pair production. For spectrometry photoelectric absorption is of greatest interest, the

other effects contribute to the spectrum as noise. Figure 1.1 shows that for the energies

of the isotopes measured in this thesis (up to 1500 keV) the photoelectric absorption is the

predominant effect in the spectrum. Considering only these three basic interactions would result

Figure 1.1: The relative importance of the different gamma interactions, the lines indicate the values

for hν and Z where the neighboring effects are equally probable. (taken from [9])

into an ideal spectrum. Its real shape though is influenced by many more factors. However,

to investigate interference phenomena, only a few of these, like the effects that lead to a
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backscatter peak, are critical. Therefore those are shortly introduced. Two general detector

properties, resolution and efficiency, complete the picture of how a real detector response

function will look like and lead to the consideration of three regions of interest for interference

phenomena.

Photoelectric Absorption In the photo-absorption process the gamma quantum is fully

absorbed in the absorber atom. In its place an energetic photoelectron is ejected from one

of the atom’s bound shells. The photoelectrons carry off the whole gamma photon energy

minus their binding energy and are then detected. Their binding energy will be added by a

simultaneously emitted photon, when an electron from an outer shell fills the empty spot,

therefore the detected pulse height is proportional to the original gamma quantum energy

(full energy peak). As every nuclide sends out gamma quanta of characteristic energy, one can

determine the radionuclides present in the source by analysing the full energy peaks. Using the

height of the peaks one can also analyse the activity of the sample.

The photoelectric absorption also creates a vacancy in the absorber atom’s shell, which

will be filled again. The rearrangement of an outer shell electron or caption of a free one will

mostly produce one or more characteristic X-rays. Their migration and or possible escape from

detection (X-ray escape peak) will also influence the spectrum. In rare cases the emission of

an Auger electron, carrying away the atomic excitation, will substitute the X-ray emission.

Compton Scattering In the Compton effect, the incoming gamma quantum is scattered

at a detector electron and transfers a portion of its energy to this recoil electron. The energy

amount depends on the scattering angle. If both, electron and gamma quantum are detected

at the same time, they contribute to the right full energy peak. If the quantum gets lost or is

detected later, the effect results in a continuous background with a maximum energy at the

scattering angle of 180 ◦ (Compton edge), where the gamma quantum is scattered back and

deposits a large fraction of its energy on the recoil electron.

Pair production If the gamma ray energy exceeds twice the rest-mass of an electron

(1.02 MeV), the process of pair production is energetically possible. As a practical matter,

the probability of the production of an electron-positron remains low until the gamma energy

approaches several MeV. The excess energy goes into kinetic energy shared by the pair. The

positron has a short life-time and annihilates with an electron. In the annihilation process two

gamma quanta with an energy of 511 keV each are produced. Only if both gamma quanta and

the electron are detected simultaneously do they contribute to the full energy peak. If one or

both annihilation quanta are not detected the resulting energy will be 511 keV (single escape

peak) or 1022 keV (double escape peak) too low. In addition one can see annihilation peaks

at 511 and 1022 keV resulting from beta radiation (emission of positrons) of the sample.

Figure 1.2 shows a typical simplified gamma spectrum with peaks and continuum described

by the mentioned effects. Multiple Compton scattering events, which are followed by the escape
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Figure 1.2: Simplified gamma spectrum with schematic peaks and continuum.

of the final scattered photon, can fill the gap between the Compton edge and the photo peak.

Additionally the contribution of secondary photons is present.

1.2.2 Secondary Radiations - Effects from Surrounding Materials

The spectrum shape is not only influenced by the interaction in the active detection volume but

also by the effects in surrounding materials like the detector electronics, the detector housing,

shielding or the source encapsulation. The most prominent visualisation of this influence is

caused by gamma rays which first interact with the surrounding material and are then scattered

back into the detector volume. The resulting energy of the photon which is scattered at an

electron in the surrounding can be calculated from conservation of energy and momentum and

the simplification that the electron has zero speed initially.

hν ′ =
hν

1 + hν
m0c2

(1− cosβ)
(1.1)

Figure 1.3 shows that scattering at all angles above 120 ◦ results in nearly the same energy,

therefore a so-called backscatter peak will be visible in the vicinity of 200 - 250 keV in the

spectrum. For 180 ◦ and the limit that the primary energy hν >> m0c2

2
, the formula reduces

to

hν ′(β = π) =
m0c

2

2
(1.2)

which means that the backscatter peak will always occur at an energy of 250 keV or less.

In addition to Compton scattering, also other interactions in the surrounding materials can

lead to peak-like distortions in the spectrum. As shown in figure 1.4 characteristic X-rays or

annihilation photons may reach the detector volume. Figure 1.5 gives the resulting spectrum,

the dashed line showing the spectrum without contributions from the surroundings and the

numbers indicating from which process referred to in figure 1.4 the peak is coming from.
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Figure 1.3: Variation of scattered gamma ray energy with scattering angle. (taken from [7])

Figure 1.4: The detector surroundings give rise to X-rays or annihilation peaks, but also Compton

backscattering. (taken from [7])
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Figure 1.5: The influence of the detector surroundings on the detector response function. (taken

from [7])

1.2.3 The Attenuation of Gamma Rays

As this thesis also contains spectra of shielded sources, one needs to consider as well the

attenuation of radiation in absorbers and its effects on the shape of those spectra. If one

assumes a collimated beam of gamma rays striking an absorber, one should obtain a simple

exponential attenuation of the gamma rays. The probability that a gamma quantum is removed

from the beam by an interaction with the absorber atoms is given by the sum of the probability

for these interactions per unit path length, and is called linear attenuation coefficient.

µ = τphotoelectric + σCompton + κpair (1.3)

The number of transmitted photons in relation to the number without an absorber is then

I

I0

= exp−µx (1.4)

As the attenuation coefficient also depends on the density of the absorber atom, one can

specify the mass attenuation coefficient µ/ρ. The attenuation law now takes the form

I

I0

= exp−
µ
ρ
ρx (1.5)

whereas ρx is then the so-called mass thickness of the absorber which determines the degree

of attenuation.

In contrast to the previously assumed collimated beam of gamma rays, one usually encoun-

ters a source which sends out radiation in a 4π solid angle. Therefore the detector does not

only collect gamma quanta which escaped any interaction in the absorber, but also photons

which were scattered in the shield or other secondary radiation, as shown in figure 1.6. The

detector cannot distinguish between the origins of the signals, so the measured signal will be
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Figure 1.6: Also scattered gamma rays can reach the detector which leads to the so-called buildup.

(taken from [7])

larger than in a collimated beam geometry. The simple exponential attenuation law is then

violated as the additional scattered photons lead to a so-called buildup factor B(x,Eγ). The

attenuation law can then be written as

I

I0

= B(x,Eγ) exp−µx, (1.6)

whereas B depends on the type of the detector as well as the geometric measurement con-

ditions. Roughly estimated the buildup factor will be about equal to the absorber thickness

measured in units of the mean free path of the incoming gamma rays.

In addition to the mass number of the absorbing material, the attenuation coefficient also

depends on the original photon energy of the incoming gammas. While specific values of the

attenuation coefficient will vary among materials for photons of a specified energy, the gen-

eralized shapes of plots of attenuation coefficient versus photon energy are similar among

different materials. In general, such shapes show high values of the attenuation coefficient at

low-photon energies that decrease as photon energy increases, go through a minimum value,

and then increase as energy continues to increase. The reason for this overall shape is that

the linear attenuation coefficient is made up of three major components, each of which de-

pends on a different type of the three photon interactions described previously. Figure 1.7

shows the typical attenuation coefficient versus energy plot. At lower energies the photoelec-

tric effect is the dominant interaction mode decreasing approximately as the inverse cube of

the energy. At intermediate energies the dominant interaction is Compton scattering which

shows a generalized decrease with increasing energy. Finally, at higher energies the dominant

process becomes pair production, and this shows an increase as energy increases. Thus, at low

energies it is the sharply decreasing photoelectric contribution that causes the decrease in the

attenuation coefficient as energy increases. Therefore the attenuation does not only change

the spectrum intensity, but also spectrum shape. Together with (multiple) scattering in bulk

sources/ absorbers the (self) attenuation process adds dramatic changes to a comparable

gamma spectrum of a point source.
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Figure 1.7: The total mass attenuation coefficient µ/ρ and the individual contributions for lead as

a function of energy.
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1.2.4 General Detector Properties - Resolution and Efficiency

In order to fully understand the shape of real life spectra one has to consider two important

detector properties: the energy resolution and the detection efficiency.

Resolution To explain the concept of resolution one considers the photopeak of a mo-

noenergetic source, which can be approximated by a Gaussian shape around the average value

E0 due to inherent fluctuations in the signal and detector, so-called noise. If the amount of

the fluctuations becomes smaller, the width of the distribution also becomes smaller and the

peak approaches a δ-function. Therefore the resolution improves with the width of the peak

decreasing. This leads to a formal definition of the resolution using the so-called full width

at half maximum (FWHM), which is the peak width at half the maximum ordinate of the

peak, neglecting any background or continuum on which the peak may be superimposed.For

a better understanding see figure 1.8. The resolution is now defined as the FWHM divided by

Figure 1.8: The definition of the detector resolution for peaks with Gaussian shape. (taken from [7])

the location of the peak centroid E0.

R =
FWHM

E0

(1.7)

For Gaussian peak shapes, it can also be expressed with the standard deviation, giving

FWHM = 2.35σ (1.8)

The resolution thus is a dimensionless fraction, usually expressed in percent or the FWHM at

at least two energies of typical calibration sources. Semiconductor alpha detectors may have a

resolution up to 1 percent, whereas typical gamma spectrometry scintillation detectors have a

resolution of around 10 percent. The better the resolution, the better the detector will be able

to distinguish between energies that lie near each other. Generally one can say that a detector

should resolve two energies that are separated by more than one FWHM. Figure 1.9 shows

two close peaks, first with poor resolution and then perfectly resolved with better resolution.
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Figure 1.9: Two adjacent photopeaks being deconvoluted with increasing resolution.

Note that the number of counts/ peak area is the same in all four cases, only the peak width

changes significantly.

Efficiency A radiation detector shall in principle give rise to an output pulse for each

gamma quantum striking the active detector volume. As gamma rays however are uncharged,

they need to undergo a significant interaction first to be detected and can often travel a long

distance without interactions. Therefore a real detector often has an efficiency which is less

than 100 percent. One can distinguish between absolute and intrinsic efficiency, whereas the

absolute efficiency takes into account all gammas emitted by a source and therefore strongly

relies on the measurement geometry and the intrinsic efficiency only includes gamma quanta

that actually strike the detection volume.

εabs =
number of pulses recorded

number of radiation quanta emitted by source
(1.9)

εint =
number of pulses recorded

number of radiation quanta incident on detector
(1.10)

In practical use very low energy events will not be counted and contribute to the efficiency, as

usually a threshold is set to avoid contributions from electronic noise. It can be useful to look

at the peak efficiency then, which only counts full energy events, where the full energy of the

incident gamma quantum is deposited. The number of full energy events then corresponds to

the peak area in a spectrum. The peak-to-total ratio r can then be calculated as

r =
εpeak
εtotal

. (1.11)
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The peak efficiency can be used in more general terms, as it does not depend strongly on

measurement conditions, as scattering events from surroundings, etc. The peak-to-total ratio

may then give a view on the quality of a measurement, if one wants to obtain a low-scattering

geometry. In scintillation detectors the efficiency mainly depends on the light output and

is in general higher than in semiconductor detectors, where more electrical noise has to be

suppressed.

1.2.5 Possible Interference Areas in the Spectrum

In learning about the general shape of a typical gamma spectrum we did not consider the type

of radiation source yet. Each gamma ray emitting nuclide produces a characteristic energy

spectrum, which clearly identifies the nuclide present in the source. If now a measured sample

contains not only a single radionuclide but two or more, the individual spectra may influence

each other and a nuclide might become invisible. With the necessary theoretical background

at hand one can now identify three regions of interest, where interferences could occur in a

typical spectrum. This leads to a classification of three types of those interferences which then

give rise to the three different types of masking, as introduced shortly already in section 1.1.2.

The first type of interference can happen in the area of the photopeaks, depending on their

resolution. If two nuclides have adjacent main energy lines, their identification relies on the

resolution of the individual peaks. As shown in 1.9 two peaks with similar energy may not be

separated. Accordingly two nuclides with close energy lines may not be identified as such.

Like the photopeak area, also the Compton continuum region may give rise to interfer-

ence phenomena. Especially with scintillation detectors, where the continuum area is bigger

compared to the peak height than in semiconductor detectors, energy lines may be buried

in a strong Compton distribution. An additional factor here is statistics, the smoother the

continuum is, the easier one would see a peak superimposed on it.

The third type of interference can take place in the so-called backscatter peak area. As

described in section 1.2.2, scattering in surrounding materials will cause a peak in the energy

region of around 200 keV. Nuclides with their main lines in this region may not be seen in the

spectrum or mistaken as a part of the backscatter peak.

Figure 1.10 shows a simplified gamma spectrum with the three areas of interest. In chapter

3.3 a masking scenario to each of these three types of interference will be investigated.
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Figure 1.10: The three different areas of interest, photopeaks, continuum and backscatter peak give

rise to three different types of gamma interference.



Chapter 2

Materials and Tools

The following chapter describes the materials, like sources of radiation, and equipment used in

the present study. Furthermore the simulation tools are presented and the nuclide identification

software is introduced.

2.1 Sources of Radiation

In general, radioactive sources can be divided into different categories according to their in-

tended usage and threat level. The IAEA [3] suggests the following nomenclature: nuclear

material, medical and industrial nuclides and naturally occurring radioactive material (NORM).

Nuclear material is fissionable material, considered the most dangerous, and includes

sources of the following isotopes: U-233, U-235, U-238 (covering HEU, LEU, DU)1, Np-237,

Pu-239 and Pu-240 (covering low and high burn up Pu). The next category consists of nu-

clides commonly used in industrial applications, eg. for weld inspection. These nuclides are

Co-57, Co-60, Ba-133, Cs-137, Ir-192, Eu-152, Am-241,Se-75, Tl-204, Sr-90, Am-Li, Am-Be,

Pu-Be, Po-Be, Cm-244 and Cf-252. The third group are the medical nuclides, sources for e.g.

cancer therapy and diagnostics: Ga-67, Tc-99m, In-111, Cr-51, I-123, I-125, I-131, Xe-133,

Tl-201, F-18 and other pure positron emitters. Considered to be the least dangerous are the

NORM isotopes, found in nature and everyday products: K-40 (e.g. in fertilizer, tiles, ceram-

ics), Ra-226 in equilibrium with parental and decay products and Th-232 in equilibrium with

decay.

This categorization is to help flagging alarms in Nuclear Security applications. A radioactive

substance that is passing a detector can raise an alarm but can be flagged as nonhazardous

when it is categorized as a medical or NORM isotope. The material of most concern is the

1highly enriched uranium, low enriched uranium and depleted uranium. Referring to the U-235 content

compared to natural uranium.

18
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Table 2.1: Pairing of the samples used to form three different masking scenarios.

Masking Agents Nuclear Material

Name Nuclide Name Nuclide(s)

Amersham calibration Ba-133 CBNM Pu84 84 % Pu-239

Amersham calibration Cs-137 CBNM 446 (LEU) 4,4% U-235, U-238

Potash fertilizer K-40 NBS U900 (HEU) 90% U-235, U-238

nuclear or fissionable material from the first category, especially uranium consisting mostly of

the isotopes U-235 (HEU) or material consisting mostly of Pu-239 (weapons grade plutonium),

which can both be used to fabricate nuclear weapons and are also called fissile or special nuclear

material.

2.1.1 Sources used in this Study

In the present investigation of the masking issue, radionuclides of the different categories have

been used. For the masking scenarios, nuclear material of one kind was paired with a material

of less concern, like an industrial or NORM nuclide. This way three different scenarios were

established, corresponding to the three different types of masking described in section 1.1.2.

Table 2.1 shows the mentioned sources, their names and the most important nuclides contained

in the material. Note that also other isotopes, like daughter products, can be present in the

source, the ones mentioned are simply used to characterize the material.

The Ba-133 and the Cs-137 sources, commonly used in industry and medicine, are part

of an Amersham calibration source set. Figure 2.1 shows the set with the point-like samples.

The radioactive material is concentrated in a small point and embedded in a 1 mm thick

Figure 2.1: The Cs-137 spectrometric point source from the Amersham calibration set.
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polyethylene containment. The activity of the Ba-133 source at measurement time was 60

kBq, the activity of the Cs-137 (coming from its daughter Ba-137m) was 177.4 kBq. In the

course of the project and for validation purposes also a 7.677 kBq Co-60 and a 362 kBq

Am-241 source from this respective set have been used. The NORM source is a commercially

available potash fertilizer, consisting of 93 percent of KCl. The K-40 in the KCl gives an

activity of approximately 16 Bq/g. The density of the pure material is 1.984 g/cm3, the bulk

density of the used sample was determined to be around 1.2 g/cm3. The potash fertilizer was

filled into a 30 x 35 x 15 cm sized polyethylene suitcase with an approximate wall thickness

of 2 mm. Figure 2.2 shows the raw fertilizer and the used suitcase. The whole suitcase gives

Figure 2.2: The potash fertilizer was filled into a plastic suitcase to obtain a specified volume.

an activity of approximately 300 kBq. To get an idea of how the obtained gamma spectra will

look like, table 2.2 gives an overview of the main gamma lines observed for the three used

masking agents.

For the experiments using nuclear material, three different nuclear reference materials were

in use. The first sample was the CBNM reference material No. 271 Pu84, a 6.6 g plutonium

oxide pellet with a density of 10.5 g/cm3 sealed in a stainless steel can. The plutonium in

the sample consisted of 84 % of Pu-239 at certification date in 1991. Figure 2.3 shows a

sketch of the sample assembly. The Pu-239 activity at measurement time was determined to

be 11.6 GBq. Note that other Pu isotopes and daughter products were of course present in the

sample, decay calculations were made to reproduce the measurements in the simulation.Table

2.3 shows the nuclides and their respective activity in the sample at measurement.Table 2.4

gives an overview of the main gamma lines of Pu-239, which is the interested nuclide in the

sample, to get an idea of the complexity of the gamma spectrum.

The second sample was the Reference Material No. 171, the CBNM 446, a 80 mm diameter

x 90 mm in height aluminum alloy sealed can containing 200 g of U3O8 with a density of 3.29
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Table 2.2: The main gamma lines including emission probability for the used masking agents. (from

[10])

Nuclide Gamma Rays [keV] Emission Probability

56 Ba-137m 31,82 0,021

32,19 0,038

36,4 0,014

661,66 0,901

56 Ba-133 53,16 0,021

79,61 0,027

81 0,329

160,61 0,006

223,24 0,005

276,4 0,072

302,85 0,183

356,01 0,621

383,85 0,089

19 K-40 1460,82 0,107

Figure 2.3: A sketch drawing indicating the assembly of the CBNM Pu84 source. (taken from [11]
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Table 2.3: The nuclides present in the Pu84 source and their activities at measurement date.

Nuclide Mass [g] Activity [Bq]

94 Pu-241 1,98E-02 75700000000

94 Pu-239 5,05E+00 11600000000

92 U-235m 1,02E-08 11600000000

94 Pu-240 8,48E-01 7120000000

95 Am-241 5,34E-02 6770000000

94 Pu-238 3,50E-03 2220000000

94 Pu-242 2,14E-02 3130000

92 U-234 5,41E-04 125000

93 Np-237 1,22E-03 31800

91 Pa-233 4,11E-11 31600

92 U-236 1,63E-03 3860

92 U-235 2,64E-03 211

90 Th-231 1,07E-14 211

90 Th-230 1,42E-08 11

g/cm3. The can has a 2 mm thick bottom, which serves as radiation window for the uranium

containing volume, which is a 70 mm in diameter and 15.8 mm high cylinder. Figure 2.4 shows

a photograph of the sample. The uranium in the sample 446 consisted of 4.46 mass percent

U-235, the rest being U-238 and minor abundances of U-234 and U-236, at certification date

in 1985. At measurement date the uranium daughter products gave essential contributions to

the measured spectra, therefore again decay calculations have been performed, see table 2.5,

which now only include the isotopes relevant for the gamma spectrum, as opposed to table

2.3, which showed all nuclides present in the sample.The remaining U-235 activity however

was determined to be 607 kBq.

The last sample was the NBS U900 reference material, consisting of U3O8 powder in a

28 x 38 mm paper cylinder with approximately 2 mm wall thickness. The U-235 abundance

at certification date in 1955 was 90 percent, the rest being U-238 and minor traces of other

uranium isotopes. Decay calculations give the contributions from daughter products of the

uranium isotopes at measurement time (see table 2.6) and the remaining U-235 activity was

determined to be 360.215 kBq. Figure 2.5 shows a photograph of the highly enriched uranium

standard. In table 2.7 one can find the main gamma lines and emission probabilities for the

interested U-235, which is present in both used uranium samples, the CBNM 446 and the NBS

U900.
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Table 2.4: The main gamma lines including emission probability for Pu-239. (from [10])

Nuclide Gamma Rays (keV) Emission Probability

94 Pu-239 30,04 2,5E-06

38,66 1,0E-04

42,09 2,1E-06

46,20 8,7E-06

47,56 2,9E-06

51,62 2,7E-04

54,03 2,0E-06

56,83 1,1E-05

67,67 1,6E-06

68,70 5,0E-06

77,60 4,0E-06

78,43 1,5E-06

94,67 2,1E-05

98,44 3,4E-05

98,75 1,3E-05

103,03 2,3E-06

110,41 3,9E-06

111,30 7,4E-06

114,50 4,1E-06

115,36 6,9E-06

116,26 5,9E-06

129,30 6,3E-05

144,20 2,9E-06

146,10 1,3E-06

161,45 1,2E-06

171,39 1,1E-06

195,68 1,1E-06

203,55 5,7E-06

332,84 4,9E-06

336,12 1,1E-06

345,01 5,1E-06

375,05 1,6E-05

380,17 3,1E-06

382,77 2,6E-06

392,56 2,1E-06

393,14 3,4E-06

413,71 1,5E-05

422,60 1,2E-06

451,48 1,9E-06
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Figure 2.4: The CBNM 446 uranium sample, sealed in an aluminum alloy can.

Table 2.5: The nuclides present in the CBNM 446 uranium source and their activities at measurement

date.

Nuclide Activity [Bq]

92 U-234 14100000

92 U-238 2020000

90 Th-234 2020000

91 Pa-234 m 2020000

90 Th-231 607000

92 U-235 607000

91 Pa-234 3030

88 Ra-224 438

82 Pb-212 438

83 Bi-212 438

91 Pa-231 372

81 Tl-208 220

86 Rn-219 128

82 Pb-211 128

83 Bi-211 128
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Table 2.6: The nuclides present in the NBS U900 uranium source and their activities at measurement

date.

Nuclide Activity [Bq]

92 U-234 8895000

90 Th-231 360215

92 U-235 360215

92 U-236 39450

92 U-238 5469

90 Th-234 5469

91 Pa-234 m 5469

90 Th-230 4452

91 Pa-231 414

88 Ra-223 217

90 Th-227 214

Figure 2.5: The highly enriched uranium sample NBS U900 is packed into a paper cylinder.
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Table 2.7: The main gamma lines including emission probability for U-235. (from [10])

Nuclide Gamma Rays (keV) Emission Probability

92 U-235 13,41 0,232

89,95 0,036

93,35 0,059

105,61 0,013

109,18 0,016

143,76 0,109

163,36 0,051

185,71 0,571

202,11 0,011

205,31 0,050

2.2 Gamma Detectors

As discussed in section 1.2, the interactions of the gamma quanta with the atoms in the de-

tector volume produce so-called photoelectrons, which then have to be collected and analysed.

This is done differently in the various detector types. The most common ones are scintillation

and semiconductor detectors. For the experiments done in this thesis a scintillation detector

was used, therefore it shall be discussed in detail.

2.2.1 Scintillation Detector Principles

Scintillation material converts kinetic energy of a charged particle linearly into detectable light

with high efficiency. Light sensors - as photomultiplier tubes and phototubes - then convert

the light into an electrical pulse. In a pure crystal lattice the electrons can be found in the

valence band, where they are bound at lattice sites, or in the conduction band, where they

have enough energy to move through the crystal. The gap between these two bands is called

forbidden band. If an incident photon transfers its energy to an electron, it can be elevated

from the lower valence band to the higher conduction band. When the electron returns to the

valence band, a photon is emitted with an energy equal to the incident.

In order to create sites in the forbidden band, impurities (activators) are added to the

crystal. In this case the activated electron can de-excite through energy states in the forbidden

band. A charged particle that hits the detector will create a number of electron-hole pairs,

and the electrons will be pushed form the valence to the conduction band. The positive holes

will drift to an activator site and ionize it, because the ionisation energy is less than that of

a lattice site. When a free electron encounters such an ionized activator, it can drop into the
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impurity site, creating a neutral impurity configuration, which can have its own set of excited

states, see figure 2.6.

Figure 2.6: The deexcitation results in the emission of a scintillation photon.

The deexcitation can occur in three different ways. If the transition from activated to

ground state is in the allowed range, it will occur in about 10−7 s and in case of a properly

chosen activator be in the range of visible light (fluorescence). If the transition is forbidden,

an additional energy is needed and could be provided by thermal excitation. The resulting

light is called phosphorescence, which will contribute to the background light or afterglow

in the scintillators. If the electron is captured at an activator site, even certain radiationless

transitions are possible, with no emission of a visible photon. This effect is called quenching

and a part of the energy of the incident particle is lost. As the resulting scintillation light,

emitted from the activators, is shifted to longer wavelengths, there will be no interference with

the incoming spectrum or self-absorption.

2.2.2 The identiFINDERUltra

The device used for the experiments in the present paper is a widely-spread hand held scintilla-

tion detector, especially designed for Nuclear Security applications. The identiFINDERUltra is

a radionuclide identification device (RID) often used by front line officers, e.g. border control

or mayor public events. Due to its wide range of applications in the field it has been chosen

for investigating the masking issue. It can be used for detection, localization and identification

of gamma emitting sources. The detector housing contains a cylindrical NaI(Tl) crystal with

a size of 1.4” x 2” according to the data sheet. NaI(Tl) is a Sodium-Iodide crystal in which

traces of Thallium are added as activator. The used detector has the serial number 2650-237.

It will be shown in this paper that one of the most important detector properties for identifying
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nuclides is the detector resolution. The used identiFINDERUltra has a resolution of 13.5 keV at

122 keV and 65 keV at 1332 keV. The resolution at 662 keV, as often given for NaI detectors

is 46 keV or 6.95 %.

2.2.3 Semiconductor Detectors

In addition to the measurements and simulations based on the identiFINDERUltra device, a

typical semiconductor detector has been considered for the modelling. In order to show how the

outcome of this project would change with a better resolving detector, spectra have also been

simulated for the portable Ortec Detective, a High-Purity-Germanium (HPGe) semiconductor

device with 10 % nominal efficiency and dimensions of 50 x 30 mm.

One of the major limitations of scintillation counters is their poor energy resolution. The

chain of events that is necessary in converting the incident radiation energy to light and the

subsequent production of an electrical signal is not very efficient. Therefore the number of

information carriers created in a radiation interaction is usually no more than a few thousand.

The use of semiconductor material on the other hand can result in a much larger number

of carriers per incident event than any other detector material. The combination of p- and

n-doped material semiconductor gives a junction diode (p-i-n). When a reverse bias is applied

to the junction, the electrons and holes move to the adequate electrodes and a volume free of

moving charge carriers (intrinsic volume) is produced. An incoming gamma quantum interacts

with this non-conducting region and a proportional number of electrons to the gamma energy

will be elevated to the conduction band. Positive vacancies are generated as well and move like

the electrons to the according electrode. The resulting current is then amplified and charges

a capacitor. This signal is then digitalized and disturbing noise is filtered. To reduce thermal

noise, which would lead to a permanent leakage current, the detector should be cooled to the

temperature of liquid nitrogen (-195.79 ◦ Celsius).

The experimentally determined resolution of the presently used Ortec Detective detector

is 1 keV at 122 keV and 2.15 keV at 1332 keV.

2.2.4 Measurement Time

The measurements in the present study were not conducted using a preset measurement time.

The respective time was determined for each experiment on-the-fly, following the rule of thumb

of allowing a maximum error of 1 percent in the most important peak in the spectrum. The

area error of the peak is calculated using

ε(%) =

√
N + 2B

N
∗ 100, (2.1)
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where N are the integrated net counts in the peak and B are the background counts.With very

low-level active sources an error below 5 percent was obtained.

2.2.5 Natural Background

To compare the experimental results obtained in this study to the simulation results, the

natural background was subtracted from the measured spectra. Spectra without any radioactive

samples, but with the same setup including the different types of shielding, were taken at least

overnight to get reasonable statistics. Then they were scaled according to the measurement

time of the interested spectrum and subtracted. Figure 2.7 shows one of these background

spectra for the setup without any shielding. Using the Identify program, the typically naturally

occurring K-40, Bi-214 (as a decay product from Ra-226) and Tl-208 (from Th-232) could be

identified.

Figure 2.7: K-40, Bi-214 and Tl-208 peaks are visible in a typical natural background spectrum.

2.3 The Gamma Simulation Tools

Gamma modelling can be used in many fields related to Nuclear Security. It can be a helpful

tool when evaluating equipment, supporting the gamma analysis in ’reachback schemes’ [12] or

investigating issues related to nuclide identification in general, like done in the current work.

The evaluation of new gamma detectors or existing systems is usually done with different

test sources. If those sources are difficult to access, gamma modelling could solve the issue.

These possible test sources/ scenarios can include nuclear material of different grade, which

has mass, matrix and shape. Short living medical isotopes and large volume NORM sources



CHAPTER 2. MATERIALS AND TOOLS 30

(eg. truck load of fertilizer) are also not easy to measure and additionally one should look at

industrial sources (in shielding containers or scrap) and of course the special case of masked

isotopes. In so-called reachback schemes experts identify isotopes which are not on the list

of RIDs, assess the activity of the source and interpret unclear cases. One way how unclear

cases can be solved is the so-called full spectrum analysis. In this method one demands that

the solution is consistent with the measured spectrum in full shape and not only the peaks.

Therefore modelling is needed to get the full solution.

For the investigation of the masking issue one could measure various scenarios using a lot of

sources and experimental setups. To reduce this effort, modelling can be a great help. It will be

shown in chapter 3.2 that modelling has advantages and can even be the method of choice for

a general study on the topic. Most of the simulation software for gamma spectrometry though

is not available to the public or complicated to use. The ITU-developed simulation toolkit with

the Gamma Spectrum Generator (GSG) and the easy Monte Carlo (eMC) however requires a

minimum learning time and is even usable in a very simplified version on the web. The two

tools and their coupled usage shall be described in the following section. One should note

however, that the sophisticated version used in this study, including Monte Carlo calculations

using the eMC, is not publicly available. Therefore the GSG only and how to use it is described

in detail, before the presently used two step approach with the eMC is introduced.

2.3.1 The Gamma Spectrum Generator

The Gamma Spectrum Generator (GSG) [13] is an interactive web-accessible simulation tool,

which is available in the NUCLEONICA nuclear science and data portal2. Initially intended

as an efficient tool for teaching and training the simulator can also be of great interest for

security applications mentioned in the previous section.

The main advantages of the NUCLEONICA GSG compared to other simulation programs

of this type are that it is not only reliable and scientifically accurate, but also extremely

fast.It is web-accessible and web-based and can thus be used independently of an installed

program on every computer with web-access. Additionally the interface is kept simple and

self-explaining and the tool can immediately be used also by beginners. The following sections

will first describe the underlying mathematical approach for the simulation and then give a

short practical introduction on how to use the GSG.

The Mathematical Background of the Simulation Approach

The gamma spectrum is modelled assuming that:

2http://www.nucleonica.net/Application/Spectrum/Spectrum.aspx
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• a point-like gamma source is measured, i.e. gamma ray self-attenuation is negligibly

small

• the detector pulse pile-up effect due to coincidence summing is negligible

• the losses of counts due to the spectrometer dead time are negligible

• a multi-channel analyser with absolute linearity is used.

Based on these assumptions, the number of counts F(N) in the N-th channel of a simulated

spectrum is calculated as

F (N) =

Nγ∑
i=1

Ni

∫ ∆(N+1)

∆N

R(E,Ei)dE (2.2)

where Nγ is the number of gamma rays with different energies emitted by a source, Ei
the energy of the i-th gamma ray, Ni the total number of i-th gamma rays emitted during

the spectrum measurement, ∆ the spectrum channel width in energy units and R(E,Ei) the

detector response for a gamma ray with energy Ei. The number of gamma rays emitted during

the spectrum measurement is calculated from the number of disintegrations of a particular

nuclide. The gamma ray energies and emission probabilities are taken from the NUCLEONICA

Database, which is based on the Joint Evaluated Fission and Fusion (JEFF) 3.1 data library

[10].

The Detector Response Function The detector response is presented in the form

R(E,Ei) = εp,tot(Ei)[P (E,Ei) + ksS(E,Ei)]. (2.3)

Here εp,tot(Ei) is the total detection efficiency for gamma rays with energy Ei. The total

detection efficiency εp,tot(Ei) is calculated assuming that a point-like isotropic source is located

on the axis of a cylindrically symmetric sensitive volume and separated from it by a number

of absorbing layers. It depends on the probabilities of a gamma ray to be emitted in the

detector direction (angle), to escape interaction with absorbing layers (attenuation, pathway)

and to interact with the detector volume to produce a signal (intrinsic efficiency). The function

P (E,Ei) represents the main part of the detector response resulting from the detection of

primary gamma rays, which are transported directly from a source to the detector sensitive

volume (see solid lines in figure 2.8). It consists of several components representing the main

features of a typical detector response, see figure 1.2. These features are the Full Energy Peak

(FEP), X-ray Escape Peaks (XEP), Single Escape Peak (SEP), Double Escape Peak (DEP),

and Compton continuum.

The function S(E,Ei) presents additional contribution to the detector response and to the

total detection efficiency, which results from the detection of secondary gamma rays (shown by
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Figure 2.8: Solid and dotted photon trajectories give raise to P (E,Ei) and S(E,Ei).

the dotted lines in figure 2.8). These secondary gamma rays are produced in the interactions

of the primary photons with materials surrounding the detector sensitive volume, such as the

materials of the detector construction elements, measurement setup components, experimental

room objects, etc. The function consists of a gamma ray peak at 511 keV, which comes from

the annihilation of positrons and a part of the continuum associated with the detection of the

secondary photons. The dimensionless factor ks determines the magnitude of this additional

contribution and can be scaled adapting the detector response model to different measurement

conditions as different detector environment. One should note that this is only an estimate

of the scattering contribution and does not give hundred percent realistic results. To consider

the whole range of secondary photons from the surrounding, one has to do particle-tracking

calculations as done in the easy Monte Carlo tool, see section 2.3.2.

Shape of the Peaks The shapes of the full energy gamma peaks are simulated using the

Gaussian distribution function

G(E,Efep, σ) =
1√

2πσ2
exp−

(E−Efep)2

2σ2 . (2.4)

The energy dependent standard deviation σ is calculated from the energy resolution properties

of a detector, described by the Full Width at Half Maximum (FWHM) of a peak.The single

and double escape peak and 511 keV annihilation peak profiles are also modelled using the

above Gaussian distribution. The only modification concerns the single escape and 511 keV

peaks, whose widths include additional contribution from Doppler broadening. The conven-

tional estimate for the Doppler shift of the annihilation photon energies is about 1 keV.The
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shapes of the full energy X-ray peaks and X-ray escape peaks are modelled using the Voigt

profile, defined as a convolution of the Gaussian and Cauchy-Lorentz distributions.

Continuum Profiles The primary and secondary photon continuum profiles are obtained by

convoluting the physical continuum profiles with a Gaussian distribution function. The physical

primary photon continuum is formed by the Compton scattering of the primary gammas. It

is a piecewise continuous functions with the continuity intervals defined by full energy, single

and double escape peaks and the Compton edge for the SEP and the FEP, see figure 2.9.

Figure 2.9: Physical continuum profile for primary gammas, physically divided in different parts.

The physical continuum for secondary photons comes from photons scattered in the de-

tector environment, which strike the detector sensitive volume and then form a so-called

backscatter peak. Again this contribution can only be estimated without using particle track

calculations. Additional contribution to this continuum component appears for photon energies

> 2m0c
2. It represents the Compton continuum associated with the detection of the 511 keV

annihilation photons created in the materials surrounding the detector volume. The profile is

shown in figure 2.10. On each of the continuity intervals the physical profiles are represented

by the 8-th order polynomial function.

Detector Response Database In the course of modelling, an extensive detector response

database is used for evaluating contributions of the spectrum components. The database has

been created using a specially developed and validated Monte Carlo program. The Detector

Response Generator program DRGen (Version 1.3) controls the statistical uncertainties of the

target values (uncertainties of the efficiency ratios and continuum components), the separation

of the primary and secondary continuum components and the automatic processing of the

simulated data and storage of the target values in the database. It contains a large set of the

peak-to-total and continuum-to-total efficiency ratios as well as the parameterized continuum
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Figure 2.10: Physical continuum profile for secondary gammas forming a backscatter peak.

profiles, calculated on grids of the detector crystal dimensions, gamma ray energies and source-

to-detector distances. To calculate the efficiency ratios and continuum profiles for arbitrary

measurement setup and photon energy, a set of interpolation techniques is applied.

How to use the Gamma Spectrum Generator

This chapter is a short introduction to the GSG module.The GSG interface is shown in figure

2.11. The basic geometric arrangement of the source, filters and detector is shown schemati-

cally. The lines shown indicate some of the paths of photons which lead to a contribution in

the detector. Associated with source, filters and detector are a number of input boxes in which

one can specify the source and its strength, the filter materials, the source detector distance,

type of detector etc. Six types of NaI and HPGe detectors are predefined in the default mode.

In the edit mode one can specify its own detector type based on one of the default ones.

If one ticks the ’Show more settings’ checkbox, one can also specify more detailed detector

parameters as resolution or number of channels. Additionally one can add various filter lay-

ers of different material. In the ’options’ tab one can also include daughter nuclides into the

simulation, which requires to set a reference point to either the nuclide production or the

start time of the measurement. Furthermore can one include backscatter effects and scale the

backscatter peak and display efficiency graphs for the specified detector.

Figure 2.12 shows a typical spectrum which can be viewed in the ’Calculation results’ tab.

The x-axis can either show the energy or the channel numbers. Different types of the spectral

data can be displayed by selecting respective items in the ’Data displayed’ dropdown list. ’Count

rate at start’ and ’Count rate at end’ show spectral distributions of the detector count rate

(intensities) at the measurements starting and ending points in counts per second (cps). The

’Theoretical number of counts’ shows the mean numbers of counts, which one would obtain
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Figure 2.11: The GSG module interface with selection boxes for various input parameters.
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Figure 2.12: A typical resulting GSG graph, showing continuum and scattering contributions.
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if performed averaging on the infinitely large number of spectra measured. The ’Statistical

number of counts’ shows one of the possible realizations from the general totality of spectral

distributions, respectively the spectrum which is usually obtained in gamma spectroscopic

measurements. The random numbers of counts in the spectrum channels are obtained from

the Poisson distribution, whose mean values are taken from the respective data points in

the ’Theoretical number of counts’ spectrum. In figure 2.12 the checkboxes for showing the

contributions of the continuum and the scattered photons are ticked. One could also visualize

the contributions of different nuclides. Via enabling the ’More graph options’ checkbox one

could also scale and label the axes. The graph can then be downloaded as *.png or *.bmp

files. Another option is to save the whole data in *.xls or *.txt-format which has been used

for the present work.

2.3.2 The easy Monte Carlo Tool

The previously described GSG can be used for simulations of point sources only and does not

include any real-life geometries and only estimates contributions from detector surroundings.

In order to produce realistic spectra for voluminous sources, and even for quasi point sources,

one has to take into account the track of the gamma photons in the whole experimental setup.

Therefore particle tracking or Monte Carlo calculations are needed. This need is satisfied in the

current approach by coupling the GSG with the MCNP-based [14] eMC tool, developed at ITU,

but not available publicly. In two steps a realistic spectrum is produced. First the eMC module

calculates the energy distribution of the photon flux at the specified detector position using

weighted Monte Carlo, see figure 2.13, which is then translated into a physical spectrum, the

energy dependent source strength of an equivalent point source. In the GSG this spectrum is

convoluted with the previously described Detector Response Functions (DRFs) to get a pulse-

height distribution for a specified gamma detector. Figure 2.14 shows the mentioned steps:

From the real experiment with an extended source and a real detector, the eMC calculates an

equivalent point source in a point detector approach; this equivalent point source is then used

in the last step in the GSG and folded with a realistic detector response.

For the particle tracking calculations the eMC offers many options to define relevant ob-

jects, which can consist of different geometric volumes filled with specified materials. They can

include an arbitrary number of point-like sources or active volumes with uniform distribution

of radioactivity. A mixture of gamma emitting nuclides can be assigned to each source. The

relevant data about the decay radiations is taken from the Joint Evaluated Fission and Fusion

(JEFF) 3.1 data library [10]. In appendix B one can find a typical input file for the eMC, where

one can see the cell structure of the specified geometric radiation objects. The energy depen-

dent photon flux is calculated using a next event estimator, also called a point detector tally. To

separate the contributions of discrete energy and continuum gammas, an appropriate energy
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Figure 2.13: A typical energy distribution of the photon flux calculated in the eMC tool including

scattering contributions (’buildup’).
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Figure 2.14: From the real life experiment a two step simulation approach is taken to get realistic

results.
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binning has to be applied. The position of the point detector (which is assumed to correspond

to the input window of a real detector) can be anywhere around the radiation objects. The

result of the eMC calculation is the energy-dependent photon flux at the detector location.

It consists of the primary photon contribution from discrete energy gammas and X-rays and

the secondary scattered part from continuum gamma rays, fluorescent X-rays and annihilation

photons from the source or shield material. The photon flux is then, as described previously,

the starting point for the GSG, which produces the resulting realistic gamma spectrum.

2.3.3 Used Modelling Parameters

In order to use the gamma Simulation toolkit to investigate realistic scenarios and compare

its performance to experimental results, a special focus has to be given to the simplifications

of the real-life measurement setup for the used model. As described above, the whole setup

has to be specified in the eMC using simple geometric shapes and a point detector tally.

Therefore in the eMC input the sources, scattering objects and detector surroundings have to

be introduced as simple objects. In the following step in the GSG, a realistic detector crystal

and input window in the detector can be chosen, but the influence from the rest of the detector

has to be considered in the eMC. It is of utmost importance to develop suitable models for

the real-life setup with sources, objects and detectors in the eMC.

In a first step the experimental room was modelled, determining a 3 x 3 x 3 m cube filled

with air and defined by 60 cm thick concrete walls. Detectors and sources were placed on light

plastic boards mounted on thin steel wires to reduce scattering from the walls. Those parts of

the lab equipment were not considered in the simulation as they should not influence the result

much. The sources described in chapter 2.1 could be modelled using the described geometry

from the source certificates. The calibration sources from the Amersham set were modelled us-

ing a thin polyethylene cube with the given dimensions of 1 mm thickness and 1 x 2 cm surface

containing a point source of radiation in the centre. Although the source is of course not a real

point, this assumption gives reasonable results. The fertilizer could also be modelled according

to the geometry described in 2.1. The KCl was assumed to have a bulk density of 1.2g/cm3

in the 30 x 35 x 15 cm plastic suitcase with 2 mm wall thickness. The activity coming from

the contained K-40 was assumed to show a homogeneous distribution over the whole volume,

giving 300 kBq in total. The plutonium source with its rather complicated composition shown

in figure 2.3 had to be simplified for the eMC input. A cylindrical active volume containing the

plutonium oxide, giving an activity for the Pu-239 of 11.6 GBq, was embedded in a cylindrical

steel can with the samples outer dimensions, neglecting the complicated geometry of the real

sample. It was found that the window thickness of 0.78 mm on the working side of the sample

was the deciding factor in the source model. The uranium sources could both be modelled

rather easily, as they both consist of a determined active volume filled with U3O8, one in a
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sealed aluminum alloy can and the other in a paperboard containment, see the dimensions

mentioned in chapter 2.1. For simulations of shielded sources, three types of shields were used,

lead, iron and aluminum. All of them were 20 x 20 cm big and had different thicknesses. The

shields were assumed to be homogeneous and consist of the pure elements only.

While there were no problems simulating sources, shields and the laboratory room, a special

focus has to be given to establishing the detector model for the Monte Carlo calculations. The

GSG cannot take into account any objects around the active detector volume, like the detector

housing or electronics. A comparison of GSG produced spectra to experimental ones however

shows that the detector surroundings have an important influence on the spectrum shape,

even for point sources. The previously described backscatter peak, which is important for one

type of interference scenario, is produced because of the interaction of gamma rays with the

detector housing. Unfortunately the eMC uses the previously described point detector tally,

which corresponds to the location of the detector input window. It is now not trivial to find

the arrangement of material surrounding the detector to be consistent with the experiment.

In addition the detector companies do not usually give specific design information about their

products. Therefore the influence from the crystal surroundings, like housing or electronics

can be estimated only. After many adjustments, the detector model which has been proven to

give the best results for the identiFINDERUltra concerning scattering effects consisted of an

aluminum slab 1 cm behind the detector and an 1.5 cm long aluminum cylinder around the

detector with a wall thickness of 7.5 mm and an outer diameter of 5 cm in the eMC tool.

The point detector is then located 5 mm into the cylinder on one side which has a closed end

on the other side. The realistic input window of 2 mm aluminum was then added in the GSG

simulation, see also figure 2.14.

2.3.4 Handling of the Spectra - the Cambio Tool

The Cambio tool [15], developed by George Lasche at Sandia National Laboratories, was

designed to automatically read and display nuclear spectral data files of any known format and

to convert spectral data to one of several commonly used analysis formats. As the number of

manufacturers of nuclear detection instrumentation grows, so does the number of data formats

that must be able to be read by analysts. Cambio can translate all spectrum formats, including

the .txt - files provided by the GSG. In the current project, the simulated spectra were also fed

into the identiFINDERUltra detector in order to use its built-in analysis capabilities to determine

the masking limit. As the instrument only reads the manufacturers .spc - files, the spectra

had to be translated into this respective format. Also for displaying and visually comparing

simulated and measured spectra, the Cambio tool was used. The tool is now also available

on the NUCLEONICA portal, where it completes the gamma simulation toolkit and benefits

from the user-friendly interface and graphs display that is a standard in NUCLEONICA. To
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demonstrate the powerful tools available there, the graphs containing gamma spectra in this

paper are produced using the NUCLEONICA Cambio version.

2.4 Nuclide Identification

In all Nuclear Security applications nuclide identification is the key issue. For the masking issue

the point where a material is fully concealed by another of course depends on the method of

how the presence of the interested material is determined. Masking limits will depend on the

given measurement geometry and the used detector, but also on the method/ software used

to analyse a given spectrum. Nowadays two different approaches to nuclide identification are

commonly used. First, peak search based methods and recently also the so-called template

matching.

The classical approach to identify isotopes in a gamma spectrum is to look for the peaks and

then assign them to gamma lines from a preset library. An example for advanced peak search

based software is the Identify [16] program, developed in a joint effort by GBS-Elektronik and

the IAEA, which is in use in the agency to resolve ID cases which cannot be solved by member

states. It is an interactive peak search based analysis tool, displaying its finding on a screen,

where it allows the user to assist the identification process. The principle of the software is

that after identifying peaks in a spectrum, the user interactively assigns these peaks to preset

library nuclides based on visual matching related to calculated relative peak heights. Figure

2.15 shows a screenshot of the software interface. Therefore the identification of an interested

material in the presence of a masking agent depends on two factors: First the recognition of

the interested peak as a peak, which could disappear in a strong continuum, be hidden by

attenuation, not be resolved from other close peaks, or mistaken for a backscatter peak. As

the software has to find the peak, sensitivity of the used peak search algorithm is an issue

here. In the present study the standard sensitivity was used, which demands the net peak area

(minus background and continuum) to be σ = 3.1 times larger than the average area error.

With a greater sensitivity one would find also smaller peaks, but also statistical fluctuations

in the spectrum would be recognized as such, which makes the identification impossible. The

second determining factor is the relative peak height compared to other peaks in the spectrum

(can be disturbed by not resolving close photo peaks or be attenuated).

A more recent approach to identification is the template matching method. Its basic prin-

ciple is to compare gamma spectra to preset template spectra stored in the used device. It is

obvious that the template quality has a notable impact on nuclide identification capabilities.

The identiFINDERUltra instrument used in the present study is an RID, which means it has

built-in ID capabilities, and uses the template matching method. To compare the ID perfor-

mance and masking limits for both methods, spectra are analysed with the Identify software for
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Figure 2.15: The Identify software user interface displaying found peaks and assigned nuclides.
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peak search based identification and fed back into the identiFINDERUltra device for template

based analysis in the course of the project (see chapter 4).



Chapter 3

Experimentation

The following chapter gives an overview over all the experiments and simulations conducted in

this study. The simulation tools needed to be validated carefully by comparing the results with

experiments. First simple setups with point sources, then extended sources are investigated and

further the respective masking scenarios are developed and the tool’s accuracy is additionally

shown on them.

3.1 Validation of the Tools

Before using the NUCLEONICA simulation tools on more complex scenarios with two sources

and scattering objects, the accuracy of the simulations has to be shown first for simple point

sources and furthermore also for single extended sources. Previous validation experiments using

single unshielded and shielded point and extended sources done at the ITU have shown that the

tools are suitable for semiconductor-detectors (see [17] and [18]), now they have to be proven

for the nuclear-security relevant scintillation detectors used in this study as well. Spectra of

different sources have been measured in controlled laboratory conditions and then compared

to the modelled spectra visually.

3.1.1 Validation for Point Sources

Figure 3.1 shows the experimental setup for the validation measurements with the point-like

Amersham calibration sources. As mentioned previously, for all measurements, the detector

and the respective sample holders have been mounted in the middle of the lab room, using

thin steel wires, to reduce possible scattering from walls, floor and ceiling. The detector was

placed on a thin plastic platform. Now, the Amersham plastic samples have been fixed to a

light, but stable plastic sample holder, which was held in place by using steel wires again. The

45
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unshielded sources were measured at 10 and 25 cm, using a cardboard distance holder to keep

the exact distance at the whole measurement time.

Figure 3.1: The experimental setup for the point sources, which were attached to a thin polyethylene

sourceholder.

The measurement time for all samples was not prefixed, but more or less set in the process

to get appropriate statistics. This was done following the rule of thumb of allowing an error of

one percent for the most important peak in the spectrum, see section 2.2.4. The used sources

were Ba-133, Cs-137, Co-60 and Am-241. Figure 3.2 shows the so produced spectra for the

Cs-137 spectrometric point source. One can see that experiment and simulation fit quite well.

To show the importance of the advanced Monte Carlo calculations, coming from the eMC

tool, the picture also includes the Cs-137 spectrum simulated with the GSG only. One can see

that the characteristic backscattering peak in the energy region of 200 keV is missing then,

as scattering in the detector surroundings can only be guessed in the GSG approach. Even

for simple measurement geometries with point sources one needs Monte Carlo calculations to

fully characterize the spectrum. Figure 3.3 shows again the measured and modelled spectra,

but now including a plot of the difference between the two. One can see that the biggest

problems lie in the low energy region below 15 keV, which is due to a threshold value given

in the eMC tool, and in the backscatter peak region, which is extremely hard to model as due

to the complex scattering processes it looks slightly different each time.

3.1.2 Validation for Extended Sources

The accuracy of the simulation was in the course of the project also shown for extended

source geometries. Validation measurements have been performed using the previously de-

scribed CBNM 446 200g low enriched uranium source (see chapter 2.1). The source was

measured using a specially designed sample holder at a distance of 10, 15 and 25 cm from

detector end cap to the bottom of the sealed aluminum can. Figure 3.4 shows the accuracy of
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Figure 3.2: Spectra of a Cs-137 point source: measured (blue), simulated with a coupled GSG and

eMC approach (red) and simulated without Monte Carlo calculations in the GSG only (green).

Figure 3.3: Spectra of a Cs-137 point source: measured (red), simulated with a coupled GSG and

eMC approach (green) and the difference between the modelled and measured spectrum (blue).
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Figure 3.4: Spectra of the extended CBNM uranium source: measured (blue) and simulated with a

coupled GSG and eMC approach (red).

the simulation for the extended CBNM source, which contains a 1.58 cm thick active volume

filled with uranium oxide behind a 2 mm aluminum alloy working window at the bottom.

3.1.3 Validation for Shielded Point and Extended Sources

In addition to the simple measurements of point like and extended sources at varying distances,

also shielding has been introduced. The three shields used had an area of 20 x 20 cm and

different thicknesses for each shield material. A 0.5 cm lead, a 1 cm thick iron and a 3 cm

thick aluminum slab were each placed directly in front of the measured source, at a distance

from the detector endcap of 10 cm. Figure 3.5 shows the setup for the shielded measurements.

In figure 3.6 one can see the obtained spectra for the extended CBNM standard, shielded by

30 mm of aluminum. A comparison to a simulation using a point source approach only shows

the importance of Monte Carlo calculations again, where the main characteristic of the CBNM

spectrum is the self attenuation in the 1.58 cm thick active volume of the sample. It can be

seen nicely here that the attenuation does not only reduce the intensity of the spectrum, the

multiple scattering effects in the source itself and the shield also change the shape of the

spectrum.

Table 3.1 gives all source/ shield combinations measured for validation purposes. In Ap-

pendix A one can find a number of corresponding comparisons of simulations and experiments.

The number of validation measurements performed helped establishing the detector model al-

ready described in section 2.3.3 with the aluminum cylinder and slab in the eMC and the 2 mm

input window in the GSG. The measurements also showed, that the experimentally determined



CHAPTER 3. EXPERIMENTATION 49

Figure 3.5: The experimental setup for the extended sources including shielding, measured at 10

cm.

Figure 3.6: Measured (blue), simulated with GSG and eMC (green) and simulated with a point

source approach only (red) spectra of a CBNM 4.46 % enriched uranium standard shielded by 30

mm of aluminum. Note the self attenuation of the source in the realistic spectra compared to a point

source.
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Table 3.1: All measurements using single sources in certain distances [cm] and with shielding at 10

cm distance, except the shielded Pu84, which was measured at 25 cm from the detector.

0 5 10 15 25 0.05 cm Lead 0.1 cm Steel 0.3 cm Alu

Ba-133 point X X X X X X

Cs-137 point X X X X X X

Am-241 point X

Co-60 point X X

K-40 fertilizer suitcase X

CBNM Pu84 X X X

CBNM 446 Uranium X X X X X X

NBS U900 HEU X X X

resolution of the identiFINDERUltra of 13.5 KeV at 122 KeV and 65 keV at 1332 keV is not

linear in the whole energy range, as assumed by the GSG model. Therefore the resolution had

to be slightly adjusted for some simulations. Using this found parameters the combined GSG

and eMC toolkit proved itself to be of great value for simulating even complex geometric ar-

rangements including extended and shielded single sources. After having validated the toolkit

for scintillation detectors, one can go on to accurately simulate scenarios with more than one

source, the so-called masking issue.

3.2 The Approach to investigate Gamma Interference

Having introduced the theoretical background and all tools and materials used in this study

one shall now go back to the principle question. How can the masking issue be investigated

in order to fully understand it? The obvious way to investigate the interference of two sources

contributing to a gamma spectrum is to measure them simultaneously. Such an experimental

setup consists of the detector, the first source - the masking agent - and the second source,

the interested nuclear material.

To quantitatively investigate the interference phenomenon one needs different activity ra-

tios of the sources in order to find the ratio, where the masking agent fully conceals the second

source, the so-called masking limit, which has already been introduced in chapter 1.1.4. One

could now take a row of experiments with sources of different activity or change the respec-

tive detector-source distance to change the dose rate and calculate the corresponding activity.

Either way one would need a lot of measurements, which is obviously cumbersome and time-

consuming. An often used way of avoiding this vast number of experiments is to measure each

source separately and later sum the so obtained two spectra channel-by-channel. This distribu-

tive approach has the advantage that each spectrum can be scaled accordingly. That means
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one can get different activity ratios by simply dividing/scaling the single spectra, as intensity/

counts are proportional to the activity of a source. This way one can obtain a theoretical

masking limit. The distributive method works fine for point sources, which cannot shield each

other and therefore should not influence each other much. In complicated - more realistic -

measurement geometry with extended sources, however, this approach is not appropriate any

more.

Figure 3.7: Experimental setup for simultaneous measurement of the potassium fertilizer suitcase

and the NBS U900 source. The equipment is placed on steel wires in the middle of the room.

As an example the spectra of the NBS U900 source at a distance of 15 cm from the

detector and of a 15 cm thick 20 kg suitcase of potassium fertilizer touching the detector

have been measured separately and simultaneously. Figure 3.7 shows the experimental setup

for the simultaneous measurement. The uranium source was placed right behind the fertilizer

containing suitcase, which was touching the detector cap. In the separate measurements the

respective second source was removed, but the distances were kept the same as in the simul-

taneous measurement. Figure 3.8 now shows the obtained spectra. The prominent function in

the diagram is the channel-per-channel sum of the two separate measurements of the fertilizer

volume and the uranium sample. The lower line shows the spectrum of the actual simultane-

ous measurement, were the fertilizer volume is placed between the detector and the uranium.

The summed spectrum looks very similar to a fertilizer spectrum alone (can be found in Ap-

pendix A). Obviously the uranium is shielded by the 15 cm thick fertilizer volume. Although

the gamma attenuation coefficient is energy dependent to some extent (see section 1.2.3) a

simple shielding should though only lower the intensity of the uranium spectrum following the

attenuation law. As we can see, however, the shape of the uranium spectrum is completely

changed, the peaks are not visible any more, or only if one knows they should be there. The

biggest factor here is the scattering of the gamma rays coming from the uranium in the ex-
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Figure 3.8: U900 and fertilizer spectra measured separately and summed channel per channel (blue)

and in a simultaneous measurement (red), where the uranium is shielded by the fertilizer

tended fertilizer volume. Due to energy changes from the scattering, the resulting uranium

spectrum would only show indefinite bumps in the low energy area instead of sharp peaks.

These bumps however disappear in the Compton continuum of the fertilizer spectrum. One

can see clearly, that in addition to a change of intensity which could be ’repaired’ by scaling

a shielded spectrum, also the shape of a shielded source spectrum changes completely due to

scattering effects. These scattering processes cannot be determined analytically; therefore one

cannot just sum spectra of sources influencing each other that way.

Although the experimental distributive method may have advantages and be considered

more realistic for some cases, it is not suitable for a detailed analysis of interference scenarios

involving extended source geometries, especially if they shield each other partly or completely

as in the described example. These cases either require simultaneous measurements or detailed

simulations including particle-track calculations to cover the important scattering processes.

3.3 Three indicative Interference Scenarios

In the previous section it was shown that by itself, a pure experimental approach to inves-

tigate masking scenarios is either cumbersome or in the simplified distributive approach not

appropriate enough for complex situations. The most suitable option to do a comprehensive

study of the phenomenon seems to be using extensive simulations. With the NUCLEONICA

tools a reliable gamma modelling kit has been established, accurate enough to also simulate
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Table 3.2: The main adjacent gamma lines of Ba-133 and Pu-239. (from [10])

Ba-133 lines [keV] Pu-239 lines [keV]

80 95

276

302 345

356 375

383 414

complex extended source geometries, as shown in the previous section. The best strategy to

investigate the masking phenomenon qualitatively and quantitatively is found to be a combi-

nation of experimental and modelling approach. In the following chapter, one masking scenario

is established for each of the three types of interferences. The respective scenario using one

masking agent source and one nuclear material sample is then first measured experimentally in

a determined geometry with one given activity for each of the used sources. In a second step

this experimental setup is accordingly reproduced in the NUCLEONICA gamma simulation

toolkit, the eMC and the GSG. If the obtained simulation result is appropriately accurate for

this one specified scenario, the used simulation parameters are also used for modelling the

same scenario but with different activity ratios of the masking agent source and the nuclear

material. This way a lot of activity/ dose rate ratios can be investigated in relatively short

time and by using nuclide identification methods on the so obtained spectra one can quantita-

tively examine the issue and establish the previously mentioned masking limits, which are the

final results of this study. The following section shall introduce the three established scenarios

and their measurement setup and modelling parameters. The obtained spectra already give a

qualitative understanding of the masking effect.

3.3.1 Adjacent Photopeaks: Ba-133 and Pu-239

The first scenario is an example for the interference problem of adjacent photopeaks. This type

of interference is obviously resolution dependent as it results from the characteristic photopeaks

of two sources lying in the same energy region in the gamma spectrum. Depending on how well

the peaks/ lines are separated, one can identify both nuclides or not. One can witness this type

of masking for example for the commonly used industrial or medical isotope Ba-133 and the

special nuclear material Pu-239. They both have their characteristic main lines in a region of

250 to 450 keV, as summarized in table 3.2. In figure 3.9 a part of a high resolution spectrum

of Ba-133 and Pu-239 can be seen, where one can clearly distinguish the lines coming from the

respective source. One should note that the Pu-239 also has important lines in a low energy

region, but these peaks are very often absorbed in even thin shielding.
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Figure 3.9: A part of a high resolution spectrum of a Ba-133 and Pu-239 mixture simulated for a

HPGe detector using the GSG.

For the present experiment the Amersham Ba-133 source and the CBNM Pu84 reference

material (see the source description in 2.1) have been used. As mentioned previously, the Ba-

133 calibration source is a point like source with an activity at measurement time of 60 kBq

sealed in a thin plastic platelet. The plutonium source is a reference material, consisting of a 6.6

g plutonium oxide pellet sealed in a stainless steel disc, containing 84 % of Pu-239 in 1991. The

determined Pu-239 activity at measurement date was 11.6 GBq. The experimental setup, again

mounted on steel wires, is shown in figure 3.10. A plastic sample holder was designed for the

plutonium disc. One can also see the paper distance holder again, the plutonium was measured

at a distance of 25 cm. In this picture the Ba-133 platelet is directly taped to the detector

cap, to see some of its signature, as it is a pretty weak source compared to the plutonium. A

Figure 3.10: The experimental setup for the simultaneous measurement of the Ba-133 and the

plutonium sample.

first measurement showed that the Pu84 sample contains a lot of Am-241 as a decay product

from Pu-241, which was present in traces in the sample at production date. To avoid the large

contribution of americium to the gamma spectrum, the sources have been shielded by 1 mm
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of lead in the experiment in order to focus on the interested Pu-239. Therefore also low energy

plutonium lines are attenuated in the resulting spectrum. Having introduced the shielding a

second measurement showed that with the americium lines absorbed, the dose rate of the

Ba-133 was overwhelming the plutonium dose rate. In order to see contributions from both

sources, in the final setup the Ba-133 point source was taped to the protective plastic cap of

the Pu84 sample, now both sources being placed at a 25 cm distance from the detector. The

measurement time was again decided during the process. While the other masking scenarios

were measured at least overnight to obtain good statistics, the present scenario could only be

measured for around 200 seconds, as the detector seemed to have a problem with the huge

number of counts coming from the plutonium. The resulting spectra from longer measurements

were completely unusable. As also the 200 s spectrum gave acceptable statistical results, the

issue was not examined further.

Figure 3.11: CBNM Pu84 at 25 cm distance from detector with a Ba-133 point source and shielded

by 1 mm of lead, measured (blue) and simulated with the coupled GSG and eMC (red).

Figure 3.11 shows the obtained spectra of the measured and the simulated source combi-

nation. The parameters for the simulation were the standard ones described in chapter 2.3.3

and the geometry following the real-life experiment. As mentioned already, the interesting re-

gion for interference now is the area between 250 and 450 keV, both Pu-239 and Ba-133 have

their main gamma lines there, the adjacent photo peaks that need to be resolved. The used

scintillation detector cannot really separate the respective peaks, nuclide identification done

in the following chapter will not be trivial. However, it can be seen that the simulated and

the measured spectra match quite well in the interested region, therefore the simulation was

found to be accurate enough to find the masking limit for this scenario by modelling different
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activity ratios.

3.3.2 Backscatter Peak: Cs-137 and U-235

The second scenario shows the phenomenon of a backscatter peak concealing the signature

of the interested material. This type of interference can occur with any masking agent that

shows a strong backscatter peak. The physical origin of the backscatter peak was discussed in

chapter 1.2.2. An example for a gamma source showing a strong backscatter peak (because of

the more or less mono-energetic gamma emission) is the often industrially used Cs-137. The

sample used in this experiment was the Amersham calibration source, point-like in a plastic

platelet, showing an activity at measurement date of 177.4 kBq. The main line of Cs-137 can

be found at 662 keV, resulting in a backscatter peak at an energy of 184 keV, calculated from

simple conservation of energy and momentum in the photon - electron scattering at 180◦, see

equation 1.1. Unfortunately it is now the case that the main line of U-235 is at 185.7 keV. It

is clear, that this line could be hidden in the backscatter peak of caesium. Figure 3.12 shows a

simulation for the single isotopes Cs-137 and U-235 using a simple point source approach with

the GSG in the first spectrum and artificially introducing a backscatter contribution in the

second spectrum. With this simplified model one can already see the potential consequence

of a backscatter peak interfering with the uranium spectrum.

For the present experiment the previously described CBNM 446 uranium standard was

used. The source in the 80 x 90 mm sealed aluminum can consists of a 15.8 mm thick

cylindrical volume of uranium oxide, with 4.46 % U-235 abundance in the uranium contained,

the rest being U-238 and minor contributions from other uranium isotopes. Although the

sample mainly consists of U-238, the focus laid on the U-235, as this is the isotope considered

the most relevant for nuclear security (see chapter 2.1) and the U-235 main line is the interested

region in this type of interference. The U-235 activity at measurement date was 607 kBq. The

uranium source was placed on the special sample holder in a distance from the detector cap of

10 cm. The Cs-137 containing platelet was fixed onto the paper distance holder using standard

tape to place it at a distance from the detector of 5 cm. The setup can be seen in figure 3.13.

To get appropriate counting statistics the assembly was measured over night. The modelling

parameters for the eMC and GSG were the standard ones described in section 2.3.3 and the

geometry followed the experiment. Figure 3.14 shows the so obtained measured and modelled

spectra. Again, measurement and simulation fit quite well, especially in the interesting region

around 186 keV, where the backscatter peak and the U-235 main line sum up. The peaks in

the lower energy region come from the U-238 contribution, which is not investigated in detail

here, and one can even see the low energy X-ray peak from Cs-137 at approximately 30 keV.

It is concluded, that also for this specified scenario one can establish different activity ratios
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Figure 3.12: A simple simulation using a point source approach only for a mixture of Cs-137 and U-

235. In the second spectrum an artificial backscatter contribution is introduced to show the potential

interference with the main U-235 peak.

Figure 3.13: The experimental setup for the simultaneous measurement of the CBNM 446 uranium

sample and the Cs-137 point source.
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Figure 3.14: Measured (blue) and simulated (red) spectra for the CBNM 446 uranium and the

Cs-137 point source. The interested peak is at 186 keV, which consists of the U-235 main line and

the backscatter contribution from the 662 keV Cs-137 photopeak.

and the masking limit.

3.3.3 Strong Continuum: K-40 Fertilizer and U-235

The last scenario is an example for the concealing of a source in the strong continuum of

another gamma emitter. To investigate this phenomenon a relatively big potash volume was

chosen to serve as a masking agent for the highly enriched uranium NBS U900 sample. This

scenario is probably the most realistic one, as it is considered very probable that such a

case could occur in real life. The used potash fertilizer is according to IAEA statistics the

most transported radioactive good nowadays. The fertilizer is naturally occurring radioactive

material, as it consists of mainly potassium, which also contains the radionuclide K-40. K-40

is a monoenergetic gamma emitter with a characteristic peak at 1461 keV. The used fertilizer

was commercially available so-called Kali60, which consists of 93 % KCl, with a specific activity

of 16 Bq/g. As described in chapter 2.1, the fertilizer with a bulk density of 1.2 g/cm3 was

filled into a 30 x 35 x 15 cm plastic suitcase, giving a total activity of 300 kBq. The nuclear

material used for this scenario was the NBS U900, also described in chapter 2.1. It consists of

uranium oxide with 90 % U-235 content in the uranium, giving a U-235 activity of 360 KBq.

For the masking experiment the suitcase filled with fertilizer was placed between the detector

endcap and the uranium source, again placed onto a polyethylene sample holder, as could be

seen in figure 3.7.



CHAPTER 3. EXPERIMENTATION 59

The fertilizer volume is now not only attenuating the gamma rays from the NBS U900

sample, the gammas are also scattered in the relatively large volume. This changes the shape

of the uranium spectrum completely, giving an indefinite bump in the low energy region only,

mixing with the scattering bump of the K-40 which comes from scattering of the K-40 gammas

in the fertilizer itself. Minor traces of uranium peaks disappear in the statistical fluctuations

of the strong fertilizer continuum. For the simulation of this respective setup again standard

modelling parameters already introduced and a relatively exact replicate of the geometric setup

could be used in the eMC and GSG input files. Figure 3.15 shows the obtained measured and

simulated spectra for the fertilizer case. It can be seen that also for this scenario the simulation

is rather accurate.

Figure 3.15: Measured (blue) and simulated (red) spectra for the fertilizer volume and the NBS

U900 source. The uranium peaks are buried in the strong scattering contribution and attenuated in

the volume.



Chapter 4

Results and Conclusions

After establishing different experimental setups for each of the three types of gamma interfer-

ences and having shown that the NUCLEONICA tools are accurate enough to simulate these

cases, one can now produce quantitative results for the respective masking scenarios. One

wants to find the previously described masking limit, the point where one source is completely

concealed by another one. This is done by doing a number of simulations for each case with

varying activity ratios of the respective two sources. For the first two scenarios with the cali-

bration point sources, the activities of the Ba-133 and the Cs-137 source are simply increased

step by step to find the activity, where the nuclear material cannot be identified anymore due

to the masking effects. In the last case with the fertilizer, the masking agent is an extended

source. Therefore not only the activity but accordingly also the volume, more accurately the

thickness of the volume, is increased, as the thickness influences the absorption of the nuclear

material gammas. Note that the increasing activity values are not given in absolute numbers

but have been normalized, as the exact masking limits in figures might be considered security

sensitive.

It has to be stated, that these masking limits are only valid for specific cases with the

described geometry, source materials, detector and also identification software. As described

already in chapter 2.4, the identification result does depend on the used identification algorithm

or software. The simulated spectra are investigated using two different ID methods, the tem-

plate matching built-in in the identiFINDERUltra and the peak search based Identify software,

and their ID results are compared. Fortunately the txt-files produced by the NUCLEONICA

tools could be transformed to identiFINDERUltra spc-format using the Cambio software. This

way the spectra could be analysed using the built-in capabilities of the identiFINDERUltra by

transferring them to the device. To investigate the files using the Identify software, they had

to be translated into IAEA spe format.

60
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4.1 Results for Ba-133 and Pu-239

To find the amount of Ba-133 that is necessary to fully conceal the Pu-239, a number of

simulations of the same setup as described in section 3.3 have been carried out using different

activities for the barium contribution. The Ba-133 activity has been increased in steps of 60

kBq. The higher the Ba-133 activity, the lower is the probability to identify the Pu-239 in the

sample. The so-produced spectra with each different activity ratios for the two nuclides have

then been analysed with the previously described two different ID methods.

The identiFINDERUltra built in template matching algorithm does not only give back the

name of the nuclide assumed to be present, but also gives a numeric index ranging from

1 to 10 to represent the confidence of the identification. This so-called confidence index is

connected to the ID probability of the specific nuclide. Figure 4.1 shows the confidence index

(blue) for the Pu-239 identification for increasing (normalized) values of the Ba-133 activity

in the respective scenario. Where the confidence index drops to zero and below the indicated

detection limit (dashed line), the plutonium is not identified any longer. This point in the

diagram is the masking limit for the template matching method used in the identiFINDERUltra

and the specified experimental setup and detector. Unfortunately there is no value given by

the Identify software in order to compare with the confidence index of the template matching

method. The identification probability in the Identify program is not only dependant on the

detection of a peak, but also on the judgement of the user, who interactively assigns a peak to

a nuclide from a list of proposed ones. Therefore it is not possible to numerically evaluate the

ID probability. However, it is certain that at the point where no plutonium peak is found at all

by the program (based on the preset peak search sensitivity, see section 2.4) and plutonium is

not proposed by the software, the correct identification is no longer possible for the user. This

value shall be used as masking limit for the peak search based method. As the ID probability

does not change but the nuclide is either identified or not, the masking limit for the peak

search based method is only indicated using an arrow in figure 4.1. One can see that for this

respective scenario the two methods perform equally well with the Pu-239 identification in the

presence of barium. The red arrow for the peak search based method indicates the masking

limit just before the confidence index reaches the detection limit.

Comparison to Results for a HPGe Detector This type of interference is obviously

and a priori resolution dependent. A simulated spectrum based on the same setup, but with

a semiconductor detector highlights this fact. Figure 4.2 shows the simulated spectrum with

better resolution, using the Ba-133 activity that masks the plutonium in the described scenario

with the scintillator. The now assumed detector is an Ortec Micro Detective, a handheld

electrically cooled High Purity Germanium (HPGe) with a resolution of 1 keV at 122 keV and

2.15 keV at 1332 keV, as described in section 2.2. The better resolution compared to the
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Figure 4.1: The confidence index (blue) for the Pu-239 identification drops with increasing Ba-133

activity until it reaches the detection limit (green) at the masking limit. The masking limit for the

peak search based method is indicated with the red arrow.
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identiFINDERUltra allows immediately the clear identification of Pu-239 by eye and of course

using the Identify software.

Figure 4.2: The spectrum with the Ba-133 activity at masking limit simulated for a better resolving

HPGe detector. The Pu-239 lines (light blue) are clearly visible and can be identified using the peak

search based Identify program.

4.2 Results for Cs-137 and U-235

For the Cs-137 and U-235 case, where the main line of the uranium is concealed by the

backscatter peak of the caesium, also the masking agent’s activity is increased step by step

(by 25 kBq each) in various simulations. The resulting spectra have then been analysed using

the identiFINDERUltra template matching method and the Identify peak search algorithm. The

problem for the software is that the U-235 peak can easily be confused with the backscatter

peak, especially if one is not able to calculate its designated intensity from the caesium 662

keV peak height. The development of the confidence index using the template matching ID

method of the identiFINDERUltra device with increasing (normalized) Cs-137 activity is shown

in figure 4.3. The masking limit is much lower than with the peak search based method. The

limit for the Identify software is again indicated with an arrow and shows that peak search is

the method of choice in such a case. The reason could be that the built-in template matching

algorithm of the identiFINDERUltra could automatically not consider this respective peak with

a prominent 662 keV peak present in the spectrum. However, the peak can easily be confused

with the backscatter peak and there is a risk that especially experienced users could dismiss the

proposed uranium in the interactive process of the Identify software. One should be reminded

that the masking limit for the Identify software also depends on the user, while in the shown
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Figure 4.3: The confidence index of the template matching method (blue) reaches the detection

limit (green) way before the masking limit for the peak search based method (red arrow) in the case

of the Cs-137 backscatter peak concealing the U-235 main line.
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diagram it is only said that the peak is proposed by the software.

Comparison to Results for a HPGe Detector A comparison to a spectrum produced

at the masking limit (for the peak search based method, as this is higher) with the HPGe

detector used also in the previous scenario indicates that even in this type of interference a

better resolution detector could solve the issue. The U-235 is identified with the peak search

based Identify without any problems. The reason for that is that in a HPGe spectrum the

whole continuum is very small compared to the sharp peak heights, see figure 4.4.

Figure 4.4: The spectrum with the Cs-137 activity at masking limit simulated for the HPGe detec-

tor.The U-235 peak is clearly visible near the backscatter contribution (’buildup’).

4.3 Results for K-40 Fertilizer and U-235

To find the masking limit in this probably most complex and certainly most realistic case, the

approach was a bit different. In the fertilizer and U-235 case the limit does not only depend

on the activity of the masking agent but also on the thickness of the fertilizer volume because

of the strong attenuation effect imposed on the gamma rays coming from the nuclear material

behind the fertilizer. Therefore the contribution of the fertilizer is increased with thickness of

the volume (in cm steps) and the activity is changed accordingly, assuming that the other

dimensions of the volume stay the same. In figure 4.5 one can see the development of the U-

235 identification with template matching again, the arrow for the peak search based masking

limit indicates that in this scenario both methods are equally suitable. The problem for the

identification is now first the attenuation like for single shielded sources and then the concealing

of the minor remaining nuclide signatures in the strong Compton continuum of the K-40.
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Figure 4.5: The masking limit for fertilizer shielding the 90 % enriched U900 standard source is at

the same point for both ID methods. Note that with increasing thickness of the volume and K-40

activity, also the attenuation and the distance to detector of the U900 increase.
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Comparison to Results for a HPGe Detector A comparison at the masking limit to the

HPGe spectrum shows that even in this case the better resolution could solve the issue; the

U-235 line could be identified easily. This is due to the reason, that also small peaks catch

one’s eye immediately in a HPGe spectrum, as the peaks are really sharp with small widths.

Due to this good resolution even the lower efficiency compared to the scintillation detector

does not disturb the clear visibility of the prominent U-235 peak above the continuum, see

figure 4.6.

Figure 4.6: The HPGe spectrum for the NBS U900 uranium sample and the potash fertilizer thick-

ness at masking limit.The U-235 peak is clearly prominent above the scattering and continuum

contributions (’buildup’).

4.4 Conclusions

The simulations performed using the NUCLEONICA tools have been proven to be very pow-

erful in terms of establishing masking limits for complex scenarios. Using a large number of

simulations, the ID performance of two different identification algorithms could be compared

for three cases representing one type of interference scenario each. The results show that for

the adjacent photopeak scenario both methods perform equally well. This results from the

rather simple challenge the case poses to the software. The result only depends on the peak

deconvolution performance of the algorithm. If a smeared bump can be identified consisting

of more than one peak, the Pu-239 will most certainly be found.

In the more complex scenario with the Cs-137 backscatter peak, the template matching

could not reach at all the identification performance shown by the peak search based Identify

software. However one has to note, that although the software proposes the U-235 peak,
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the experienced user who knows about the characteristics backscatter peak, might dismiss

the option and not find the peak with the interactive Identify method. Still, it is impressive

to what extent the Identify algorithm recognizes the peak. It is important to state that the

Identify software DOES know the backscatter peak phenomenon, as one could assume from

the results that the Identify would always propose U-235 and ignore the backscatter peak.

Analyses with no or little U-235 contribution show that in such a case the software does not

treat the backscatter peak as peak but assigns it to the continuum.

In the most complex scenario, which depends on more than one factor, both methods

perform more or less equally bad. The U-235 peak is not only absorbed in the fertilizer volume,

the K-40 continuum additionally disguises its signature. It has to be said that in the presented

case only the U-235 line was investigated. In a real-life scenario one would also look at the

contribution from the U-238 and solve the unclear case looking at all the peaks in the spectrum.

To detect at least that there is uranium, no matter of which grade, one could use the U-238

daughter product Pa-234m , which shows relatively prominent lines at 766 and 1001 keV.

Using this method one could at least say, that there is uranium present in the fertilizer, as

even HEU still contains some U-238.

As to solving the masking issue, one can see that a better resolution detector would do

the job. The simulations for the Ortec Micro Detective HPGe detector showed, that in all

three cases the nuclear material could easily be identified at the masking limit obtained with

the scintillation detector due to different physical reasons. In the first case it was the simple

resolution to separate close lying photopeaks. In the other two cases it was the relation between

sharp, prominent peaks and a relatively small continuum contribution of the HPGe compared

to a scintillator that made the nuclide identification possible.



Chapter 5

Summary and Outlook

The aim of the present study was to investigate the masking issue as comprehensively as

possible. Therefore the topic was not only treated experimentally, but also using extensive

simulations. In order to avoid a huge series of measurements with the same sources but

different activity/ dose rate ratios, most authors propose the so-called distributive approach,

where spectra of single sources are measured, scaled accordingly and later summed channel-per-

channel to produce a masking scenario. It was found in the present study that this experimental

only approach cannot be applied to realistic scenarios involving extended source geometries

and shielding. Especially for sources that partly shield each other in the experimental setup

a detailed description of the attenuation and more importantly scattering effects is required.

The distributive approach completely neglects these complex scattering patterns. To consider

the attenuation and scattering effects but still avoid cumbersome experiments, one can use

simulations in addition to measurements to get results for different activity ratios of the single

sources in the masking scenarios. The NUCLEONICA gamma simulation toolkit including the

GSG and eMC tool, which does particle tracking calculations to assess the scattering and

attenuation effects, was found to be reliable enough to be used in this study. To prove the

scientific relevance of the used tools, a series of validation measurements using single point

sources and extended nuclear material, both shielded and unshielded, has been carried out.

The results obtained with the 1.4 x 2 inch identiFINDERUltra scintillation detector showed the

accuracy of the used simulation toolkit and agreed with a validation study previously done at

ITU using a portable HPGe detector.

To cover the whole range of possible masking scenarios, three different types of interfer-

ences were identified and one source combination for each of these investigated. Each type is

based on other physical phenomena and therefore poses different challenges to the equipment.

The source combinations were first measured in controlled laboratory conditions and then

reproduced using the NUCLEONICA simulation tools. After showing the simulation’s correct-

ness for the respective scenario, a range of simulations covering different activity ratios was

69
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concluded. Using these so-produced spectra one could establish the so-called masking limit

by analysing the spectra with a nuclide identification software. Two different software types/

algorithms were used. First, a peak search based software called Identify and secondly the

identiFINDERUltra built-in template matching method. This could be done by transforming

the NUCLEONICA spectra into file formats read by the software and the detector using the

Cambio translation tool. This way the spectra could be fed into the device and analysed there,

which means that this method could also be used for detector testing and development in

the future. The two different algorithms however give sometimes different masking limits. This

also shows that the limits do strongly depend on many factors, like the detector, the geometry,

the ID software, etc. and are no absolute values connected only to the source activities.

First there is the resolution-based issue of two nuclides having adjacent photopeaks in the

spectrum. An example would be the industrial Ba-133 and Pu-239, which show nearby lines

in the energy region of 250 to 450 keV. Depending on the resolution of the detector, these

peak(s) have to be deconvoluted by an analysis algorithm in order to identify the nuclides. As

this is a rather simple challenge posed to the equipment, meaning it does only depend on one

factor, both analysis methods performed equally well in this scenario.

The second scenario was based on the phenomenon of a backscatter peak present in realistic

NaI spectra of strong mono-energetic gamma emitters. The industrial nuclide Cs-137 shows

this peak just in the energy region of the U-235 main gamma line. The investigation of this

scenario showed that the peak search based analysis method performed significantly better

than the template matching method for this case. Apparently the underlying considerations of

relative peak heights of photopeak to backscatter peak work better in the Identify software.

The last scenario, which is considered to be the most realistic and has not been described

so far, is the masking of nuclear material in a volume of fertilizer. Potash fertilizer contains the

naturally radioactive K-40. If nuclear material, highly enriched uranium in our case, is present

within or behind the fertilizer, its gamma rays will be attenuated, scattered and remaining

signatures will be disguised by the statistical fluctuations in the strong continuum of the K-40

spectrum. This scenario poses the greatest challenge to the analysis equipment. Both methods

perform equally in this study, but a relatively thin volume of fertilizer was enough to conceal

the nuclear material. One should note however, that in this investigation only the U-235 line

was looked for in the analysis of the spectrum. In reality one would also look for the U-238

daughter product Pa-234m, as U-238 is always present in uranium samples, even in highly

enriched uranium.

To solve the masking issue, in a first step simulations using the high resolution Ortec

Detective HPGe detector have been carried out. Spectra at the masking limit found for the NaI

detector in the previous steps now produced with higher resolution could easily be analysed and

the nuclear material identified by the Identify software. Surprisingly this was not only possible

for the obviously resolution-based interference type with the adjacent photopeaks, but also
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for the other two scenarios. The HPGe spectra show only a weak backscatter contribution,

therefore also the second type of interference poses no challenge to the identification. The

most interesting scenario being probably the last case with the fertilizer, also here could the

nuclear material be identified easily in the HPGe spectrum. The reason is that the sharp peaks

are extremely prominent over a relatively low continuum profile and scattering contributions

in the semiconductor spectrum. It could be concluded that a detector with better resolution

could solve the issue. Of course it would be interesting to push this detector to its limits too

and investigate if masking could be avoided in general.

Another possibility would be to expand the study to new detector materials, like the now

upcoming Lanthanium Bromide (LaBr). LaBr-detectors can be manufactured the size of the

hand held NaI detectors and show a much better resolution. In comparison to HPGe they

are cheaper and do not require cooling, which makes the HPGe detector handling always

complicated and costly.

A future study should also cover more realistic scenarios, like a truck load full of fertilizer

containing nuclear material, and a wider range of more complicated geometries. A consideration

of medical isotopes in vivo and in vitro could also be useful for Nuclear Security applications.

Summarizing one could say, that the NUCLEONICA tools, the GSG and eMC in a coupled

version, have been proven to be a sufficiently accurate simulation kit to investigate the phe-

nomenon. One should note, that the two step approach, the simplified geometry in the Monte

Carlo model and the used detector response database result in an extremely fast modelling

of real-life spectra compared to common Monte Carlo simulation programs, where hours of

calculation time are usual. This fast approach could therefore not only be used for equipment

testing like in the present work but may also be used on-the-fly for nuclide identification in an

iterative template generating approach in the future.



Appendix A

Additional Validation Spectra

A whole range of validation measurements has been carried out using different point and

extended sources, including shielding. The following compendium gives some indicative results

in comparison to the simulations. Not all measurements indicated in 3.1 are shown, as spectra

taken in different distances or using different types of shielding are in general very similar.
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Figure A.1: Spectra of the Amersham Ba-133 calibration point source, unshielded, at 25 cm distance

from the detector: measured (blue) and simulated with a coupled GSG and eMC approach (red).

Figure A.2: Spectra of the Amersham Co-60 calibration point source, unshielded, at 10 cm distance

from the detector: measured (blue) and simulated with a coupled GSG and eMC approach (red).
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Figure A.3: Spectra of the Amersham Am-241 calibration point source, unshielded, at 25 cm distance

from the detector: measured (blue) and simulated with a coupled GSG and eMC approach (red).

Figure A.4: Spectra of the Amersham Ba-133 calibration point source, shielded with 10 mm of iron,

at 10 cm distance from the detector: measured (blue) and simulated with a coupled GSG and eMC

approach (red).
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Figure A.5: Spectra of the Amersham Cs-137 calibration point source, shielded with 5 mm of lead,

at 10 cm distance from the detector: measured (blue) and simulated with a coupled GSG and eMC

approach (red).

Figure A.6: Spectra of the NBS U900 uranium source, unshielded, at 15 cm distance from the

detector: measured (blue) and simulated with a coupled GSG and eMC approach (red).
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Figure A.7: Spectra of the CBNM Pu84 plutonium source, unshielded, at 25 cm distance from the

detector: measured (blue) and simulated with a coupled GSG and eMC approach (red).

Figure A.8: Spectra of the K-40 fertilizer suitcase, unshielded, touching the detector: measured

(blue) and simulated with a coupled GSG and eMC approach (red).
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Figure A.9: Spectra of the CBNM 446 uranium source, shielded with 10 mm of iron, at 10 cm

distance from the detector: measured (blue) and simulated with a coupled GSG and eMC approach

(red).

Figure A.10: Spectra of the CBNM Pu84 plutonium source, shielded with 5 mm of lead, at 25 cm

distance from the detector: measured (blue) and simulated with a coupled GSG and eMC approach

(red).



Appendix B

Example eMC Input File

In order to get an idea of the cell structure of the MCNP-based eMC input, a typical input file

is given here. This specific example contains the combination of Pu84 (Source 1) and Ba-133

(Source 2).

’ ’ M a s k i n g w i t h Barium ( Verena )

c P a r a m e t e r s . T a s k D e s c r i p t i o n = ” T e s t s c a l c u l a t i o n ”
c P a r a m e t e r s . TaskType = 2
c P a r a m e t e r s . GammaRayEnergyThreshold = 0 . 0 1
c P a r a m e t e r s . NumberOfContinuumBins = 20

System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s , 10)

’ Geometry

Dim S h i e l d T h i c k n e s s As Double = 0 . 0 1 ’No 0 . 0 1 , Fe 1 . 0 , a l u 3 . 0 , Pb 0 . 5
Dim S h i e l d D e n s i t y As Double = 0.00125 ’ no 0 . 0 0 1 2 5 , Fe 7 . 8 7 4 , Alu 2 . 7 , Pb 1 1 . 5
Dim S h i e l d M a t e r i a l As I n t e g e r = 8 ’8 No , 26 Fe , 13 Alu , 82 Pb

’ Source ( 2 )

Dim S h i e l d T o S o u r c e 2 As Double = 2 2 . 9
Dim B a a c t i v i t y As Double = 60000

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

’ C o n c r e t e w a l l s
c P a r a m e t e r s . C e l l s ( 0 ) . Shape = 4
c P a r a m e t e r s . C e l l s ( 0 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 0 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 0 ) . Pos Z = 0
c P a r a m e t e r s . C e l l s ( 0 ) . Dim 1 = 3 6 0 . 0
c P a r a m e t e r s . C e l l s ( 0 ) . Dim 2 = 3 6 0 . 0
c P a r a m e t e r s . C e l l s ( 0 ) . Dim 3 = 3 6 0 . 0
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System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 0 ) . I n n e r C e l l s , 1)
c P a r a m e t e r s . C e l l s ( 0 ) . I n n e r C e l l s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 0 ) . O u t e r C e l l = −1

c P a r a m e t e r s . C e l l s ( 0 ) . D e n s i t y = 2 . 7
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 0 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 0 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 0 ) . Components ( 0 ) = 13
c P a r a m e t e r s . C e l l s ( 0 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 0 ) . F r a c t i o n s T y p e = 1

’ A i r i n s i d e th e room
c P a r a m e t e r s . C e l l s ( 1 ) . Shape = 4
c P a r a m e t e r s . C e l l s ( 1 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 1 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 1 ) . Pos Z = 0
c P a r a m e t e r s . C e l l s ( 1 ) . Dim 1 = 3 0 0 . 0
c P a r a m e t e r s . C e l l s ( 1 ) . Dim 2 = 3 0 0 . 0
c P a r a m e t e r s . C e l l s ( 1 ) . Dim 3 = 3 0 0 . 0

System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s , 5)
c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s ( 0 ) = 2
c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s ( 1 ) = 8
c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s ( 2 ) = 3
c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s ( 3 ) = 4
c P a r a m e t e r s . C e l l s ( 1 ) . I n n e r C e l l s ( 4 ) = 6
c P a r a m e t e r s . C e l l s ( 1 ) . O u t e r C e l l = 0

c P a r a m e t e r s . C e l l s ( 1 ) . D e n s i t y = 0.00125
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 1 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 1 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 1 ) . Components ( 0 ) = 8
c P a r a m e t e r s . C e l l s ( 1 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 1 ) . F r a c t i o n s T y p e = 1

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

’ Source 1 Pu84 5g 1 8 . 5 y e a r s a f t e r June 1991

’ Source conta inment (H = 21 mm, D = 40 mm)
c P a r a m e t e r s . C e l l s ( 2 ) . Shape = 2
c P a r a m e t e r s . C e l l s ( 2 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 2 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 2 ) . Pos Z = −0.972
c P a r a m e t e r s . C e l l s ( 2 ) . Dim 1 = 2
c P a r a m e t e r s . C e l l s ( 2 ) . Dim 2 = 2 . 1

System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 2 ) . I n n e r C e l l s , 1)
c P a r a m e t e r s . C e l l s ( 2 ) . I n n e r C e l l s ( 0 ) = 5
c P a r a m e t e r s . C e l l s ( 2 ) . O u t e r C e l l = 1

c P a r a m e t e r s . C e l l s ( 2 ) . D e n s i t y = 7 . 8 7 4
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System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 2 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 2 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 2 ) . Components ( 0 ) = 26
c P a r a m e t e r s . C e l l s ( 2 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 2 ) . F r a c t i o n s T y p e = 1

’ PuO2 c y l i n d e r s o u r c e (D = 1 4 . 7 mm, H = 3 . 7 mm )
c P a r a m e t e r s . C e l l s ( 5 ) . Shape = 2
c P a r a m e t e r s . C e l l s ( 5 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 5 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 5 ) . Pos Z = −0.185
c P a r a m e t e r s . C e l l s ( 5 ) . Dim 1 = 0 . 7 3 5
c P a r a m e t e r s . C e l l s ( 5 ) . Dim 2 = 0 . 3 7

c P a r a m e t e r s . C e l l s ( 5 ) . O u t e r C e l l = 2

c P a r a m e t e r s . C e l l s ( 5 ) . D e n s i t y = 1 0 . 5
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 5 ) . Components , 2)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 5 ) . F r a c t i o n s , 2)
c P a r a m e t e r s . C e l l s ( 5 ) . Components ( 0 ) = 8
c P a r a m e t e r s . C e l l s ( 5 ) . F r a c t i o n s ( 0 ) = 2
c P a r a m e t e r s . C e l l s ( 5 ) . Components ( 1 ) = 94
c P a r a m e t e r s . C e l l s ( 5 ) . F r a c t i o n s ( 1 ) = 1
c P a r a m e t e r s . C e l l s ( 5 ) . F r a c t i o n s T y p e = 2

c P a r a m e t e r s . C e l l s ( 5 ) . SourceType = 3
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 5 ) . Source I tems , 7)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s , 7)

c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 0 ) = 942410 ’ Pu241
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 0 ) = 75700000000
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 1 ) = 942390 ’ Pu239
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 1 ) = 11600000000
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 2 ) = 942400 ’ Pu240
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 2 ) = 7120000000
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 3 ) = 952410 ’ Am241
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 3 ) = 6770000000
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 4 ) = 942380 ’ Pu238
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 4 ) = 2220000000
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 5 ) = 912330 ’ Pa233
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 5 ) = 31600
c P a r a m e t e r s . C e l l s ( 5 ) . S o u r c e I t e m s ( 6 ) = 902310 ’ Th−231
c P a r a m e t e r s . C e l l s ( 5 ) . I t e m A c t i v i t i e s ( 6 ) = 211

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ Source 2 P o i n t Source

’ Source conta inment − p o l y c a r b o n a t e
c P a r a m e t e r s . C e l l s ( 8 ) . Shape = 4
c P a r a m e t e r s . C e l l s ( 8 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 8 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 8 ) . Pos Z = 25
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c P a r a m e t e r s . C e l l s ( 8 ) . Dim 1 = 1
c P a r a m e t e r s . C e l l s ( 8 ) . Dim 2 = 2
c P a r a m e t e r s . C e l l s ( 8 ) . Dim 3 = 0 . 1

System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 8 ) . I n n e r C e l l s , 1)
c P a r a m e t e r s . C e l l s ( 8 ) . I n n e r C e l l s ( 0 ) = 9
c P a r a m e t e r s . C e l l s ( 8 ) . O u t e r C e l l = 1

c P a r a m e t e r s . C e l l s ( 8 ) . D e n s i t y = 1 . 2
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 8 ) . Components , 3)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 8 ) . F r a c t i o n s , 3)
c P a r a m e t e r s . C e l l s ( 8 ) . Components ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 8 ) . F r a c t i o n s ( 0 ) = 0.0055491
c P a r a m e t e r s . C e l l s ( 8 ) . Components ( 1 ) = 6
c P a r a m e t e r s . C e l l s ( 8 ) . F r a c t i o n s ( 1 ) = 0.755751
c P a r a m e t e r s . C e l l s ( 8 ) . Components ( 2 ) = 8
c P a r a m e t e r s . C e l l s ( 8 ) . F r a c t i o n s ( 2 ) = 0.188758
c P a r a m e t e r s . C e l l s ( 8 ) . F r a c t i o n s T y p e = 1

’ p o i n t s o u r c e
c P a r a m e t e r s . C e l l s ( 9 ) . Shape = 1
c P a r a m e t e r s . C e l l s ( 9 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 9 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 9 ) . Pos Z = 25

c P a r a m e t e r s . C e l l s ( 9 ) . O u t e r C e l l = 8

c P a r a m e t e r s . C e l l s ( 9 ) . SourceType = 3
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 9 ) . Source I tems , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 9 ) . I t e m A c t i v i t i e s , 1)

’ Masking L i m i t Test

c P a r a m e t e r s . C e l l s ( 9 ) . S o u r c e I t e m s ( 0 ) = 561330 ’ Ba133
c P a r a m e t e r s . C e l l s ( 9 ) . I t e m A c t i v i t i e s ( 0 ) = B a a c t i v i t y

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ s h i e l d
c P a r a m e t e r s . C e l l s ( 3 ) . Shape = 4
c P a r a m e t e r s . C e l l s ( 3 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 3 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 3 ) . Pos Z = 2 5 . 2 ’ S h i e l d P o s i t i o n
c P a r a m e t e r s . C e l l s ( 3 ) . Dim 1 = 20
c P a r a m e t e r s . C e l l s ( 3 ) . Dim 2 = 20
c P a r a m e t e r s . C e l l s ( 3 ) . Dim 3 = S h i e l d T h i c k n e s s

c P a r a m e t e r s . C e l l s ( 3 ) . O u t e r C e l l = 1

c P a r a m e t e r s . C e l l s ( 3 ) . D e n s i t y = S h i e l d D e n s i t y
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 3 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 3 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 3 ) . Components ( 0 ) = S h i e l d M a t e r i a l
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c P a r a m e t e r s . C e l l s ( 3 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 3 ) . F r a c t i o n s T y p e = 1

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

’ s l a b b e h i n d c r y s t a l
c P a r a m e t e r s . C e l l s ( 4 ) . Shape = 4
c P a r a m e t e r s . C e l l s ( 4 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 4 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 4 ) . Pos Z = 2 7 . 5
c P a r a m e t e r s . C e l l s ( 4 ) . Dim 1 = 9 . 3
c P a r a m e t e r s . C e l l s ( 4 ) . Dim 2 = 7 . 5
c P a r a m e t e r s . C e l l s ( 4 ) . Dim 3 = 1

c P a r a m e t e r s . C e l l s ( 4 ) . O u t e r C e l l = 1

’ no r e f l e c t o r − 0 . 0 0 1 2 5 , Fe r e f l e c t o r − 7 . 8 7 4 , Alu − 2 . 7
c P a r a m e t e r s . C e l l s ( 4 ) . D e n s i t y = 2 . 7
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 4 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 4 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 4 ) . Components ( 0 ) = 13 ’26 ’13
c P a r a m e t e r s . C e l l s ( 4 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 4 ) . F r a c t i o n s T y p e = 1

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

’ d e t e c t o r cap around c r y s t a l
c P a r a m e t e r s . C e l l s ( 6 ) . Shape = 2
c P a r a m e t e r s . C e l l s ( 6 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 6 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 6 ) . Pos Z = 2 6 . 1
c P a r a m e t e r s . C e l l s ( 6 ) . Dim 1 = 2 . 5
c P a r a m e t e r s . C e l l s ( 6 ) . Dim 2 = 1 . 5 ’ 3 . 0

System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 6 ) . I n n e r C e l l s , 1)
c P a r a m e t e r s . C e l l s ( 6 ) . I n n e r C e l l s ( 0 ) = 7
c P a r a m e t e r s . C e l l s ( 6 ) . O u t e r C e l l = 1

’ no cap − 0 . 0 0 1 2 5 , Fe r e f l e c t o r − 7 . 8 7 4 , Alu − 2 . 7
c P a r a m e t e r s . C e l l s ( 6 ) . D e n s i t y = 2 . 7
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 6 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 6 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 6 ) . Components ( 0 ) = 13 ’26 ’13
c P a r a m e t e r s . C e l l s ( 6 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 6 ) . F r a c t i o n s T y p e = 1

c P a r a m e t e r s . C e l l s ( 7 ) . Shape = 2
c P a r a m e t e r s . C e l l s ( 7 ) . Pos X = 0
c P a r a m e t e r s . C e l l s ( 7 ) . Pos Y = 0
c P a r a m e t e r s . C e l l s ( 7 ) . Pos Z = 2 6 . 1
c P a r a m e t e r s . C e l l s ( 7 ) . Dim 1 = 1 . 7 5
c P a r a m e t e r s . C e l l s ( 7 ) . Dim 2 = 1 . 5 ’ 3 . 0

c P a r a m e t e r s . C e l l s ( 7 ) . O u t e r C e l l = 6
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’ a i r i n s i d e c y l i n d e r 0 .00125
c P a r a m e t e r s . C e l l s ( 7 ) . D e n s i t y = 0.00125
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 7 ) . Components , 1)
System . Array . R e s i z e ( c P a r a m e t e r s . C e l l s ( 7 ) . F r a c t i o n s , 1)
c P a r a m e t e r s . C e l l s ( 7 ) . Components ( 0 ) = 8
c P a r a m e t e r s . C e l l s ( 7 ) . F r a c t i o n s ( 0 ) = 1
c P a r a m e t e r s . C e l l s ( 7 ) . F r a c t i o n s T y p e = 1

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
’ D e f i n e d e t e c t o r s
System . Array . R e s i z e ( c P a r a m e t e r s . D e t e c t o r s , 2)
’ Photon f l u x
c P a r a m e t e r s . D e t e c t o r s ( 0 ) . DetectorType = 1
c P a r a m e t e r s . D e t e c t o r s ( 0 ) . P a r t i c l e T y p e = 2
c P a r a m e t e r s . D e t e c t o r s ( 0 ) . Pos X = 0
c P a r a m e t e r s . D e t e c t o r s ( 0 ) . Pos Y = 0
c P a r a m e t e r s . D e t e c t o r s ( 0 ) . Pos Z = 2 5 . 8
’ Photon dose r a t e
c P a r a m e t e r s . D e t e c t o r s ( 1 ) . DetectorType = 2
c P a r a m e t e r s . D e t e c t o r s ( 1 ) . P a r t i c l e T y p e = 2
c P a r a m e t e r s . D e t e c t o r s ( 1 ) . Pos X = 0
c P a r a m e t e r s . D e t e c t o r s ( 1 ) . Pos Y = 0
c P a r a m e t e r s . D e t e c t o r s ( 1 ) . Pos Z = 2 5 . 8

’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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