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Abstract: The in-situ characterisation of strontium-90 contamination of groundwater at nuclear
decommissioning sites would represent a novel and cost-saving technology for the nuclear industry.
However, beta particles are emitted over a continuous spectrum and it is difficult identify radionu-
clides due to the overlap of their spectra and the lack of characteristic features. This can be resolved
by using predictive modelling to perform a maximum-likelihood estimation of the radionuclides
present in a beta spectrum obtained with a semiconductor detector. This is achieved using a linear
least squares linear regression and relating experimental data with simulated detector response data.
In this case, by simulating a groundwater borehole scenario and the deployment of a cadmium
telluride detector within it, it is demonstrated that it is possible to identify the presence of *°Sr ,
0y, 187Cs and 23°U decay. It is determined that the optimal thickness of the CdTe detector for this
technique is in the range of 0.1 to 1 mm. The influence of suspended solids in the groundwater is also
investigated. The average and maximum concentrations of suspended particles found at Sellafield
do not significantly deteriorate the results. It is found that applying the linear regression over two
energy windows improves the estimate of °’Sr activity in a mixed groundwater source. These results
provide validation for the ability of in-situ detectors to determine the activity of *°Sr in groundwater
in a timely and cost-effective manner.
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1. Introduction

This research aims to develop a methodology for estimating the *°Sr activity in con-
taminated groundwater at nuclear decommissioning sites as measured by a cadmium
telluride (CdTe) [1,2] detector that is deployed in a groundwater borehole. There is demand
in the nuclear decommissioning industry to develop new *°Sr monitoring techniques that
can reduce the lifetime monitoring costs of the radionuclide [3-8]. The aim is to design
techniques that are safer, produce less secondary waste and can be completed rapidly
without the need for specialised laboratory techniques. Currently, groundwater samples
are taken from underground boreholes, treated, placed into storage and, eventually, the
radionuclides in the groundwater are analysed using radiochemical separation and liquid
scintillation counting. However, these stages could be bypassed with the deployment
of an in-situ semiconductor detector. In order to compete with existing techniques, an
in-situ detector should be able to identify the activity of individual radionuclides. This
paper reports on a technique that allows for the activity of individual radionuclides to
be determined using a gross measurement of the activity in the borehole and predictive
modelling. Each radionuclide’s contribution to the total activity is estimated by relating
the gross spectrum to the simulated detector response to each radionuclide in the scenario.
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There are two main challenges to consider when designing a beta detector. The first is
that beta particles have a limited range in matter and are easily attenuated as they travel
through the environment [9]. The consequence of this is that the detection medium must
be placed very close to the source of the radiation [10]. This is the reason that liquid
scintillation is one of the primary beta detection techniques [11]. By mixing the sample
of radionuclides and the scintillator together, the likelihood of interaction between beta
radiation and the scintillator is sufficiently high. Liquid scintillation counters are able to
achieve a low limit of detection, below the guideline value for drinking water. Alternatively,
this research has taken advantage of the development of high-quality, high-density and
high-energy-resolution semiconductors to design a compact detector that can be immersed
directly in contaminated groundwater. Using a thin layer of waterproofing, the detector can
be deployed in contaminated groundwater while keeping the attenuation of the radiation
spectrum minimal.

The other challenge is that beta decay results in particles that are emitted over con-
tinuous spectra and terminate at an end-point energy. This presents difficulties when
identifying beta emitters from a mixed source of radiation. When ?°Sr decays via beta
emission, it is a result of an excess of protons in the nucleus, one of which will convert into
a neutron, a beta particle and an anti-neutrino. The emission of the anti-neutrino during
beta decay is significant as the energy released by the nuclear decay is shared between
both particles, resulting in the continuous spectrum of emission. As a result, it is difficult
to determine the origin of a particular beta particle in a mixed spectrum and, consequently,
the radionuclides in the sample. By contrast, gamma emission occurs as electrons fall
between fixed energy levels in the nucleus [12]. This results in characteristic energy peaks
in the emission spectra, from which the associated radionuclides can be easily identified.
As it is not practical to perform radiochemical separation in situ, the detection of *’Sr
will require the acquisition of a gross beta spectrum and predictive model to identify the
constituent radionuclides. This method posits that the total spectrum measured with the
detector comprises the summation of the detector response to each individual radionuclide.
By simulating the detector response to the constituent radionuclides, a linear regression
model can be applied to make a maximum-likelihood estimate of the radionuclides present
in the groundwater and their activities.

Background Literature

Predictive modelling techniques have been developed for applications with different
detector types. A simulation-based linear regression approach to radionuclide identification
has been demonstrated in other research [13,14]. S. Grujic et al. [15] report on using
the Monte Carlo simulation package MCNP [16] to simulate the response function of a
semiconductor Si detector to identify *’Sr contamination in water samples taken from spent
nuclear fuel storage pools. In this case, a PIPS (passivated implanted planar silicon) detector
with a surface area of 1.197 cm and a thickness of 502 pm is simulated. In this research, the
gross radiation spectrum is considered to be the sum of the individual radiation spectra,
modified by the response function of the detector—as described in Equation (1).

N
AnRy;i = Cii =i, iy )
n=1

where i is the lower and upper channel number of the multichannel analyser in the detector,
N is the number of unknown radionuclides with unknown activities in the sample, A,
is the activity of the radionuclide that must be determined [Bq], R, ; is the simulated
response function of the detector to radionuclide # in channel i, and C; is the gross beta
spectrum that is measured with the detector in the configuration as modelled in the
simulation. This equation can be used to form a system of linear equations that are resolved
using the least squares with linear inequality constraints method [17]. In this study, the
groundwater sample was placed in a Petri dish below the detector and the scenario was
modelled in MCNP. The researchers used the least squares method to identify an activity
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of 166.3 + 13.4 Bq/cm? for '3Cs in a mixed sample with *°Sr . The activity of ¥ Cs in
the sample was found to be 179.8 & 10.5 Bq/cm? using a calibrated GX5020 germanium
(Ge) detector.

E. Bai et al. conducted an investigation into the use of portable gamma detectors
for identifying radionuclides in public spaces and at checkpoint searches with the goal
of identifying nuclear weapons. In this case, the researchers were interested in poorly
resolved gamma spectra from unknown radionuclides, where there may be potential
overlap of gamma emission or sufficient attenuation of their characteristic peaks to mask
their presence. They proposed a technique where the detector repsonse is modelled,
but they presented a two-stage algorithm consisting of a linear regression stage and a
subsampling stage based on majority voting [18]. The detection algorithm is based on a
similar equation to Equation (1). In typical gamma detection, a peak fitting algorithm is
used to fit a Gaussian function to peaks in detected gamma spectrum, and the energies
of these peaks are used to identify the radionuclides from a database of radionuclides.
The scenario that the researchers address is when the gamma peaks are masked by noise
or so poorly resolved that peak fitting may fail. The generated system of equations
was resolved using a least absolute shrinkage and selection operator (LASSO) algorithm
with a subsampling stage implemented to successfully reduce the rate of false positive
errors. Predictive modelling is increasingly being used in other fields to overcome the
deficiencies in detector technology as a means to implement remote sensors for monitoring
environmental quality [19-22].

2. Methodology

The radionuclide identification procedure presented in this research comprises two
sections. First, the detector response is simulated [23], and second, a system of equations
is constructed that relates the detector response to individual radionuclides to the gross
radiation spectrum that is measured. A linear regression is applied to the system of
equations to provide an estimate of the activity of the radionuclides in the groundwater.

2.1. Groundwater Radiation Model

The gross radiation spectrum collected with an in-situ detector comprises contribu-
tions from each individual radionuclide present in the groundwater. This can be expressed
by a linear relationship, as written in the form of Equation (2).

M = RN @)

M is a vector containing the gross spectrum of radiation measured with a CdTe
detector deployed in a groundwater borehole. N is an n X k matrix that details the detector
response to each individual radionuclide, where k is the number of radioactive sources
and 7 is the number of channels in the detector. The relative activities of the radionuclides,
R, are unknown and can be found by solving Equation (2) computationally using linear
regression[24]. In this case, the iteratively weighted least squares method is used [25].

2.2. Detector Response Simulation

In nuclear radiation spectroscopy, the spectrum that is output by a detector is an
approximation of the true emission spectrum released by radionuclides. These two spectra
can be related by a response function. There are two aspects that contribute to the response
function. Firstly, the radiation must interact physically with the environment en route
to the detector and this leads to attenuation of the spectrum. This process is simulated
using the Monte Carlo software, Geant4 [26]. Secondly, the contribution of electronic
noise and statistical variations in electron-hole production [12] within the semiconductor
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must be modelled, and this is achieved with a Gaussian broadening of the detector output
generated by Geant4. This is expressed in Equation (3) [27].

/O R (S, EYN(E)E = M(S) 3)

O S E S Emax/O S S S Smux (4)

In this equation, N(E) is the emission spectrum, M(S) is the measured radiation
spectrum, R(S, E) is the response function, S is the signal value, and E is the radiation
energy. This equation has the form of a Fredholm integral equation and can be rewritten as
a system of linear equations; see Equation (2).

The groundwater borehole environment in which the detector will be deployed was
modelled with a Geant4 simulation; see Figure 1. The purpose of the simulation is to
model the decay of radionuclides and the interaction of the released radiation with the
environment and the detector. A typical groundwater borehole at Sellafield comprises a
plastic inner layer with 5 cm diameter and is surrounded by a silicon filtering layer, which
is installed to keep contaminants out of groundwater samples. The interior of the borehole
was filled with water to a depth of 5 cm, with the detector positioned at the surface.

10 mm
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Figure 1. The scenario simulated in the simulation. A PVC pipe, with a 5 cm diameter, comprises the
innermost layer of the borehole and it is surrounded by silicon. The detector is deployed in contact
with the water, which is populated randomly with decaying radionuclides.

The detector design consists of a 10 x 10 x 1 mm CdTe detector with 20 nm thick
platinum Ohmic contacts on either side. The detector is sealed with two layers of low-
density polyethelyne (LDPE), a thin and waterproof plastic, which protects the detector
and electronics from the groundwater but also attenuates incoming beta particles. There is
a 1 mm gap between the detector and the LDPE that is filled with air.
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To generate data to fill the response matrix, N, the groundwater was populated with
the equivalent of 100,000 BqL’l 90gy N0y 137Cg 40K for 5 h of measurement in the borehole.
This simulation used the FTFP BERT physics list, which allows electron interactions up to
100 TeV and uses a maximum step length of 0.65 mm, an energy threshold of 900 keV and
a low energy limit of 1 eV.

FWHM = a+by/(E + cE?) ()

A Geant4 simulation tracks radiation as it travels through matter and calculates the
energy physically deposited in the material body of a radiation detector. However, the
reality of radiation detection is more complicated. To make the simulated detector response
more realistic, a Gaussian broadening was applied to the data. Manufacturer data were
used to plot the correlation between the full width half-maximum (FWHM) and the gamma
peaks of Am, 57C0,137Cs. The coefficients 4, b and ¢ were determined from Equation (5) and
were used to apply a Gaussian broadening to the simulated spectra, as seen in Figure 2.

0.1 0.2 0.3 0.4 0.5 0.6
Energy (MeV)

Figure 2. The simulated °Sr spectrum acquired with the CdTe detector in the groundwater scenario, black, with the

Gaussian broadening applied, blue.

3. Results

The goal of this section is to demonstrate the deconvolution of a gross beta spectrum
and evaluate the methodology to establish whether it can identify *°Sr activity in a contam-
inated groundwater environment. This technique is dependent on a priori knowledge of
the radionuclides expected to be found in a groundwater borehole at a nuclear decommis-
sioning site. If a radionuclide is not included in the response matrix, its presence cannot
be determined. On the other hand, it is necessary to evaluate whether including many
radionuclides in the response matrix can lead to false positives or otherwise distort the
estimates of radionuclide activity. In Table 1, a borehole simulation is populated with *°Sr
activity from 100,000 BqL~! to 100 BqL~!. The response matrix, X, is populated with just
90Gr and Y initially, but 137Cs, 40K, and 2%°U are added in stages so that their effect on the
estimated ratio of °Sr and *°Y can be compared. This has demonstrated that the regression
technique is effective at determining the ratio of *°Sr present in the groundwater down
to activities as low as 100 BqL~!. The inclusion of the additional radionuclides into the
response matrix does not produce any significant false positive values in the results and
only alludes to a small deviation in the estimation of activity.
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Table 1. Results of analysis of a pure 908y mixture of decreasing activity with different radionuclides
included in the detector response matrix.

908y Activity BqL ™! X[%0Sr 0Y ] X[%0Sr 0y 137Cg] [0Sy 0y 137Cs 40K 235U]

[1.0000 0.0000 0.0000

100,000 [1.0000 0.0000] [1.0000 0.0000 0.0000 ] 0.0000 0.0000]
[0.1001 0.0001 0.0000

10,000 [0.10170.0001 ]  [0.1010 0.0000 0.0000 ] 0.0000 0.0001]
[0.0114 0.0004 0.0000

1000 [0.01250.0000]  [0.0111 0.0000 0.0000 ] 0.0000 0.0002]
[0.0021 0.0000 0.0000

100 [0.0019 0.0000]  [0.0021 0.0000 0.0000 ] 0.0002 0.0000]

Table 2 demonstrates the ability to resolve “°Sr from °Y decay at varying activity
levels in groundwater. In reality, it is not well understood how these two radionuclides
exist within the groundwater itself. The elements have different chemical properties,
which means they interact with the environment differently; 90Gr and °Y have different
sorption rates in soil and move through the groundwater system at different rates. When a
groundwater sample is collected, significant time passes between sampling and activity
determination, which means that secular equilibrium is achieved at the point of counting.
The spectrum of this mixture is plotted in Figure 3. Here, the measured spectrum is plotted
in black. The gamma peak from '3’Cs can be seen at 662 keV, with the X-ray photopeak
protruding at the start of the spectrum. The long tail is due to beta emission from Y .
Because Y decay results in more energetic particles, it produces a higher count-rate for
the same activity when compared with *°Sr . This means that the *°Y spectrum is more
well-defined for low activities, and this reflects the results shown in Table 2, where the
ratio of *°Y is reproduced more reliably at low counts compared to *°Sr . However, it is still
possible to identify the presence of “Sr in strongly *°Y -contaminated groundwater. This
scenario is unlikely to occur in reality, but serves as verification of the effectiveness of the
technique.

205r and Y are not the only radionuclides found in contaminated groundwater at
nuclear decommissioning sites; therefore, the deconvolution of a gross radiation spectrum
may contain contributions from gamma emitters such as '¥Cs and even alpha emitters
such as 2%5U. The detector’s response to these radionuclides has been simulated and the
deconvolution of '3Cs is presented in Table 3. 13Cs decay comprises beta decay up to an
end-point energy of 0.512 MeV and gamma emission at 0.662 MeV. ¥ Cs is not typically
found in high groundwater concentrations at Sellafield due to its strong sorption onto soil,
with a maximum activity of 41.8 BqL~!. The results demonstrate the ability to deconvolve
137Cs activity from a mixture of high activity *°Sr and low activity Sr .

Table 2. The ratios of °Sr and *°Y mixed to different activities as determined by linear regres-

sion analysis.

0Sr Activity BqL~! Y Activity BqL~! 90Sr Ratio 90y Ratio
100,000 100,000 1.0000 1.0000
100,000 10,000 1.0390 0.0974
100,000 1000 1.0125 0.0011
100,000 100 0.9963 0.0003
100 100,000 0.0022 1.0000
100 10,000 0.00411 0.0973
100 1000 0.0015 0.0108

100 100 0.0000 0.0001
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Figure 3. The spectrum corresponding to the radionuclide mix in Table 4 output by the detector is plotted in black, and the
reconstructed spectrum resulting form the linear regression is plotted in red.

Table 3. The ratios of *°Sr and 137Cs mixed to different activities as determined by linear regression

analysis.
0Sr Activity BQL~™!  137Cs Activity BqL ™! 90Sr Ratio 137Cs Ratio
100,000 100,000 1.0000 1.0000
100,000 10,000 0.9686 0.1004
100,000 1000 0.9810 0.0104
100,000 100 1.0072 0.0011
100 100,000 0.0022 1.0000
100 10,000 0.0000 0.1000
100 1000 0.0000 0.0103
100 100 0.0094 0.0011

Finally, this method was applied to a realistic mixture of radionuclides that may be
found in a groundwater borehole, as shown in Table 4. The results are reported with
a 95% confidence interval. There is agreement between the simulated activity and the
calculated activity as a result of the deconvolution of the gross spectrum. 2*U was cor-
rectly not identified in the sample and the activities of 137Cg, 20Sr and 0Y were resolved
despite the common overlap between their beta emission. The estimated activity of *°Sr
12.03 £ 0.56 kBq/L which leaves some discrepancy between the true and calculated activity.
This is largely down to difficulties in resolving *°Sr and Y spectra. *°Y emission is more
energetic and therefore less likely to be fully absorbed in the groundwater.
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Table 4. The estimate of 29Sr , °Y and 1%7Cs activity from a realistic groundwater borehole.

Radionuclide Simulated Activity (kBq/L) Calculated Activity (kBq/L)
90gr 10.00 12.29 + 0.56
0y 1.00 0.74 +0.05
137¢Cs 0.10 0.12 + 0.004
23517 0 0.00

3.1. Alternative Detector

The previous sections describe the use of a 10 x 10 x 1 mm CdTe detector that
was designed specifically for monitoring *°Sr contamination, but the results of applying
this technique to other detectors’ configurations should be considered. A 1 mm detector
is relatively unusual and detectors on the market are typically much thinner; indeed,
thin solar cell panels may even be appropriated as radiation detectors. This section will
consider the use of such detectors and evaluate whether they are viable for the linear
regression technique. CdTe detectors of decreasing thickness were exposed to a simulated
groundwater scenario containing 10 kBq/L of *°Sr , 1 kBq/L of °Y and 0.1 kBq/L of
137Cs. The results of the simulations are displayed in Table 5. The 0.003 mm thick detector
categorically produces the least agreement and it completely fails to estimate the activity of
9Sr in the groundwater. The material is not thick enough to sufficiently resolve in incident
radiation upon its surface and as such produces highly compressed spectra. These spectra
become impossible to distinguish from one another, which leads to the results seen in
Table 5. Therefore, it is determined that in order to perform this technique, the thickness of
the detector should fall within the range of 1 mm to 0.01 mm.

Table 5. The estimate of °Sr, Y and !%7Cs activity from a realistic groundwater borehole using a
3 pm GaAs detector.

Thickness (mm) 903y (kBq/L) 20Y (kBq/L) 137Cs(kBg/L)
1.0 12.03 + 0.56 1.03 +0.14 0.12 +0.04

0.5 12.11 £+ 0.52 0.99 + 0.04 0.083 + 0.003

0.1 10.42 + 0.42 0.99 + 0.02 0.099 + 0.004

0.01 12.72 + 0.91 0.93 +0.01 0.11 +0.013
0.003 0.00 +1.10 0.89 + 0.01 5.81 +0.30

Of the detectors that fall into this range, it is notable that the detector with 0.1 mm
thickness produces results that are closest to the true activities in the sample. This is
somewhat paradoxical but can be explained by the effect of backscattering particles. Beta
particles incident on a surface are prone to backscattering, where they only deposit a
fraction of their energy and leave the detector before they are fully absorbed. This effect
produces a peak in both the *°Sr and °Y spectra collected with these detectors. When
the detector is very thin, this peak is very pronounced. As the thickness of the detector
increases, an increasing number of particles are distributed at higher channel numbers in
the detector. This effect produces a second peak that is present in the 0.1 mm thick detector,
but not in the 0.5 and 1 mm thick detectors. This characteristic of the spectrum in the
0.1 mm detector means that the regression can more easily resolve the °Sr and *°Y spectra.

3.2. Impact of Suspended Solids

The groundwater found in monitoring boreholes commonly contains small concen-
trations of suspended solids, such as minerals and rock, which may remain from the
drilling process or from inflow from the surrounding geological formation. To consider
any potential influence of these particles on the measurement of radionuclides, these non-
radionuclide components were added to the simulation based on analysis of measured
particle concentrations, turbidity analysis and analysis of representative rock data.
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The components considered include sodium, potassium, iron, calcium, magnesium,
iron, aluminium, silicon and oxygen [28]. These components were distributed uniformly
throughout the groundwater simulation, in accordance with the average and maximum
monitored values. The results are reported in Table 6. When the groundwater contains
the average concentration of all the components, 40 mg/L, the estimated activity of *°Sr is
10.09 £ 0.55 kBq/L, and returns a result of 9.74 £ 0.51 kBq/L for the maximum concentra-
tion at 300 mg/L. Therefore, it is not determined that these concentrations of components
in the groundwater influenced the determination of the activity. The variation between the
reported results is due to the random nature of radioactive decay and some inconsistency
in the linear regression technique used.

Table 6. The estimate of *°Sr activity from a realistic groundwater borehole with different concentra-
tions of suspended non-radionuclide particles.

Total Concentration mg/L Estimation of 10 kBq/L *°Sr Activity
Average 40 10.09 + 0.55
Maximum 300 9.74 £ 0.51

Suspended solid concentrations can reach much higher levels than presented here;
however, these can be considered to indicate a poorly designed or installed borehole or
one requiring maintenance before a detector could be deployed.

3.3. Activity Determination by Energy Windows: Other Improvements

As seen in Table 4, there is room for improvement in the determination of 90gy activity
from a mixed source. One reason for this poor performance is the overlap of all the spectra
up to the ?°Sr end-point energy of 0.546 MeV. It has already been noted that the presence of
an artificial peak in the *°Y spectrum can improve this deconvolution. As this peak is not
present in detectors thicker than 0.5 mm, the estimation of the activities can be improved
by performing a linear regression over two energy windows, low and high. The low
energy window is classified as the energies up to 0.546 MeV and the high energy window
contains all subsequent energies recorded in the detector. Therefore, no *°Sr decay is
present in the high energy window and this window can be used to determine the activities
of Y and '¥’Cs independently from *°Sr activity. The reconstructed *°Y and 3”Cs spectra
are then subtracted from the low energy window which allows the activity of *Sr to be
determined independently of higher-energy radionuclides. This technique was applied to
a groundwater simulation containing 10.0 kBq/L *°Sr, 1.0 kBq/L of °Y and 0.1 kBq/L of
137Cs and the results are displayed in Table 7. In this case, the estimated activity of *°Sr is
erroneous by a margin of 0.77 kBq/L compared with 2.29 kBq/L. This demonstrates that
performing a linear regression over a high energy and low energy window can improve
the estimation of *Sr activity in a mixed groundwater source.

Table 7. The estimate of °Sr , °Y and 137Cs activity from a realistic groundwater borehole.

Radionuclide Simulated Activity (kBq/L) Calculated Activity (kBq/L)
90gy 10.00 10.77 + 0.21
90y 1.00 1.06 =+ 0.03
137¢g 0.10 0.10 £ 0.01
23517 0 0.00

The purpose of an in-situ detector is to collect results rapidly, and, as such, the previous
spectra were collected over a time period of 5 h. Increasing this time period would result
in spectra with a greater number of total counts. In Table 8, the results of determining
10 kBq/L activity over increasing time periods are presented. The results are consistent
and it is not apparent that increasing the counting time is a factor in achieving estimates
that are closer to the true “Sr activity. Additionally, increasing the number of counts in the
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a priori matrix, X, makes no discernible difference to the estimated activity for the same
10 kBq/L ?°Sr activity over a 5 h period.

Table 8. The estimate of 9Sr activity for increasing lengths of measurement and therefore counts.

Length of Measurement (h) Simulated Activity (kBq/L)  Calculated Activity (kBq/L)

5 10.00 10.05 + 0.09
10 10.00 9.84 +0.03
24 10.00 9.69 +0.04

4. Conclusions

The issue of quantifying *Sr activity in groundwater boreholes with an in-situ detector
has been presented and addressed by simulating the detector response and using a linear
regression to estimate the activity of the radionuclides present. The response function of a
CdTe detector to ?Sr , °Y 1%Cs and ?**U contamination in a groundwater borehole was
simulated using the Monte Carlo software package Geant4. These response functions were
used to create a database from which the detector’s response can be predicted. This method
can be used to estimate *°Sr activity as low as 100 BqL~!, and it can be applied to identify
9Gr activity among a background of ?°Y , 137Cs, 4°K and 23°U. It was shown that including
additional radionuclides in the response function matrix does not significantly degrade the
estimate of %°Sr activity. It was determined that detectors with thickness in the range of 0.1
to 1 mm can be used to apply this technique.

The issue of suspended solids in the groundwater was examined. The commonly
found particles at Sellafield are sodium, potassium, iron, calcium, magnesium, iron, alu-
minium, silicon and oxygen, and these were included in the groundwater simulation at
average and maximum concentrations. For these concentrations, the particles were not
found to influence the results of radionuclide activity estimation.

One of the main impediments to beta spectroscopy is the overlapping of spectra that
do not have characteristic features. This was resolved by applying the linear regression
technique to two energy windows, determined by the end-point energy for *°Sr emission.
Using this approach, the °Sr activity in a 10.0 kBq/L ?°Sr, 1.0 kBq/L *°Y and 0.1 kBq/L
137Cs mixed source was estimated as 10.77 4 0.21 kBq/L.

These results have demonstrated how detector simulation and data regression can
be used to enable in-situ semiconductor detectors to estimate 2°Sr , 20Y , 137Cs and 235U
activity in groundwater. However, some shortcomings are still present. Future research will
investigate whether the application of different linear regression techniques can be used to
improve the results. Some success may be found by incorporating different approaches
to weighting to reduce the influence of outliers in the regression. The incorporation of
other techniques, such as peak finding, may help to refine the results generated with
this approach.
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