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Gamma-ray spectrometers for environmental radiation monitoring on field routinely record short-duration
spectra. Under normal conditions, these spectra are the sum of a constant background plus photo-peaks from
natural emitters, and their resulting bremsstrahlung and Compton scattering radiation. For each monitor,
the constant background is specific to the monitor components and the composition of the soil and of the
surroundings. On the other hand, the spectrum of the natural gamma-ray emitters also depends on the aspects
above, but may also have variable intensity owing to aerosol scavenging in case of rain.

We present a case of a large network of detectors where it is unpractical to perform dedicated simulations
or measurements of calibration sources. To overcome this difficulty, we propose a method to remotely and
systematically extract fundamental spectra. For each spectrum we measure the activity concentration of natural
emitters. Then, for each channel, the activity concentration of each natural emitter constitute the coefficients
of an equation, where the unknowns are the fundamental spectra of the natural emitters and of the constant
background. After repeated measurements, we can construct an over-determined system of equations that is
solvable as a non-negative least-squares problem. As a result of the least-squares minimization we obtain the

separate spectra of the constant background and of the most relevant natural gamma-ray emitters.
This method allows to produce highly specific fundamental spectra for each monitor. This improves the
characterization of each monitor and allows to accurately reconstruct subsequently measured spectra using the

Full Spectrum Analysis.

1. Introduction

The Spanish Nuclear Safety council requires to be informed about
any release of radioactive substances resulting on a dose for the pop-
ulation of 1 pSv per hour or 8 mSv per year (CSN, 2023). The exact
same requirements apply in other countries like Brazil, Argentina or
Uruguay and the United States of America (USNRC, 2021). The reg-
ulatory requirements refer to the dose from isotopes resulting from
human activities, not to natural radioactivity. Therefore, it is crucial
that detection networks are capable to tell apart the origin of the
received dose.

For the sake of broad spatial coverage with robust detectors and
the possibility to use built-in software, most countries construct net-
works of gamma dose meters to measure gamma-emitting gasses or
aerosols (Abida et al., 2008; Hiemstra et al., 2009; Neumaier et al.,
2016; Stohlker et al., 2018; Angeles Ontalba et al., 2022). However,
it is also possible to perform near-real-time monitoring with gamma-
ray spectrometry, which in addition provides pollutant identification
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and false-positive suppression (Toivonen et al., 2008; Baeza et al.,
2017; Cerezo et al., 2024). If only the gamma dose is desired, then it
is possible to reduce the spectral information into the ambient dose
equivalent, H*(10) (Casanovas et al., 2016).

The full exploitation of spectral data demands the application of the
so-called Full Spectrum Analysis (FSA). This is usually done by con-
structing fundamental spectra either by Monte-Carlo simulations (An-
droulakaki et al., 2016) of by measurement of calibration spectra that
are enriched in one isotope at a time (Caciolli et al., 2012). Then,
every new spectrum is reconstructed as a linear combination of the
fundamental spectra, where the proportionality factors are the activ-
ity concentrations of the isotopes of interest in a new measurement.
Here we attempt to solve the inverse problem, and use the activity
concentrations to find the fundamental spectra.

In Catalonia, North-Eastern Spain, our group analyzes the data
from 35 gamma-ray spectrometers. These belong to the Environmental
Radioactivity Surveillance Network of Catalonia (XVRAC)' of the Gen-
eralitat de Catalunya (Catalan government). The XVRAC monitors are
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concentrated in the South, near the Ascé and Vandellos nuclear power
plants. However we also have monitors along the French border and in
other towns, with sparser coverage of the whole region. We are also in
charge of similar equipment in other countries (Argentina, Uruguay,
Paraguay and Mexico). The first monitors were installed in 2006,
and the network has been progressively expanded since then. During
this time, the available technology and funding have determined the
components in use in each monitoring station. The early types were
mostly 2" x 2" Nal(Tl) crystals; later, several 2" x 2" LaBr;(Ce) were
installed (Casanovas et al., 2012a); and more recently we are opting
for the 2" x 2" Srl,(Eu) crystals (Cerezo et al., 2023). The varying
locations of the monitors makes the soil, the architecture of the moni-
toring station, and other details (most notably, the use of a particulate
filter (Casanovas et al., 2014)), difficult to model in general Monte-
Carlo simulations. Therefore, we need to develop remote calibration
and characterization methods.

Each monitor records a gamma-ray spectrum every ten minutes. The
Catalan network and the ones in Argentina, Uruguay, Paraguay and
Mexico generate a combined 1.5 million spectra every year that are
available for us to analyze. With such data volume, we are focused on
the development of automated analysis for near real-time monitoring
and early warning (Cerezo et al., 2023). In a typical spectrum we record
the photo-peaks of the 22°Rn descendants (>12Pb and 2°8T1), and those
from the 222Rn descendants (*'*Pb and 2'#Bi). Among other natural
gamma-ray emitters (e.g.*K, e*+ e, 228Ac), the above-mentioned
isotopes are of particular interest for this work because their intensity
depends on the weather conditions, mainly on rain (Fujinami, 1996;
Paatero and Hatakka, 1999).

In this article we present a method to remotely extract fundamental
spectra of prominent naturally-occurring radioisotopes. For this goal we
use a linear algorithm fed with several thousand spectra. As a result
we obtain spectral components that contain the constant background
on one hand, and each of the natural varying gamma-emitters on the
other. This ought take into account that for each component there is
an associated Compton scattering and bremsstrahlung radiation specific
to each monitor due to the varying characteristics of the surroundings
and of the equipment. In a future step we can use each fundamental
spectrum that appears recurrently to identify anomalies produced by
isotopes of artificial origin in a framework of full spectrum analysis.

2. Methods

First and foremost, we need the spectra to be stable against peak
shifts resulting from temperature-dependence of the channel-energy
correspondence. For this we apply the method from Casanovas et al.
(2012b).

Once the spectra are stabilized, we compute the count rates of the
212pp (238.6keV), 214Pb (351.9keV), 28Tl (583.2keV), and 214Bi
(609.3 keV) photo-peaks. Within the energy resolution of our detectors,
the 212Pb and 2!4Pb peaks overlap, as well as the 2°8T1 and 214Bi
peaks. To estimate their count rate we developed an automated pro-
cedure of Gaussian fitting, where the two peaks are fitted together
with a straight continuum. For this we consider a spectral window
that goes from the energy of the lowest energy peak minus 3¢, to the
energy of the highest energy peak plus 36 (with o being the energy
resolution at the energy of each peak). The count rates are then divided
by the simulated detector efficiency from Casanovas et al. (2012a) and
Cerezo et al. (2023), and also by the peak probability, hence resulting
in measurements of activity concentration. In fact, these quantities only
need to be proportional to the activity concentration, so this last step is
not strictly necessary. Nevertheless, the four activity concentrations are
measured from every spectrum, i.e., every ten minutes, which results
in about 4320 measurements over the course of a month (Fig. 1). We
choose data from the month of May 2023 for four field monitors from
the Catalan network with different locations and characteristics. The
fact of having a few rain episodes in the data favors the variability of
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Table 1

Monitors selected in this work to be representative of different locations, crystal sizes
and crystal compositions. The monitor at Roses measures on a particulate filter that is
exchanged every five days, and has a pump that forces an air flow of 10m3/h. The
rest of monitors measure directly.

D Location Crystal Filter
9 Roses 2" x 2" LaBr;(Ce) Yes
18 Sant Jaume d’Enveja 1” x 1" LaBr;(Ce) No
31 Torre de I’Espanyol 2" x 2" LaBr;(Ce) No
33 Pratdip 2" x 2" Srl,(Eu) No
80 Lab 2" x 2" LaBr;(Ce) No
90 Lab 2" x 2" Srl,(Eu) No

the 222Rn descendants, which is convenient for the subsequent analysis.
In addition to the field data we used the data set from Cerezo et al.
(2023), recorded using two reference monitors in our lab ( Table 1).

Our key assumption to find the spectral components is that for each
spectrum, the i'" energy bin has a count rate s; consisting of a constant
background x,; plus a contribution from each of the natural gamma-
emitters mentioned above. This assumption is equivalent to what we
used in our previous work (Cerezo et al., 2023) to clean the influence
of the main natural photo-peaks from spectral Regions of Interest (ROIs)
under monitoring. In Cerezo et al. (2023) the ROIs of 1311, 137Cs and
%0Co were defined as the spectral band comprising 26 about the central
energy of each photo-peak. Here, instead of using ROIs, we use the
proportional cleaning method for each spectral channel separately.

Each contribution to a spectral channel consists of the (unknown)
fundamental spectrum multiplied by the intensity of the corresponding
photo-peak. The proportionality factors are the activity concentrations
mentioned above, which we note by I, 4pp, Iri4pis Lo1opy, and Inggi-
Then:

i = X0, + IrapoX1; + DoygpiXa, + Ioogmi*s; + Io1opoXa,i @

The unknowns x,, x;, X, x3, x4 are the fundamental spectra of
the constant background and of the component varying with 214Pb,
214gj, 208T], and 212Pb respectively, and encode a spectral shape that
can be upscaled or downscaled according to the peak intensities. After
many measurements we can construct an over-determined system of N
equations, where N ~ 4320 in the monthly data sets mentioned above:

SO = RN C) )

(eY]
21app™ 10t DpapiX2i +1 212Pb %4

xg; +1 208TI

xX3;+ 1
(@)

(N) _ (N) (N) (N) (N)
si 0 = X0+ Lype X+ DX + Dogr X3+ Dyopy X4

This system is solvable as a non-negative least-squares problem, that
is finding the positive values of x that minimize the norm of the vector
AX; - 53
min [|AX, - 5|1 3
>0Vi

Were A is the (N x 5) matrix of 1, I 4py, I5145i> ToosT1> 12120, COEf-
ficients, with one row for each measurement; x; are the unknown
fundamental spectra of each component in the bin i; and 5; is the count
rate that was actually measured in the channel i at each measurement.

Note that the system has to be constructed and solved for every
energy bin. In our case, we have 1000 spectral channels, implying that
the minimization happens 1000 times, with the same A matrix and
varying §;. Although apparently cumbersome, with our Python imple-
mentation it is possible to complete the task in few seconds in a regular
laptop. Key to achieve this is the SciPy (Virtanen et al., 2020) package
optimize.nnls that follows a numerical recipe from Lawson and
Hanson (1995). Aside from being very optimized, this method returns
by construction positive values for the unknowns, which is the type
of solution relevant, as each unknown represents a count rate in a
spectrum.

Although mathematically and computationally possible, the system
with five unknowns does not separate correctly the components for
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Fig. 1. Example of time series of the integrals of the photo-peaks from 2'4Bi, 214Pb, 212Pb, and 2°8Tl. This particular data set was recorded by the monitor at the town of Torre de
I’Espanyol (southern Catalonia), featuring a 2" x2” LaBr;(Ce) scintillator in direct measurement configuration. The right axis displays the rain accumulated in intervals of 10 min.
Note the coincidence of the rain episodes with spikes in the 2'4Pb and 2!*Bi activity concentration.

214pb and that for 214Bi. This implies that these two components are
not independent. Physically, this implies that 214Pb and 2!4Bi are in
equilibrium when they are scavenged from the clouds (Patiris et al.,
2023), which is quite plausible given their half-lives in the range of
tens of minutes.

Having found that the variations of 2!4Pb and 2'4Bi are not inde-
pendent, we construct a new variable x,, representing the combined
fundamental spectrum of the 24Pb and 2!4Bi photo-peaks, and their
resulting Compton and bremsstrahlung. We dub this x, the weather
component. In the system of equations x,, has a new coefficient with the
combined information from 214Bi and 2!4Pb. We define W = (I 4py, +
I145;)/2 for this purpose. The choice is supported from the fact that
214pb and its daughter 21#Bi appear to be in equilibrium when they
are washed out in rain episodes (Fig. 1). Finally, we solve the system
of equations with four unknowns:

(1

@ _ 1 1)
s, =Xo; + w )xw i+ 1 X3, + 1212Pbx4’,~

4 T Lo
4)

(N) _ (N) (N) (N)
s =x0; W x, 1208T1x3~" + Imphx4‘,-

3. Results

As a result we obtain the constant background, the weather com-
ponent, and the 212Pb and 2°8T] fundamental spectra for each of the
monitors under consideration. As representative cases we show the
four-component separation of a LaBr;(Ce) (Fig. 2(a)) and a Srl,(Eu)
detector (Fig. 2(b)). The main difference among the two is the constant
background, that in the former case contains the Lanthanum internal
contamination.? Besides this, what we have called the weather compo-
nent exhibits the 214Pb 242keV, 295keV, and 351 keV peaks, as well
as the 214Bi 609keV, 768keV, 934 keV, 1120 keV, 1238keV, 1378keV,
and 1764 keV peaks. Although these are clear by simple inspection,
214pb and, especially, 214Bi have a large number of lower-probability
peaks that contribute to this component. Moreover, we also see a
substantial continuum originating by the Compton-scattered emission
and the bremsstrahlung of the peaks.

The fundamental spectra of 212Pb and 29Tl are much simpler,
and exhibit a single bright peak each, and some background contin-
uum at the lower energies. At high energies these components appear
somewhat noisy in the logarithmic scale, but in fact these are just
fluctuations at the range of 104 cps which may also be present in the
brighter components.

The crucial point here is that each of these separated components
have a spectral shape that has been computed from the data, and that
takes into account not only the photo-peaks, but also the resulting
continuum. This continuum is the part that is expected to have a
shape dependent on the characteristics of the monitor and of the
surroundings.

2 Internal contamination by Lanthanum generates two strong peaks at 1436
and 1468keV, which are less separated than the energy resolution at those
energies.

We also notice that the constant background contains little bumps at
the locations of the main peaks of the other components. We attribute
this to the presence of these isotopes even in absence of rain. The
constant background component keeps the minimum height of each
peak, whereas each of the isotope-specific components account for the
part that varies. In Fig. 3 we compare the constant background of
various LaBr;(Ce) and SrI,(Eu) detectors.

By comparing the constant background for each monitor we can
appreciate how specific the Compton and bremsstrahlung components
are. Monitor 9 (Roses) for instance (Fig. 3(a)) exhibits a reduced
continuum at low energies owing to the fact that it is a detector with a
particulate filter. In such detector the crystal is shielded from all sides
except the one facing the filter, thus greatly reducing the background
photons. Moreover, a pump forces air flow through the filter, hence
concentrating the natural emitters. As a result, and compared to other
monitors, the weather component of Roses has the highest intensity
relative to the constant background.

Another clear difference appears on monitor 18 (Sant Jaume
d’Enveja), which has a 1” x 1” crystal. This implies a factor 8 less
sensitive volume than the 2" x 2", and hence the reduced count rate
throughout the spectrum. Even in the case that the monitors have the
exact same configuration, such as monitor 33 (Pratdip) and 90 (in our
lab), we can visually realize the different shape of the background
(especially at low energies), and the height of the “°K peak. Overall
the constant background is always higher in our lab, which is a closed
room with concrete walls surrounding the equipment. Instead, the field
monitors are usually on poles facilitating an uninterrupted field of view
for the crystal.

4. Validation

Having obtained highly specific fundamental spectra from constant
background and prominent natural gamma-ray emitters from various
monitors permit us to showcase the versatility of our method. To show
now the capability of spectral reconstruction, we analyze spectra that
were recorded subsequently, and that were not used to generate the
fundamental spectra. For this, let us now focus on the monitor 31
(Torre de I’Espanyol) which is one of the most modern among the very
extended type of monitors with LaBr;(Ce) crystals. The analysis with
any other monitor of the network would be equivalent.

On June 11th 2023 at Torre de I’Espanyol had not rained for more
than two weeks. That day at about 17:00 local time it started to rain. At
about 18:40 the activity concentration of 222Rn descendants peaked at
a value about three times higher than the average from the previous
days of stable weather. As a first exercise, we use the fundamental
spectra from Fig. 2(a) to reconstruct the first spectrum of June 11th
(Fig. 4(a)), with low activity concentration of natural emitters; and the
spectrum from that day at 18:40, with high activity concentration of
natural emitters (Fig. 4(b)).

As it can be seen in Fig. 4, the fundamental spectra generated from
May 2023 data are capable of perfectly reconstructing spectra from
June 11th 2023. As usual in Lanthanum detectors, the spectra are
largely dominated by the constant background. In the first spectrum
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Fig. 2. Spectra of the 24Bi+2!4Pb, 212Pb, 208Tl, and constant background components for monitor 31 (top) and 33 (bottom). On top of the separated components we have included
one spectrum per day of the May 2023 dataset, showcasing the variability in the repetitive measurements.

of the day the 214Pb and 214Bi peaks barely stand out from their base
value. Later, the weather component varied by a large margin, not only
making more prominent the photo-peaks, but also the continuum at all
energies below the highest energy peaks of the 214Bi. Also in Fig. 4
we added the residuals of the fit to the data by the combination of
fundamental spectra. We do the residual plot in units of the expected
model count rate, and taking into account the Poisson uncertainty of
the counts in each spectral channel. This way we can immediately see
that the residuals are compatible with zero at all energies.

Next we apply the procedure described above to all the spectra
from June 11th 2023. The coefficients of each fit are the activity
concentrations, so we can produce time series of the fit coefficients
(Fig. 5). We also compare the values that we get to established methods,
like Gaussian fitting, and the proportional ROI cleaning method (Cerezo
et al., 2023). We focus on the combined activity of 214Pb and 21*Bi, that
we dubbed the weather component, because is the one that strongly
varies during the day. The three time series show compatible values of
activity concentration of all three methods.

5. Conclusions

We started this analysis with the assumption that all of the gamma-
emitting Radon descendants that we have considered would be variable
with weather, and that the strong variations would provide the lever
arm to solve Eq. (4). As it turned out, in our measurements only 22?Rn
descendants are weather dependent. Patiris et al. (2023) provided a
comprehensive explanation of how both 22°Rn and 222Rn do end up

in clouds, but only 222Rn descendants are washed out in case of rain.
This is due to the fact that the time scale of the cloud formation and
rain is much longer than the 22°Rn half-life of ~ 55s. This is certainly
confirmed in our data sets, and has two interesting implications. On one
hand, the fundamental spectra of 214Bi and 214Pb become inseparable
because strong variations occur simultaneously in case of rain. On the
other hand, we find that it is not necessary to have strong variations of
the isotopes for which we can monitor the intensity in order to separate
the spectra.

The latter conclusion implies that our method is capable of locking
on the variations induced by the Poisson fluctuations rather than
by varying concentration of the isotope. In fact, other than Radon
descendants we can draw our attention to 4°K, which is fixed to the
soil and the construction materials surrounding the detector, but its
concentration does not vary. By adding an extra unknown in Eq. (4)
and performing the same exercise as for the Radon descendants, we
can find the fundamental spectrum of “°K in case of monitors that
do not contain Lanthanum, whose internal contamination coincides
with the “°K 1461 keV photo-peak. Reminiscent of what happens with
the minimum quantity of Radon descendants, the “°K component is
somewhat confused with the constant background (Fig. 6), but the
location of the photo-peak is correctly estimated, and the resulting
Compton scattering is accounted for. When used as a template, this
spectrum could be scaled up to fit a new measurement. Therefore we
postulate that it is possible to obtain fundamental spectra for any photo-
peak for which we can obtain a coefficient proportional to its intensity
in every measurement.
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Fig. 3. Spectra of the constant background component from the four LaBr;(Ce) detectors (top) and the two Srl,(Eu) detectors (bottom) under study.

Our method is suitable for the generation of fundamental spectra
from repetitive measurements, regardless of the amplitude of the inten-
sity variations of the isotopes of interest. It is important though to have
a large number of measurements. When the experimental setup is not
as favorable as ours, this translates into splitting the total measurement
time into many short-duration spectra (that can be later combined
anyway). The main difficulty in this case will be to have good estimates
for the intensity of each photo-peak of each individual spectrum. This is
particularly true for overlapping peaks in detectors with limited energy
resolution where, e.g., the 212Pb (238.6keV) and the 214Pb (242.0keV)
peaks may be hard to disentangle.

Having extracted a set of detector-specific spectral components
allows for an extremely detailed spectral reconstruction upon recording
a new measurement. Once the x; in Eq. (4) are no longer unknown, the
activity concentrations can be measured by component fitting (FSA). In
practice, this implies to find the activity concentrations W, I5ysty, I512pps
which is the inverse problem to the one that we solve here. The
reconstruction procedure fits the whole spectrum rather than a number
spectral windows, which makes it less fluctuating than the Gaussian
fitting, and requires less fit parameters. Also, we have found that we
obtain results compatible to those from the ROIs method, which is
currently the standard procedure of our monitoring system.

Finding the fundamental spectra is an operation that requires some
tens of megabytes of spectral data, but once the data are retrieved,
the minimization procedure is performed in a matter of seconds in a
regular laptop. Nevertheless this operation has to be performed only
once per detector, or until there is a significant change in its compo-
nents or surroundings. The next step, using the fundamental spectra to

reconstruct any new spectrum, takes negligible computer power and is
easily scalable to operate in the whole network.

With the recorded fundamental spectra, in the event that an artifi-
cial isotope shows up, it will be easy to pinpoint as a spectral feature
not comprised in the recurrent components, and evident in the residuals
plot (Fig. 4). In an upcoming publication we will propose a method
to systematically search for anomalies in the spectral reconstruction
from fundamental spectra, while also dealing with the low-counts issue
mentioned above.
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Fig. 4. Spectra recorded at monitor 31 (Torre de I’Espanyol) on June 11th 2023 at 00:10 (top) and 18:40 (bottom). The noisy, shaded gray curve is the actual measurement. The
black curve is the model resulting from the linear combination of fundamental spectra from Fig. 2(a). Below the spectra we show the error bars of the residuals of the fit.
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hour of the day (local). The right axis displays the rain accumulated in intervals of 10 min.
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Fig. 6. Separation of the constant background, the weather component, and the “°K component for the monitor 90 (see Table 1). 2!2Pb and 2°8Tl are also included in the system

of equations, but not shown for simplicity.
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