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A technique for the spectral identification of strontium-90 is shown, utilising a Maximum-Likelihood
deconvolution. Different deconvolution approaches are discussed and summarised. Based on the
intensity distribution of the beta emission and Geant4 simulations, a combined response matrix is
derived, tailored to the β− detection process in sodium iodide detectors. It includes scattering effects and
attenuation by applying a base material decomposition extracted from Geant4 simulations with a CAD
model for a realistic detector system. Inversion results of measurements show the agreement between
deconvolution and reconstruction. A detailed investigation with additional masking sources like 40K,
226Ra and 131I shows that a contamination of strontium can be found in the presence of these nuisance
sources. Identification algorithms for strontium are presented based on the derived technique. For the
implementation of blind identification, an exemplary masking ratio is calculated.
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1. Introduction

The last decade has seen several novel technologies for spec-
trum analysis, driven mostly by the evolving requirements of both
nuclear security and safety. Challenged by a rising threat of nuclear
terrorism, the security branch seeks for a variety of instruments
that can be handled by more or less untrained personnel to
perform different tasks of nuclear inspections. Additionally, with
the recent events of the reactor incident at the Fukushima plant,
Japan, a series of important safety considerations was brought
back into the focus of the nuclear physics community.

Still, there is a high demand for reliable technologies that
provide an automatised and correct threat announcement once
radioactive emissions are detected. The decision whether a source
is considered as threat or not is based on an investigation of the
radiations isotopic composition, usually performed by analysing its
spectroscopic fingerprints. As a rather complex procedure, the
latter requires detailed knowledge of the associated spectra and is
mostly mastered by experts specialised in this field. Of course, it is
necessary to provide automated detection and identification tools
to border securing officers, firefighters and police squads, as to
mention just a few examples of user groups that cannot be trained
to become experts in spectral analysis in addition to their own
important set of skills. Here, it is crucial to map the expert
ll rights reserved.
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knowledge into algorithmic schemes to assist the personnel with
its tasks at hand.

For all these radiation analysis products the key idea is to deter
the user from the issues and complexity of the detection and
analysis process itself and to keep most of the physical core tasks,
including the identification, hidden as a black box. Algorithms
were developed to learn and identify sources based on their
spectral shape and commercial detection products exist that are
designed specifically for the identification of nuclear sources.

Furthermore, in the field of food and contamination analysis, those
technologies play an increasingly relevant role. With the fallout from
nuclear accidents affecting rural and farming areas dedicated to the
cultivation of nutrition, it becomes necessary to carefully observe the
world-wide cargo routes with specialised equipment. As of today, such
evaluations are done by laboratories with dedicated instruments, food
monitors, that are commonly fed with piecewise tests of food samples.
Caused by the Fukushima incident, vast amounts of 137Cs, 131I, 132Te
and 90Sr contaminated large rural areas around the plant. The short
living isotopes as 131I, having a half life of about 8 days or 132Te with
3.2 days quickly vanished, leaving the long-living isotopes 137Cs with
30 years and 90Sr with 28 years as the main contributions.

But not all nuclides are equally important and a group of
around forty sources can be regarded as highly relevant, nearly all
of which feature a distinct γ-pattern. Modern equipment is more
or less able to identify these sources and there are standards for
nuclear security, Ref. [1] is just one example, specifying an exact
list of nuclides that is desired to be found.

In nearly all scenarios stated above, the strontium isotope 90Sr
is an exception. After the first nuclear tests and their world wide
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fallout, a number of works [2,3] investigated its impact on biological
material and way to determine its concentration in essential nutrition
products like milk [4]. From the scintillation perspective, strontium
yields a very decisive problem: it is a β− emitter and when measured
with e.g. a sodium iodide scintillation detector, it produces a contin-
uous spectrum that has no characteristic peaks. For most algorithms
this fact leads to the difficulty to identify 90Sr correctly, especially if it is
masked by nuisance isotopes. As a matter of fact, the identification of
strontium in a simple, algorithmic way using low-cost equipment for
its detection is very desirable and, as we already briefly discussed,
many types of nuclear equipment could be significantly improved by
it. Any subsequent threat categorisation [5] would benefit from such a
solution.

In the course of this work, we will consequently focus on 90Sr
and present such an algorithm that identifies its continuous
radiation even in the presence of masking sources. Threat isotopes
emit γ-radiation with distinct peak pattern. More or less all
algorithms somehow deduce their result from the peak pattern,
either by locating the peaks and intensities or simply by matching
the whole shape with the reference data. Without neglecting that
germanium semi-conductor detectors provide probably the most
accurate spectroscopic quality in terms of resolution and offer a
high precision analysis of the radiation, our method is specifically
designed to sodium iodide scintillator detectors, because they are
a workhorse in the nuclear detection industry, cheaper and far
more widely distributed than the high-resolving germanium.

We will describe a procedure that discovers the 90Sr source
based on response modelling and likelihood maximisation. Using
the original distribution function of β− emitters, we will construct
a generalised response matrix, the so-called endpoint matrix that
combines the unique features of the β−.

The procedure will identify the continuous contributions of a β−

source in a bare and slightly shielded configuration and in the
presence of other sources, explicitly considering the masking with
strongly scattered sources. While we focus on the isotope 90Sr, the
method remains applicable for other β− sources, too. We do not intend
to distinguish between multiple β− materials. Note that shielding has
an enormous influence on the shape of the strontium spectrum,
because its most characteristic counts are detected in the first hundred
channels. Our model includes an average shielding that shows good
results for the low and medium shielded cases.

Our document is structured as follows: after this short introduction
we will present a brief summary of spectral deconvolution techniques
in Section 2, beginning with their relevance in the context of other
publications and concluding with the formal statement of the
Maximum-Likelihood expectation maximisation (MLEM). As the latter
algorithm requires the knowledge of the so-called response matrix,
Section 3 will deal with the derivation of a β− specific response model
and its inclusion in the MLEM algorithm. The final deconvolution has
been tested with 90Sr andmasking sources in Section 4. Section 5 gives
an overview of the application of our deconvolution technique as
identification algorithm for 90Sr. Here, the unique characteristics of the
deconvolved solution are used to establish a decision threshold. Finally
Section 6 yields an outlook on upcoming applications and extensions
of our algorithm.
2. Maximum-Likelihood deconvolution of γ-spectra

In this section we will concentrate on the question, how far the
impact of certain physical interactions that define spectrum
characteristics can in fact be mathematically reversed by a
procedure which is called deconvolution or sometimes simply
inversion. As the name already suggests, the nature of the
interactions is restricted to systems where the complete answer
function is produced by convolving responses of the subprocesses.
Original roots of inversion equations can be found in the promi-
nent geological discipline of seismic exploration, where in 1954
Robinsion [6] presented a way for predictions based on the decom-
position of time series, heavily inspired by the fundamental works by
Wiener during that time.

Deconvolution is a longstanding topic in spectrum analysis and
has also been discussed in the literature for quite a while. From the
emission of radiation to the spectral acquisition, multiple physical
processes like material absorption, the photo effect inside a detector
or the Compton-scattering take place and for our following concept
we assume that these steps can be reversed for a given source.
Spectral deconvolution was indeed thoroughly reviewed by Bouchet
[7] in 1995, comparing different deconvolution techniques and
summarising their advantages and disadvantages. The conclusion
of his work pointed already towards two rather similar algorithms,
one based on an iterative maximisation of a likelihood estimator
and the other applying an iterative entropy maximisation, both
turning out to have significant potential for use in the spectrum
analysis domain.

A-priori knowledge is the fundamental input of the deconvolu-
tion and in the context of spectrum deconvolution this is given in
terms of the detectors response. The latter can be modelled by a
matrix that relates the incoming energies (that hit the detector)
with the output spectrum. A short illustrative introduction on
these matrices is given in the next section.

In a rigorous application related approach, Meng and Ramsden
[8] revisited three of these algorithms to investigate possible
benefits for a virtual resolution improvement of low-cost scintil-
lators like cesium iodide or sodium iodide. They explored the
possibilities of symmetric detector concepts, leveraging the ben-
efits of a homogenous response matrix and their processed spectra
featured much sharper peaks, making the spectra easier to inter-
pret by eye or by algorithmic means. As a main result, they
provided evidence that the Maximum-Likelihood technique is
superior to its alternatives and appears to be the method of choice
for spectrum deconvolution tasks.

With the market requesting cheaper radiation detection equip-
ment, development activities went towards plastic scintillators, having
a remarkable sensitivity for radiation but unfortunately a very low
intensity of the photo-peaks. For most of their energy ranges, they
feature a purely continuous spectrum that is dominated by a smooth,
edge-like structure produced by Compton-scattering. Response
matrices were calculated for these extreme types of spectra and it is
possible to virtually reconstruct the photo-peaks with astonishing
quality, as e.g. discussed by Butchins et al. [9].

The deconvolution of plastic spectra shows in principle that
continuous spectra and continuous responses are suitable to perform
a stable inversion. Consequently it is also possible to unfold other
continuous spectra, as in our case produced by β− emitters, as well.

The way the deconvolution methods work can be easily under-
stood as follows: the original spectrum of a radioactive source – as the
experimental result – is a projection onto a given discrete channel
space. Once a relationship between the incident energy and the out
coming spectrum is established – mathematically this relationship is
the response matrix – an inversion can be calculated that maps the
measurement back on the incident energies. The decisive point is that,
while the measurement as such always contains the information core,
the deconvolution matrix and the subsequent inversion represent a
defined scheme by which information is interpreted. In other words,
the deconvolution reduces the solution space to the most-likely
solutions which must be known a-priori for a given detector.

2.1. Construction of the detector response matrix

In previous works, response matrices for γ-detection have
been successfully applied to various problems, as shown e.g.
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by Estep et al. [10] and Wilderman et al. [11]. Lately, Herbach et al.
[12] showed a convenient way to rapidly generate spectra from
these responses without re-running complex Monte-Carlo codes
like e.g. Geant4 [13] multiple times and we will focus on this kind
of simulation, because it helps to understand the way the response
matrix framework can be extended to β− responses later. We first
split the simulation process into smaller modules for each physical
stage:
(1)
 Emission: Based on the ENSDF data, the decay chain data and
data about important source groups. The emission is typically
described by some table

I γ ¼ I γðEÞ ð1Þ
mapping the emission lines at energies E to the observed
intensities I , which is of course the central input when you
deal with distinct γ-lines. For our purposes, we used a nuclear
decay database (ENSDF, http://www-nds.iaea.org/nsdd/) con-
taining these tables. In the case of pure β− sources, it contains
the so-called endpoint energy Q.
(2)
 Material interaction: Material interacts with the radiation in
the source material by self-absorption in the space between
the source and the detector and inside the detector. It was
shown in a series of works [10,14,15] that an attenuation A can
be efficiently approximated by a linear combination, using a
suitable set of material base functions αi:

AðEÞ ¼∑
i
wiαiðEÞ: ð2Þ

A detailed list of our material base functions αiðEÞ can be found
in Appendix A.
(3)
 Raw detector response: This matrix describes the physics of the
detection process, but explicitly not the statistical processes
that are responsible for the peak broadening. It is generated by
Monte-Carlo simulation with Geant4 [13] using mono-
energetic line energies and a CAD model of the full mechanical
assembly. After generating lists of the deposited energies, we
histogram these energies and get the idealised detector
response

D¼

D1ðE1Þ D2ðE1Þ ⋯ DNðE1Þ
D1ðE2Þ D2ðE2Þ ⋯ DNðE2Þ
⋯ ⋯ ⋯ ⋯

D1ðENÞ D2ðENÞ ⋯ DNðENÞ

0
BBBB@

1
CCCCA
; ð3Þ

which relates each i-th incoming energy with a spectrum
given by Di(E).
(4)
 Resolution and statistics: Resolution of a spectrum depends on
multiple processes inside the detector assembly and on the
signal processing within the read-out electronics. For our
purpose, we simply measure the resolution dependency of
our detector with respect to certain γ-peaks, approximating
the resolution vs. energy curve,

ρ¼ ρðEÞ; ð4Þ
yielding a mean to fold our artificial spectra with the correct
resolution. Both the use of the raw detector response and the
assessment of the resolution function were treated in Ref. [16]
by Römer et al. in some detail.
Fig. 1. Example of a full detector response function R for a 2 in. by 4 in. sodium iodide
detector: each column represents the spectrum of a virtual, mono-energetic line
emission. The picture shows the combination of a material A(E), in this case 1 mm
cadmium shielding, the raw detector response D and the resolution function ρðEÞ.
Summarising, the emission spectrum I γðEÞ is generated from
the ENSDF, folded with a material function A(E), which is com-
posed of our material base functions, then folded with the detector
response matrix D and folded with the detector specific, experi-
mentally accessed resolution model ρðEÞ: with this procedure P,
we can finally simulate spectra

ζðEÞ ¼P½I γðEÞ;AðEÞ;D; ρðEÞ�; ð5Þ
for arbitrary input energies, containing all relevant physical inter-
actions that a given gamma quant will experience on its way from
the source to the detector, where it finally produces a photo-
absorption, a Compton-scattering or simply an escape event.

In our case all four steps for the procedure P are conveniently
implemented in a Matlab framework and allow for the simulation
of model spectra from unaccessible sources, as e.g. plutonium or
uranium, including the statistical individuality of a specific detec-
tor system. Similar simulation frameworks have been already
integrated into the production of nuclear surveillance equipment
as shown in Refs. [12,17].

As a last step, we identify the complete detector response
matrix R, which is simply the input of mono-energetic lines –

again – into the whole simulation process

R¼P½1;AðEÞ;D; ρðEÞ�: ð6Þ
Fig. 1 shows an illustration of this matrix for the specific case of

material No. 5, the raw detector response of a 2 in. by 4 in. sodium
iodide detector and its individual response curve ρðEÞ accessed by
measurements. Each column represents the event spectrum of a
mono-energetic line incident energy, in our case a range from
3 keV to 3072 keV separated with discrete energies of ΔE¼ 3 keV,
thus giving us a 1024�1024 matrix. All spectroscopic features are
represented within the matrix, including the photo peak on the
main diagonal followed by the Compton-edge. Consistently, both
escape peaks appear when the incident energy becomes greater
than 1022 keV.

2.2. Response inversion

A measured spectrum μ can be described in a simplified form:

μðEÞ ¼∑′
E
RðE; E′ÞφðE′Þ þ εE′; ð7Þ

with the incident energies φ hitting the detector. ε is a noise or
perturbation term that represents the intrinsic difference between
the reality and the model or as Bouchet terms it in [7], the
incompleteness of the reference. The latter equation can be also
written in vectorial form

μ¼ R φþ ε; ð8Þ
and in an idealised case ε¼ 0 this would straightforwardly lead to
the inversion

φ¼ R\μ; ð9Þ
and therefore to a determination of the incident spectrum φ. With

http://www-nds.iaea.org/nsdd/
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the rather realistic condition ε≠0, the situation becomes more
complicated and the discussions of that case originated in many
different fields, Subrahmanya [18] or Suyu et al. [19] are just two
examples of such works. The common way to find φ for ε≠0 is by
minimising the χ2 expression

χ2 ¼ ðμ−RφÞTC−1
ε ðμ−RφÞ ð10Þ

under consideration of the covariance matrix C. Most direct
solutions based on Eq. (10) proved unsuccessful due to their
sensitivity to noise. Following the conclusions of Bouchet, Meng
and Ramsden, one method is exceptionally useful to solve the
above described inversion step: the Maximum-Likelihood expec-
tation maximisation (MLEM) which was presented in the works of
Shepp and Vardi in 1982 [20]. This procedure is principally
different, because it is iterative: it starts with an a-priori assump-
tion of the solution φð0Þ and converges into the complete inversion
with each successive iteration step, calculated by

φðαþ1Þ
i ¼ φðαÞ

i ∑
M

j ¼ 0

μjRi;j

∑kφ
ðαÞ
k Rk;j

: ð11Þ

Here, M¼1024 reflect the dimension of the response matrix,
α¼ 1;…;N is the number of the iteration and N refers to the
maximum amount of iterations that is used in Eq. (11). Note that
we still have the freedom to choose the initial distribution φð0Þ.

For sufficiently large α, φðαÞ converges into a vector such that
RφðαÞ becomes close to μ,

lim
α-∞

½ðμ−RφðαÞÞTC−1
ε ðμ−RφðαÞÞ�≈0 ð12Þ

We denote the evaluation of Eq. (11) as deconvolution of the
measured spectrum μ with the response matrix D and abbreviate
it with the symbol D,

φ¼Dðμ;R;N;φð0ÞÞ: ð13Þ
3. Deconvolution of continuous β− spectrum parts

To apply the presented MLEM deconvolution technique in the
case of continuous spectra from β− sources, we need to perform
two steps:
(A)
 Generate a physically correct emission matrix for the β−

process, and

(B)
 integrate this emission matrix into step (1) of Section 2.1 to

combine it with A(E), D and ρðEÞ to a β− response matrix Rβ−

using Eq. (6).
Fig. 2. Comparison of the artificial spectrum generated by Eq. (18) and a test
measurement μ of strontium ð1 μSv=hÞ, acquired for 100 s with a 2 in. by 4 in.
sodium iodide detector. The emission spectrum as calculated by Eq. (16) is shown
in grey. All functions were normalised to their maximum.
3.1. Energy distribution of the β− emission

Next, we state a mechanism that produces adequate β− emis-
sion spectra, denoted with Iβ− ðEÞ. The latter is a well-known part
of the original description of the β-decay, whose energy distribu-
tion can be derived following textbooks on nuclear radiation as e.
g. [21]: first, we abbreviate the relativistic impulse

κ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmec2 þ EÞ2−m2

e c4
q

ð14Þ

where me is the mass of an electron and c is the speed of light in
vacuum. Let E be defined as a rescaled energy,

E ¼ 2π Z α
ðmec2 þ EÞ

κ
; ð15Þ

with the atomic number Z and the fine structure constant
α¼ 1=137, then the distribution of the β− energies is given in
terms of

Iβ− ðE;Q Þ ¼ EðEÞ
1−exp½−EðEÞ� ½mec2 þ E�½Q−E�2 κ: ð16Þ

3.2. Endpoint emission matrix

As we have shown in the previous section, we have a straight-
forward way to generate spectra, especially for β− spectra and we
will use this framework to construct the so-called endpoint
(response) matrix.

For each endpoint energy Qi we calculate (a) the emission
spectrum Iβ− ðE;QiÞ and (b) the final simulation P½ΔðE;QiÞ;
AðEÞ;D; ρðEÞ�, thus generating a matrix that relates the endpoint
energies with their associated emission spectra

B¼

Iβ− ðE1;Q1Þ I β− ðE1;Q2Þ ⋯ I β− ðE1;QNÞ
Iβ− ðE2;Q1Þ I β− ðE2;Q2Þ ⋯ I β− ðE2;QNÞ

⋯ ⋯ ⋯ ⋯
Iβ− ðEN ;Q1Þ I β− ðEN ;Q2Þ ⋯ I β− ðEN ;QNÞ

0
BBBB@

1
CCCCA
; ð17Þ

whereas the spectra seen by our detector are

ζβ− ðEÞ ¼P½I β− ðE;QiÞ;AðEÞ;D; ρðEÞ�: ð18Þ
Fig. 2 shows an example of the artificial emission simulation

using Eq. (18) and its comparison with a real strontium measure-
ment. For the calculation we used shielding function A5 from the
table included in the Appendix.

3.3. β− response matrix

With the endpoint emission matrix, we can construct a β−

response matrix by Eq. (6), yielding

Rβ− ¼P½B;AðEÞ;D; ρðEÞ�: ð19Þ
Note that our processing chain strictly keeps the physical

subprocesses in its correct order, first the emission of radiation,
followed by absorption between the detector and the source and
finally the detection. This is a crucial point, because simply folding
the matrices R from Eq. (6) with B will not work, as the process
chain would be re-ordered so that the emission takes place as last
subprocess, which would be unphysical.

3.4. Inversion and reconstruction

In the next step we take the measurement of 90Sr and deconvolve
it using matrix Rβ− . In Fig. 2 the measurement spectrum is presented
and Fig. 3 yields the result of a N¼500 iteration deconvolution with



Fig. 3. Deconvolution φ of a 90Sr measurement. The original measurement
spectrum is shown in Fig. 2. Caused by the inversion process, a peak appears
around channel 188 which is rather close to the expected value of the endpoint
energy Q ¼ 546 keV≡182ch. N¼500 iterations were used in this example.

Fig. 4. Reconstruction ~μ of the spectrum by applying Eq. (21) to the deconvolution
spectrum φ is shown in Fig. 3. For better comparison, we included the measured
spectrum from Fig. 2, too.

Fig. 5. Potassium as masking source for 90Sr, using 1 μSv=h 40K and 0:2 μSv=h 90Sr.
The strontium sources only add counts within the first 182 channels, ending with
its endpoint energy of Q¼546 keV.
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the response matrix Rβ− . Note the proximity and agreement of this
(rather ideal) solution to the theoretic prediction. The deconvolution is
established with Eq. (13) and a short transformation of our input data

φ¼D½μ−〈μ〉;R−〈R〉;N;φð0Þ−〈φð0Þ〉�; ð20Þ

where 〈:〉 brackets represent the calculation of the expectation value.
The transformation can be regarded as a regularisation for the stability
of the inversion. The reconstruction reverses this process and is given
by

~μ ¼ Rβ−φ: ð21Þ

In Fig. 4 we show the reconstruction result, in order to check
the consistency of our procedure. The agreement between the
reconstructed spectrum with the original measurement is an
important indicator of the quality of our response matrix. Still,
some minor deviations from the measurement can be seen.
Fig. 6. Deconvolution of pure 40K as shown in Fig. 5 compared against the
deconvolution of 40K masking 90Sr. The iterations were fixed to N¼500.
4. Results of 90Sr masking scenarios

Our test of the deconvolution is a hybrid approach between
measurement and a Monte-Carlo reduction of base spectra, closely
following the procedure proposed in [22]. Our measurements
were done by using long time acquisitions of potassium, radium
and iodine and a subsequent downscaling to a defined real-time.
As a detector we used a 2 in. by 4 in. food monitor system. Two
major types of sources are of interest in our case: (a) strongly
scattered sources and (b) multi-peak γ sources.
4.1. Masking with 40K fertiliser

Our first test is done with 40K to verify the technique with a
source that produces an increased amount of scattering events in
the sodium iodide detector. Potassium is part of the natural
occurring radiation (NORM) widely used in fertiliser materials.
Some exemplary spectra we tested are shown in Fig. 5, yielding
the original pure fertiliser characteristic and a combination of this
source with an amount of ≈0:2 μSv=h of strontium. The deconvo-
lution results of both are found in Fig. 6. The spectrum with the
small amount of strontium clearly shows the deconvolution peak
close to the theoretical prediction at channel 182. Furthermore,
both peaks clearly separate and can be used for an algorithmic
decision for the presence of strontium.
4.2. Masking with strongly scattered 131I

Iodine was one of the crucial parts of the Fukushima fall-out
and though it has a very short half-life it is an important example,
because it is widely used for medical purposes [17]. As a matter of
fact, the source is frequently found to be incorporated by patients
that have a certain kind of treatment. The human body must be
regarded as a strong scatterer for radiation and therefore, iodine
samples are typically tested with a polyethylene shielding that
emulates the scattering effect of human tissue. This assumption is
also more realistic for food samples, as we expect the source as
such covered by the food substance.

Fig. 7 presents the pure original spectrum together with
additional strontium contributions and Fig. 8 yields the actual
deconvolution. Note the severe distortion of the spectral shape



Fig. 7. Spectra of an iodine source with 1 μSv=h that were shielded with 14 cm of
polyethylene to model a liquid emitter or a source enclosed in food. The pure
source is marked in black and the iodine source with additional strontium in the
ratio (1/0.2) is marked in red. Measurement real-time was 30 s. (For interpretation
of the references to color in this figure caption, the reader is referred to the web
version of this article.)

Fig. 8. Deconvolution of pure Iodine 131I source in black compared with the
deconvolution results of Strontium 90Sr masked with 131I in ratios (1/1), (1/0.5)
and (1/0.2). N¼500 iterations were used in the process.

Fig. 9. 226Ra spectra yielding the pure source in black and the source with
additional strontium in the same ratios as used before plotted in red. Measurement
real-time was 30 s. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 10. Deconvolution of pure radium 226Ra spectrum in black compared with the
deconvolution results of strontium 90Sr masked with 226Ra in ratios (1/1), (1/0.5)
and (1/0.2). N¼500 iterations were used in the process.
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caused by a 14 cm polyethylene shielding. In this case, the
strontium source was shielded with 2 cm aluminum.

The 90Sr effect results in a shifted peak position and we see a
qualitative difference in the shape of the peak with and without
the strontium. The deconvolved peak with strontium is narrower
than the peak without it. Both the full width at half maximimum
(FWHM) and the position can be regarded as the criteria for an
identification procedure.

4.3. Masking with the multi-peak source 226Ra

Radium 226Ra is a decay product of the natural decay chains
and also a NORM material. This source features multiple peaks and
typically the identification of a threat that is masked by radium is
rather elaborated. For the same dose rates as before, the results for
this case are given in Figs. 9 and 10. Our masking source was
lightly shielded with cadmium.

The deconvolved peak of 226Ra is much broader than in the
previous examples and the presence of strontium yields a con-
siderable difference to the bare 226Ra source.
5. Identification procedure

5.1. Blind identification

Based on our experiences with the deconvolution technique,
we can straightforwardly formulate an identification algorithm.
We refer to this option as blind identification, as the masking
source is not expected to be known, yet. The presence of 90Sr when
measured with a common sodium iodide γ detector is clearly
indicated by the location of the deconvolution peak. It is our
primary criterion and although we have seen that this peak tends
to shift towards higher channel numbers (see 131I test results) for
strong scattering, it never left a certain region from channel 140 to
channel 230.

In our case, we decided to keep the actual ID as short as
possible and implemented a simple region-of-interest (as stated
before, from channel 140 to channel 230) together with a thresh-
old value for the counts in the interest window.

Fig. 11 shows the result of our present indication for a
strontium source masked by 40K. A safe value for the identification
threshold was assumed and a limiting ratio of approximately 1/10
was found for the case of blind identification. For better impres-
sion about the spreading of the pure results, we also included the
results for iodine and radium in the figure. Similar results are
obtained with the other masking combinations.

5.2. Combinatorial identification

The combinatorial identificationmakes use of an identification pre-
stage. In this separate algorithm, the identity of possible masking
sources is determined prior to the deconvolution. Once, this identity is
known, the thresholds for the deconvolution peak of strontium can be
adapted accordingly. There are various techniques to implement such
adaptive processing and our solution will be covered by a different
paper in more detail, so we will just briefly describe the idea.



Fig. 11. Content of the ROI from rmin ¼ 140 to rmax ¼ 230 for the deconvolution of
strontium masked by 40K. The static values for pure iodine, potassium and radium
are shown as comparison. A threshold was defined so that a masking ratio of 1 part
strontium and 10 parts potassium can be resolved. N¼500 iterations were used in
the deconvolution.

Table A1
List of materials together with their index number l and some physical properties.

Number (l) Material Thickness (mm)

1 Air 100

2 Water 50
3 Water 100

4 Human body matter 100

5 Polyethylene 30
6 Polyethylene 50

7 Aluminum 10
8 Aluminum 20
9 Aluminum 30
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As one can see from Fig. 11 the threshold for the strontium ID
could be lower, if it is e.g. known that the masking source is
potassium. The threshold could be adjusted even lower than the
value reached when iodine is present, as iodine was ruled out by
the pre-identification. Using pattern matching neural network
(perceptron) that is trained with large databases of test spectra,
it is possible to determine the primary isotope in the spectrum.
As with the most modern algorithms for nuclide identification, the
task to find this first, dominant nuclide is rather reliable. It is far
more difficult to extract the presence of additional or multiple
weak sources. With the knowledge of the masking nuclide, the
decision threshold for the deconvolution peak becomes adaptive
and can be chosen in dependency of the mask. This secondary step
is performed by another neural net, specifically trained using data
sets with and without strontium.
6. Summary and outlook

We presented a method to extract the pattern of a 90Sr source
from a γ spectrum. Based on the analytical model for the β decay
and its prediction for the emission distribution, we constructed a
β− response matrix for a sodium iodide detector. This matrix was
used in a Maximum-Likelihood deconvolution algorithm to extract
a unique feature from the β− radiation. The deconvolution is stable
and produces peaks even in the presence of nuisance or masking
sources. We tested the procedure with different masking sources
and found results that showed a good separation between the
masking pattern and the strontium pattern.

The deconvolution peak can be used as decision criterion in
simple blind identification algorithms or in more elaborated codes
using prior analysis modules for the masking sources. For the blind
identification case, the masking ratio for a safe threshold was
deduced.

In future, we will present an identification code that intrinsi-
cally performs both matching and deconvolution. We will also
extend our investigation to similar β− emitters with different
endpoint energies, like 204Tl. Furthermore, we will mathematically
study whether the deconvolution results feature attractor-like
behaviour and stability.
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Appendix A. The absorption table

The table covers all materials used for the absorption and
scattering description. It contains material base functions for air,
water, human body tissue and polyethylene. Aluminumwas added
as a slightly stronger absorber to our considerations (Table A1).
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