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Abstract

We developed a new beta measurement method based on scintillating fibres, able to discriminate incident beta
particles based on their energy, using various cladding thicknesses, which could find useful applications in the field of
nuclear decommissioning and dismantling (D&D). Indeed, thanks to Monte Carlo simulations, we found that high-
energy beta particles were less affected by thicker cladding than medium-energy beta particles. Therefore, combining
different cladding thicknesses and a deconvolution method, we were able to identify and quantify convoluted beta
spectra in a simulated scenario. In this paper, we describe the Monte Carlo simulations combined with the
deconvolution algorithm based on the Maximum Likelihood — Expectation Maximization method (ML-EM), and the
associated experimental setup. We demonstrated the feasibility of such a method, using both simulated and
experimental data, by deconvoluting **Cl and *°Sr—*°Y spectra, considering *Cl as a medium-energy beta emitter and
%5r-%y as a high-energy beta emitter. Using fibres with only one thickness of cladding, we found that we could not
estimate both contributions correctly, with errors reaching up to 71% of the actual activities. However, using two
different acquisitions of fibres each one with a different cladding thickness, we were able to estimate both
contributions with an error of 26% for **Cl and 10% for **Sr-Y. Study of the improvement of these performances is
presented and could help to fine-tune activities estimated. The next step of this work would consist in designing a beta
spectrometer, based on scintillating fibres, and assess its performances. Taking advantage of both deformability
capacity of scintillating fibres and their potential lengths up to a few meters, we expect that such a detection system
will be well adapted to the radiological characterization of large surfaces, and suitable for deployment on uneven
surfaces.

l. Introduction

Once a nuclear facility has ceased its activity, nuclear decommissioning and dismantling (D&D) ensures that all
contamination is removed and treated accordingly. Depending on the past operations conducted in the facility,
expected contamination hotspots can vary in terms of radionuclides present and associated activities. Different
particles can be emitted by a single radioactive spot, thus hampering the characterization of a particular signal. For
example, *°Sr is a fission product, beta emitter only, found along with **Cs, beta and gamma emitter. On-site
characterization of *°Sr contamination can be estimated using scaling factors between Sr and *’Cs [1], but this
methodology can only be applied where such scaling factors exist, such as in nuclear power plants [2] only under the
hypothesis that these scaling factors are applicable and correct. Moreover, this method cannot be applied in cases in
which the beta contamination is not linked with a gamma emitter. Different detectors and methodology have been
developed specifically to resolve this problem [3]-[6]. Since the emission spectrum of a beta particle is continuous,
there are no characteristic figures to rely on in order to identify beta emitters. Thus, deterministic and statistical
analysis were developed in order to deconvolute beta spectra [7]-[9]. A new technical solution based on the usage of
plastic scintillating fibres (PSF) with various cladding thicknesses, and a deconvolution method using Maximum
Likelihood-Expectation Maximisation (ML-EM) [10], is presented in this paper. This new technical solution is
adapted to the radiological characterization of large surfaces, and able to fit uneven surfaces from the intrinsic
deformability of scintillating fibres.

PSF used in this study are composed of a core made in polystyrene, and a cladding primarily made in
polymethymethacrylate (PMMA). Both materials are composed of elements characterized by low atomic numbers,
carbon and hydrogen. Thus, an organic scintillating fibre is intrinsically less sensitive to gamma-rays than beta
particles, reducing any parasite signal coming from gamma emitters. PSF can be manufactured with lengths up to a
few meters, first from a polymerisation step and then a fiber-drawing step. Such methodology is described in more
details in the literature [11]. Applications of PSF are various and range from particle tracking [12], the detection of
radionuclides in drinking water [13], to high-energy calorimetry [14]. Using their deformability capabilities, PSF
would enable the detector to adapt to the measured surface, reducing losses due to the air layer when measuring beta
particles, and enabling a better radiological characterization of uneven surfaces.

In this paper, we study the feasibility of a beta spectrometer based on scintillating fibres. First, we will present the
principle of the separation of two convoluted beta signals based on Monte Carlo simulation, combined with the ML-
EM algorithm. Then, we will present the experimental setup and the results, obtained using **Cl and %°Sr-*Y beta
sources, used to evaluate the methodology of using scintillating fibres with various cladding thicknesses, combined
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with the ML-EM algorithm. This methodology showed an improvement of the deconvolution process, especially in the
determination of the high-energy beta emitter.

. Monte Carlo simulation and radionuclide identification
A. Principle and simulation study

In the research and development of nuclear detectors, a simulation phase is classic as it allows an estimation of the
detector response, amongst other calculations, before any experimental measurements. As such, using the MCNP6.2
simulation code [15], we designed the geometry of a single polystyrene scintillating fibre and studied its response
when exposed to beta sources. The simulated fibre consists of a polystyrene core with a diameter of 250 um, and two
cladding thicknesses were simulated: 7.5 pm and 500 pm, both in PMMA. Sources used were pure-beta emitters °Sr
and Y, generated using the BetaShape software [16]. The mentioned radionuclides were chosen for their disparities
in their beta emission spectrum: *Sr has a beta energy endpoint at 546 keV and an average beta energy of 196 keV,
while these values are 2280 keV and 926 keV respectively for Y. We calculated the deposited energy spectra from
incident beta particles normalised per emitted particle, called the F8 tally in MCNP6.2. Without further considerations,
we can estimate that the F8 tally result is comparable to a detection efficiency; therefore, we will designate the result
as a simulated detection efficiency. Results of the simulations are presented in figure 1, and figure 2 presents the
electronic stopping power of polystyrene.

<1074

Strontium-90, 7.5 pm
Yttrium-90, 7.5 pm
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Fig. 1. Simulated detection efficiency as a function of beta particle energy, simulated with MCNP6.2 for different beta
radionuclides. One standard deviation uncertainties are shown.
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Fig. 2. Electronic stopping power of polystyrene (p = 1.05). Data collected from ESTAR [17].

These results illustrate the impact of the cladding. More specifically, *°Y data show the same peak centered around
40 keV, for both cladding thicknesses. A partial energy deposit, characterized by a constant energy deposition rate of
the high-energy beta particles can explain this peak. Indeed, the stopping power of polystyrene for electrons between
500 keV and 2 MeV is equal to 2 MeV/cm, as shown in figure 2. Calculation of the deposited energy in 250 um of
polystyrene crossed gives 50 keV, which is coherent with our simulation and shows that these particles do not deposit
all of their energy. Higher energy depositions are explained by electron paths greater than 250 pum, expected for any
non-perpendicular incident vector or any diffusion inside the fibre. The limited impact of the cladding to the peak is
explained by a low energy deposition in the PMMA. Indeed, energy deposition in 7.5 pm and 500 um of PMMA is
1 keV and 75 keV respectively, when the electron energy is comprised between 500 keV and 2 MeV. Thus, any
electron with an incident energy greater than 575 keV will induce the same stopping power in polystyrene whether
there is a 500 um cladding or not. Therefore, high-energy beta emitters will yield the same peak whether the cladding
is 7.5 um or 500 pum.

However, the decrease for the *Sr signal is significant, and is due to the energy deposition in the cladding being
more important. From figure 2, we can see that the polystyrene stopping power increases exponentially as the electron
energy decreases below 500 keV, this phenomenon being also found for PMMA. Since *Sr beta emission spectrum
ranges from O to 546 keV, we expect all electrons emitted to be affected by the thicker cladding. For example, the
average *°Sr beta particle of 196 keV will deposit 2 keV for 7.5 um of PMMA, but will not go through 500 pm of
PMMA. The energy deposition for a cladding of 500 um will change the electronic stopping power from 2.7 MeV/cm
to 3.6 MeV/cm. Therefore, any expected spectrum at 7.5 um cladding will be different from a 500 um cladding
spectrum, combined with a shielding effect blocking low-energy beta particles.

We conclude that a contrast was achieved, with a low impact on the high-energy beta emitter, and a significant
decrease of the medium-energy beta emitter. Therefore, by using scintillating fibres with various cladding thicknesses,
we expect to be able to create a contrast between different beta distributions. By using more scintillating fibres with
different cladding thicknesses, we expect contrasts to be sufficient to identify and quantify beta signatures. However,
such a detection system would require the use of a deconvolution algorithm to interpret the measurements. In the
frame of this study, we chose the Maximum Likelihood — Expectation Maximisation (ML-EM).

B. Identification with ML-EM

The Maximum Likelihood — Expectation Maximisation (ML-EM) algorithm is a method used in matrix inversion
problems. It is based on an iterative calculation of the maximum likelihood achievable between an input dataset and a
predetermined database, where the input dataset follows a Poisson distribution. The iterative nature of the ML-EM
approach ensures the convergence of the calculated estimation, but imposes the definition of a starting value and a
next sequence step equation. Mathematical development leading to the final equation for the ML-EM resolution has
already been detailed in the literature [10], [18], [19], and more specifically to gamma-ray spectra deconvolution [20]-
[22]. A general formula for the number of measured counts from a radioactive source can be written as:

Y = Asource I €'t 1)
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With Y the measured spectrum, A,,.-c. the source activity, I the emission intensity of the measured particle, € the
detection efficiency and t the measurement time. The equation can be simplified using A as the total number of
emitted particles by the source, over the measurement time t, factored by the emission intensity I:

)' = ASO‘U.TC@ I t (2)

Considering each bin of the measured spectrum, Y can be seen as a vector of B values (for Binning), each value
describing one energy bin. In such case, there is a specific detection efficiency for each bin corresponding to the
particle energy, thus & has at least one dimension. Moreover, if there are multiple sources tested, A can be seen as a
matrix of S values (for Sources). Therefore, € must possess another dimension corresponding to the detection
efficiency for each radionuclide. For example, if we have a sampling of 1024 values for each spectrum, the dimension
of Y will be [1024,1]. Moreover, if we evaluate the contribution of three possible beta emitters, dimension of ¢ will be
[1024, 3], representing the three detection efficiency spectra for each beta source. Then, the dimension of A will be
[1,3].
We can rewrite equation 1 using matrix notations

[Y]p = [Als [elps (3)

The measured spectrum matrix [Y]z is obtained through measurements, []; s is the associated database of detection
efficiencies and [1] is the emission spectrum, which is the desired information from the deconvolution process. The
detection efficiency database [e]ps is an array composed of each detection efficiency corresponding to each
radioactive source evaluated. This database can be generated through Monte Carlo simulations or experimental data.
Let A be the estimator of 1. The ML-EM expression for the methodology defines the following next sequence step

equation:
2(n)
4D _ 4 &y Yi
j Y2 L35 e A (4)

Where /T](."“) is the estimator for the emission spectrum. Since the ML-EM algorithm is iterative, /T](."“) is the

estimator at the n + 1 step, /i](.") is the estimator at the n step, i represents the iterator linked to the binning dimension

and both j and k are iterators linked to the source dimension. The first value, at the n = 1 step, must be input.
Following [23], the first value can be the average value written as:

Xit Y

A 1)

I Tl S
J B S .
i=12j=1 €ij

®)

We simulated the response of the scintillating fibre with other beta emission spectra: **C, ®Sr, v, ?°Bi, ??Bi and
212pp, for the two cladding thicknesses previously mentioned: 7.5 pm and 500 um, in the same fashion as the results
presented in figure 1. To do so, we used MCNP6.2 to calculate the simulated detection efficiencies for each source,
using the F8 tally. This dataset was then used to construct a database of responses, corresponding to the ¢; ; matrix, by
merging all F8 tally results. The input spectrum Y; consisted of the simulation of a measured spectrum of *Sr and Y,
in secular equilibrium, with a total activity of 2000 Bq. To construct this simulated measured spectrum, we added both
%gr and *°Y simulated detection efficiencies, and multiplied the result with the simulated activity of 2000 Bg.
Furthermore, to simulate the uncertainty associated with the counting statistics, each bin of the simulated measured

163 spectrum was varied using a Poisson law. We expect a perfect identification and quantification for an ML-EM
164 reconstructed activity of “°Sr and *°Y equal to 1000 Bg, and other radionuclides to 0 Bq. Table 1 presents the ML-EM
165 results, for 200 iterations. The number of iterations was chosen based on the convergence of the ML-EM output
166 wvalues.
167
168
14C QOSr QOY 21OBi 21ZBi 212Pb
Input activity 0 1000 1000 0 0 0
(Ba)
Reconstructed <1 963 990 5 <1 19
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Table 1. Input and reconstructed activities using the ML-EM algorithm.

From these results, we validated the methodology of using scintillating fibres with various cladding thicknesses to
create a discrimination between beta emission spectra. This enables the use of deconvolution methods allowing to
identify and quantify beta emitters present in an unknown mixture. We note that the ML-EM algorithm has a threshold
below which identification may not be certain, as it can be seen on the reconstructed activity of ?Ph. From the
validation of the concept using simulations, we developed a setup to assess the experimental feasibility of the
methodology.

II. Experimental setup and acquisitions
A. Methods and materials

Following simulation results, we developed an experimental setup to evaluate the feasibility of the methodology
presented above. A PSF bundle was manufactured and is composed of one hundred BCF-10 scintillating fibres [24]
mounted onto two photomultipliers tubes 9205SB [25] using homemade adaptors. We chose one hundred scintillating
fibres instead of a single one, similar to the simulation results presented above, because a single fibre was not enough
to obtain a measurable signal. Optical grease has been applied to the interface. A single fibre has a core diameter of
250 um and a surrounding optical cladding of 7.5 pum-thick. Fibre core is made of polystyrene and cladding is made of
polymethyl methacrylate (PMMA). Voltage applied to the photomultiplier tubes (PMTs) was 850 V. Anode outputs
are linked to a CAEN DT5743 digitizer [26], and measurements were done in coincidence to reduce background
signal. The coincidence windows was taken with a value of 15 ns, corresponding to the temporal length of a pulse.
Experimental setup has been placed in a dark environment, inside a metallic box, preventing any visible light to
interfere. A photography of the experimental setup inside the box is shown in figure 3. Cladding thickness was
modified using layers of PTFE. Each layer of PTFE is 200 um-thick. Up to four were used one on the top of each
other to obtain a total thickness of 800 pum as is shown in figure 4. One acquisition set was done without any layer.

Fig. 3. Photography of the experimental setup with scintillating fibres. The bundle of fibres is shown in the middle. The
aluminium adapters to the PMts are also visible, the mechanical pressure between the fibres and PMts being exerted by the rubber
bands. In the middle is the source holder. Both black cylinders, on the left and right handsides, are the PMts.

Fig. 4. Photography of the experimental setup with scintillating fibres and four PTFE layers stacked (total thickness of 800 um).

Table 2 sums the characteristics of the two beta sources we used, **Cl and *°Sr-*°Y. They were chosen for the
difference in energy distribution and endpoint. Data listed in table 2 was taken from the Nucléide LARA database
[27].

Chlorine-36 Strontium-90 + Yttrium-90
Activity 6470 + 320 Bq 5170 + 260 Bq




208
209
210
211
212
213
214
215
216
217
218
219

Particles emitted Beta! Beta

Average beta energy 195.9 keV (sr
(keV) 2465 keV 933 keV (9gy) )
Maximum beta energy 546.2 keV (*°sr)
(keV) 2281.5 keV (°°Y)
Table 2. List of radioactive beta sources used during our measurement campaign. Uncertainties given at one standard deviation.
"We will consider **Cl as a pure beta emitter since the other decay line possible is of low intensity (B+, 1.9%).

709.3 keV

B. Acquisition results — Single source measurement

The first set of measurements was done with a single source during each acquisition. Figure 5 presents
experimental data for the naked fibre bundle and 800 um of PTFE, and figure 6 presents the summed detection
efficiency of each spectrum, as a function of the PTFE thickness. For visualisation purposes, the detection
efficiency scale is constant for both graphs in figure 5. Horizontal axis in figure 5 is shown in pC units, and
corresponds to the charge of the digitized pulse. This is a standard output of the CAEN DT5743 digitizer and allows
the construction of an acquisition histogram.
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Fig. 5. Detection efficiency of the fibre bundle without any PTFE layer on the left, and with 800 um of PTFE on the right, for
the **Cl and *°Sr-*°Y sources.
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Fig. 6. Summed detection efficiency as a function of the PTFE thickness, for the *Cl and *°Sr-**Y sources. One standard
deviation uncertainties are shown.

Detection efficiency for the **CI source tends towards zero as more and more layers of PTFE are added, with a
slower decrease from O pm to 200 um compared with the thicker layers, visible in figure 6. *Sr-*°Y detection
efficiency does not follow the same trend. Indeed, detection efficiency increases until 600 pum, before decreasing. In
parallel to this phenomenon, we also note that the maximum pulse charge has also slightly increased. In figure 5 for
the naked bundle, **Sr—*°Y detection efficiency curve reaches zero at 7 pC, while it reaches 0 at 9 pC for 800 um of
PTFE. We explain both of these effects from the increase of the trapping efficiency. Indeed, a naked BCF-10 fibre has
a trapping efficiency of 3.44% [13], meaning that 96.56% of all generated scintillation photons are lost. Adding a
reflecting layer of PTFE increases the percentage of captured photons. A better trapping efficiency allows more
photons to be detected, increasing both the detection efficiency and the maximum resulting charge. However, energy
loss due to thicker layers of PTFE will overlap the benefits of a better trapping efficiency, as can be seen for the
detection efficiency for *Sr-*°Y, decreasing after 600 um of PTFE.

Overall, for the *Sr—°Y source, we can hypothesize that only the most energetic part of the emission spectrum is
detected, thus the impact from the strontium part of the beta emission spectrum is negligible. Even though the trapping
efficiency is maximised when adding PTFE, this increase does not compensate for the energy loss of *°Cl beta
particles crossing the cladding, for all thicknesses. Therefore, from these first experimental results, we demonstrate the
feasibility of the multi-cladding PSF detector principle, to develop a beta counter able to discriminate incident beta
particles in gross energy ranges.

C. Acquisition results — Double source measurement
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In this section, we will evaluate the detector’s response when two beta source are placed together, to check if we
find any discrepancies with single source acquisitions. Moreover, this data will be used as the input data for testing
ML-EM algorithm performances. In this set of measurements, the two beta sources used, *Cl and %Sr-*°Y, were
measured simultaneously for the different thicknesses of PTFE. Figure 7 present the measurements results for both
the naked bundle and with 800 um of PTFE, expressed in counting rate (s). For visualisation purposes, the
counting rate scale is constant for figure 7. Figure 8 shows the summed counting rate for each thickness of PTFE.
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Fig. 7. Fibre bundle counting rate when both sources are present, with no PTFE layer on the left and with 800 um of PTFE on
the right.
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Fig. 8. Summed counting rate as a function of the PTFE thickness applied to the bundle, for dual sources measurements. One
standard deviation uncertainties are shown.
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The distribution endpoint can help identifying the most energetic beta emitter radionuclide, from the maximum
charge read, but not identify precisely any other beta emitter. However, even in a lack of prior information point-of-
view, we would be able to say that the measured sample contains at least one high-energy beta emitter, since an
800 pum-thick PTFE layer was not able to stop incident radiations, under the hypothesis that the signal is in fact due
to beta particles.

When both sources are present, behaviours described for the single source measurements are not visible here.
Indeed, figure 6 shows a constant increase of the summed detection efficiency up to 600 um and a slight decrease at
800 pm for the sum, while the behaviour in figure 8 is not similar. Thus, there is a discrepancy between summed
mono-sources measurements and dual sources measurements. Causes for this discrepancy may be due to
differences in geometrical efficiency, and an inhomogeneity of the PTFE layers, discussed in more detail in the
spectrum identification section of this article.

From the highest contrast achieved with the thickest layer of PTFE, we expect the ML-EM code to correctly
evaluate high-energy beta emitters, and then deduce medium-energy beta emitters present on the other acquisition
spectra. As we have seen, single source acquisitions show some limitations concerning the representativity of single
source measurements. To tackle this issue, we are studying possible improvements of the experimental setup,
especially concerning the homogeneity of PTFE layers, and ensuring that they do not overlap or loosen. In order to
obtain better results, new protocols with three or more sources are being studied and should provide information
about limitations on the identification and quantification processes, in terms of number of sources present.

IV.  Spectrum identification
A. Deconvolution results — Dual sources measurements with various cladding thicknesses

Using single source acquisitions as the ML-EM database, we tested the algorithm ability to separate the *Cl and
%51y heta spectra, from the double source acquisitions. We chose two thicknesses for the database, 200 pm and
800 pm of PTFE, because of the high contrast between *Cl and *°Sr-*Y detection efficiency spectra (cf. figs. 4 and 5).
Moreover, we empirically found better ML-EM reconstructions using these two spectra, and a comparatively worse
reconstruction using any other combinations, including all acquisition spectra together. This behaviour will be
discussed in the next section. One hundred iterations were enough for the convergence of ML-EM output data, and are
presented in figure 9.

0.18

Measured counting rate

0.16 [ ‘ ML-EM reconstruction

Counting rate

0 500 1000 1500 2000 2500 3000 3500 4000
Charge binning

Fig. 9. Measured spectra and ML-EM reconstruction of the counting rate, for 200 um of PTFE on the left and 800 um on the
right, when both *Cl and %Sr-*Y sources are present.

No visual discrepancies are visible between experimental data and the ML-EM reconstruction. Actual sources

activities and the ML-EM reconstructed counterpart are presented in table 3. Percentage biases were calculated in
order to evaluate the difference between experimental and ML-EM reconstructed activities.

[ ] Source activity | Reconstructed activity | Percentage biases |




304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

335

Chlorine-36 6470 + 324 Bq 4780 Bq -26%

Strontium-Yttrium-90 5168 £ 258 Bq 5776 Bq +12%
Table 3. Sources and ML-EM reconstructed activities for 200 um and 800 pm spectra inputs.

Comparing data from table 3, we can see that the *°Cl reconstructed activity does not match the experimental
value, with an underestimation over five standard deviations. However, *Sr—*°Y activity is correct under three
standard deviations. Discrepancies will be discussed by comparing obtained results with expected ones.

B. Deconvolution results — Dual sources measurements with a single cladding thickness

In order to validate the methodology, we tested the ML-EM reconstruction using only one acquisition spectrum.
Table 4 presents the ML-EM reconstructed activities using single spectrum databases, and their associated percentage
biases. Each ML-EM column corresponds to a database and measured spectrum couple, corresponding to
measurements done using the specified PTFE layer. For example, ML-EM — 0 um corresponds to the construction of a
database using single source measurements with no layers of PTFE, and the measured spectrum corresponds to the

measurement of both sources together without PTFE.
) cl 0y %0y “SYY
percentage bias percentage bias
Source activity 6470 + 324 Bq N/A 5168 + 258 Bq N/A
ML-EM — 0 pm 4136 Bq -36% 2552 Bq -51%
ML-EM - 200 um 1852 Bq -71% 7844 Bq +52%
ML-EM — 400 pm 9313 Bq +44% 2678 Bq -48%
ML-EM - 600 um 6962 Bq +8% 2502 Bq -52%
ML-EM — 800 pm 9348 Bq +44% 5103 Bq -1%

Table 4. Sources and ML-EM reconstructed activities, with associated percentage biases, for single spectrum databases.

Comparing table 4 with table 3 percentage biases, we note that some single PTFE thickness configurations obtain
better results on a single beta emitter than with two PTFE thicknesses configurations. For example, 800 um PTFE
single spectrum obtains a percentage bias of 1% with the expected *Sr-*Y activity, but has a percentage bias of 44%
with the expected **Cl activity. On the other hand, 600 pm PTFE single spectrum obtains a percentage bias of 8% with
the expected **Cl activity, but has a percentage bias of 52% with the expected *°Sr-*°Y activity. From the percentage
bias values in table 3, 26% and 12% for the **Cl and “Sr-*°Y respectively, we conclude that the methodology
presented here constitutes the best compromise for the deconvolution of the two beta spectra.

C. Deconvolution results — Expected results

Considering the database, we calculated the expected spectra if the reconstructed activities were correct, i.e. equal
to the experimental activities presented in table 3, for the setup with 200 and 800 um of PTFE. Figure 10 presents the
expected reconstructed spectrum.
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Fig. 10. Measured spectra and expected ML-EM reconstruction of the counting rate for exact activities, for 200 um of PTFE on
the left and 800 um on the right, when both **Cl and *°Sr-°°Y sources are present.

Both figs. 11 and 12 are similar in shape and intensity without any major visual discrepancy. We do note that the
expected ML-EM reconstruction of figure 10 does not overlap completely the measured counting rate on the second
peak, while it is the case for figure 9. Average maximum value for both measured and reconstructed spectra for the
second peak in figure 9 is 0.13 s™*, while for figure 10, average maximum value is 0.11 s™ for the expected ML-EM
reconstruction: even when using the experimental activities, we obtain a slight difference between the experimental
spectra and reconstructed ones. We explain this difference from a lack of representativeness of the database, possibly
due to statistical variation at the maximum peak values. Another factor may be the solid angle differences being too
important between one source and two sources measurements. However, we do not expect significant differences,
because sources were placed together along the fibres bundle, only shifting their position from the single source
location by a few centimetres. In addition, we note that PTFE layers were changed or readjusted between
measurements for the database and dual sources acquisitions. PTFE thicknesses may not have been consistent and thus
created discrepancies. From this study, we conclude that the small variations may impede the correct reconstruction.

Conclusion and outlook

We recall that the objective of this paper was to develop a new methodology of beta identification and
quantification system using scintillating fibres, to tackle the issue of radiological characterization of large and possible
uneven surfaces. In this paper, we presented the principle of a discrimination method based on scintillating fibres with
various cladding thicknesses, for medium and high-energy beta emitters, enabling beta spectrometry using
deconvolution algorithms. We studied using Monte Carlo simulation the methodology principle by identifying and
quantifying beta signatures using the ML-EM algorithm. A database of multiple simulated beta signatures was
constructed and used effectively with satisfying deconvolution results. Then, an experimental setup was designed, and
showed that the methodology can be used on a detection system. First results showed an improvement of the
identification and quantification of convoluted beta emitters when compared to single cladding scintillating fibers
presented in IV. B.

Further, we plan to acquire spectra with longer measurement time to construct a database with less statistical
variation and check the prevalence of this issue on the representativity. Moreover, we are planning to manufacture
specific bundles with preset PTFE layers. These improvements will help in developing a first prototype of beta
spectrometer using Monte Carlo simulation and then assess its performances in laboratory. Two application layouts
are studied: spectrometry using deconvolution algorithms like presented in this paper, and a counting mode, where
identification is limited to the energy range of the beta emitter, for example, between medium and high-energy beta
emitter. In this case, there would be no need for a deconvolution methodology. Studies with more than two beta
sources present are planned, and will cover larger energy ranges. Studies of the actual detector sensitivity to gamma
rays is currently underway. Finally, study of the counting rate evolution as a function of the detector deformability is
also planned.
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