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Abstract
The study of the different pollutants present in atmospheric aerosols such as trace elements and radionuclides is essential to 
assess the air quality. To analyze the particulate matter (PM), atmospheric filters with different dimensions and geometries 
(rectangular, circular, slotted, and square filters) are usually employed. Regarding the pollutants existing in atmospheric 
aerosols, radionuclides are usually analyzed due to their multiple applications such as either in the environmental radiologi-
cal control or as tracers of atmospheric processes. Therefore, this study aims to develop a new and general methodology to 
calibrate in efficiency coaxial Ge detectors to properly determine radionuclides present in the PM by gamma-ray spectrom-
etry for several filter types. For this, granular certified reference materials (CRM) containing only natural radionuclides 
(238U-series, 232Th-series, and 40 K) were selected. Several granular solid CRMs were chosen allowing us to reproduce the 
same PM deposition geometry and to assure the homogeneity of the added CRMs. These are the main advantages in relation 
to the typical methods that use liquid CRMs. Furthermore, for filters whose surfaces are relatively large, they were cut in 
several pieces and placed one on top of the other, achieving the same geometry than the PM deposited onto the filter. Then, 
the experimental full-energy peak efficiencies (FEPEs) were obtained for each energy of interest (Eγ) and they were fitted 
versus Eγ, finding a general FEPE function for each filter type. Finally, this methodology was validated for both natural and 
artificial radionuclides (from 46 to 1332 keV) by using different filter types employed in proficiency test exercises, obtain-
ing |zscore|< 2 for all cases.

Keywords Atmospheric filters · Particulate matter · Atmospheric aerosols · Efficiency calibration · Gamma-ray 
spectrometry · Ge detectors

Introduction

In the last decades, the research of the air quality and its 
health impacts are essential topics within the environmental 
and atmospheric sciences. For this, the particulate matter 
(PM) needs to be studied in depth since it can provide a 
very valuable information about the pollution levels present 
in the atmospheric aerosols. In addition, the assessment of 
the pollution associated to the atmospheric aerosols can be 
employed in order to get a better comprehension about the 
different factors involved in the global climate (Davidson 
et al. 2005; Fuzzi et al. 2015; Lu et al. 2016; Ouyang 2013), 
as well as about the evolution of certain diseases such as 
the ones caused by the SARS-CoV-2 virus (Mehmood et al. 
2021a; Mehmood et al. 2021b; Paez-Osuna et al. 2022).

The atmospheric PM is collected onto filters with differ-
ent geometry and dimensions depending on the objective of 
the study, where the  PM10,  PM2.5, and  PM1.0 are the most 
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used samplers (Barba-Lobo et al. 2022; Dueñas et al. 2009; 
Ordúz 2012). Furthermore, there is another type of sampler, 
the cascade impactor (CI), that is very useful since it allows 
us to classify the particulate matter present in the atmospheric 
aerosols as a function of the aerodynamic diameter (ad) of the 
particles (Aba et al. 2020; Kwon et al. 2003). This sampler can 
provide us information about the affinity existing between the 
different pollutants present in the atmospheric aerosols and 
the size of the aerosol particles. In the cases of the  PM10, the 
air flow needs to be fixed at 68  m3  h−1 following the USEPA 
Compendium Method IO-2.1 (EPA 1999), while for  PM2.5 
and  PM1.0 samplers, the air flow is fixed at 30  m3  h−1 accord-
ing to the European Standard UNE-EN 14,907 (EN 14,907, 
2005). In order to be able to carry out samplings spending a 
sampling duration as short as possible, it is recommendable 
to make use of a very high-volume air aerosol sampler, model 
ASS-500 (Valkovic 2000). This sampler allows us to reach air 
flows ranged about 500  m3  h−1 and 600  m3  h−1. Furthermore, 
this last type of sampler is very recommendable to reduce the 
minimum detectable activity concentration (mda), since it is 
inversely proportional to the air flow, which makes possible 
to get mda values about 1 μBq  m−3.

Among the different types of pollutants present in 
atmospheric aerosols, radionuclides can be found. They can 
be employed for multiple purposes such as environmental 
radiological control, obtention of information about the 
origin of a certain contaminant source, calculation of the 
residence times of atmospheric aerosols and of the external 
and internal dose rates, and the trace of air masses and 
atmospheric processes (Abdo et al. 2021; Baskaran and 
Shaw 2001; Papastefanou and Bondietti 1991; Renoux 1987; 
Srinivas et al. 2014). For this, there are several radionuclides 
such as 7Be, 210Po, 214, 212, 210Pb, and 214, 212, 210Bi that are 
usually employed in the atmospheric studies (Dalaka et al. 
2019; Papastefanou and Ioannidou 1996; Poet et al. 1972; 
Tokieda et al. 1996). These radionuclides can also allow us 
to find atmospheric deposition patterns for different regions 
of interest considering a wide variety of meteorological 
conditions (Baskaran and Swarzenski 2007; Lozano et al. 
2011). Furthermore, in the case of the short-lived progenies 
of the 222Rn (radon) and 220Rn (thoron), that is, the 214Pb 
and 214Bi, and 212Pb and 212Bi, respectively, they are also 
useful to determine equilibrium factors (Barba-Lobo et al. 
2023; Chalupnik et al. 2021) which are related to the internal 
dose rate.

To determine the activity concentrations of radionuclides 
in the atmospheric aerosols, a calibration in efficiency of 
the selected detector is needed. For this, this study aims 
to develop a new and general methodology based on the 
use of granular solid CRMs for the efficiency calibration 
of coaxial Ge detectors, which are widely employed for the 

determination of gamma-ray emitters by using numerous 
atmospheric filter types.

Materials and methods

Materials

In this study, several types of atmospheric filters were selected 
to develop the new methodology for the efficiency calibration, 
considering the great majority of the filter types employed by 
laboratories when analyzing the particulate matter. The filters 
selected in our case were quartz fiber filters characterized by 
having different geometries and dimensions: rectangular filters 
(20 × 25  cm2), circular filters (diameters = 47 mm, 150 mm), slot-
ted filters (which are employed for the CI samplers, 13.6 × 14.3 
 cm2), and square polypropylene filters (44 × 44  cm2), which are 
used in the case of the very high-volume samplers, as the ASS-
500 sampling station. Let us call these filters as R, C-47, C-150, 
SL, and SQ, respectively, to easily be identified.

For the determination of the gamma-ray emitters, an 
extended energy range (XtRa) high purity germanium 
(HPGe) detector (model GX3519 provided by Canberra) was 
chosen. The XtRa detector has a relative efficiency of 38.4% 
at 1332 keV (60Co) in relation to a 3″ × 3″ NaI(Tl) detector, 
a full width at half maximum (FWHM) of 1.74 keV and 
0.88 keV at 1332 keV and 122 keV, respectively, and a peak-
to-Compton ratio of 67.5:1. The XtRa detector is connected 
to a conventional electronic chain, which is composed on 
a preamplifier, an amplifier, an analog-to-digital converter, 
and a multichannel analyzer, where the software employed 
for the acquisition and analysis of the gamma spectra was 
Genie 2000 (Canberra Industries 2004).

In order to carry out the efficiency calibration of the XtRa 
detector, standards provided by the International Atomic 
Energy Agency (IAEA), RGU-1, RGTh-1, and RGK-1, were 
used, which are certified reference materials (CRM) and 
contain natural radionuclides belonging to the 238U-series, 
232Th-series, and 40 K, whose certified activity concentrations 
were 4940(15) Bq  kg−1, 3250(45) Bq  kg−1, and 14,000(200) 
Bq  kg−1, respectively, where the uncertainties are given at one 
sigma confidence level (IAEA 1987).

For the validation of the methodology developed in 
this study, atmospheric filters selected to carry out the 
inter-comparison exercises in 2017 and 2021, which were 
organized by the CSN and CIEMAT, were employed, where 
the acronyms CSN and CIEMAT are referred to the Spanish 
Nuclear Safety Council (“Consejo de Seguridad Nuclear”) 
and the Centre for Energy, Environment and Technology 
Research (“Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas”), respectively.
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Method

To carry out the efficiency calibration of the detector by 
using the quartz fiber filters (R, C-47, C-150, and SL), some 
amount of RGU-1 was added and very well extended onto 
each filter type (see Fig. 1), achieving the homogeneity of 
this certified material throughout all the filter surfaces. In 
the case of the SL filters, the calibration was carried out 
using two filters, where 0.5115(2) g and 0.5014(2) g are 
the RGU-1 amounts added to each filter. In the case of the 
C-47 filters, three filters were used, where the added masses 
were 0.4953(2) g, 0.4941(2) g and 0.5009(2) g, respec-
tively, while for C-150 filters, three filters were also chosen, 
where the added masses were 0.5029(2) g, 0.4898(2) g, and 
0.5006(2) g, respectively. Then, for the R filters, three filters 
were used for the calibration, where the added masses were 
0.6018(2) g, 0.5913(2) g, and 0.5914(2) g, respectively. In 
the case of the R filters, these filters were cut in several 
rectangular pieces which were placed one piece on top of 
the other, getting the same geometry than the one achieved 
when measuring this filter type (6.3 × 10  cm2) (see Fig. 1). 
Then, the RGU-1 standard is spread for each one of these 
pieces, covering the same regions than the ones where the 
particulate matter is deposited onto the R filters during the 
samplings. When proceeding in this way for the R filters, it 
is possible to make it easier to get the homogeneity of the 
RGU-1 standard when adding onto this filter type, as well as 
to get reproducing the distribution of the particulate matter 
when depositing onto the problem filters.

In the case of the SQ filters, RGU-1, RGTh-1, and RGK-1 
standards were selected for the efficiency calibration. The 
three standards were well mixed among them, and three 
filters were employed, where the amount of the added mix-
tures were 2.5011(2) g, 2.5017(2) g, and 2.4906(2) g, respec-
tively, where the amount of each standard was one-third of 
the mass of each mixture added. Analogously to the case 

corresponding to the R filters, the SQ filters were also cut 
in pieces where each one had the same dimensions than the 
any problem filter ones after being folded to be measured 
(11 × 11  cm2) (see Fig. 1). Furthermore, the mixture of the 
three standards was spiked to each piece, covering the same 
regions than the ones covered when depositing the particu-
late matter onto the problem filters.

By using this methodology developed in this study, a 
more proper efficiency calibration is achieved in compari-
son with the typically used methods, where certified liquid 
samples are added to the filters by using a pipette (Idoeta 
et al. 2021; López-López et al. 2020; Tourang et al. 2021). 
The usage of certified liquid samples makes it easier the 
existence of inhomogeneities, and it is more likely that the 
concentrations of the radionuclides present in these stand-
ards can be altered since they are dissolutions. Moreover, 
since the particulate matter is a solid sample, it is more 
recommendable to calibrate in efficiency by using solid 
samples than liquid ones. This allows us to reproduce the 
same distribution of the particulate matter when depositing 
onto the filters, as well as to obtain similar self-absorption 
effects for the emitted photons in the cases of the calibration 
and problem filters. In the case of the bigger filters (R and 
SQ filters), these filters were cut in several pieces following 
the same geometry and dimensions than the ones obtained 
when measuring the problem filters. This is another rea-
son why this methodology is more proper than the typi-
cal methods which employ the calibration filters without 
cutting them (Idoeta et al. 2021; López-López et al. 2020; 
Tourang et al. 2021). This makes it more difficult to achieve 
the homogeneity of the spiked standard, not reproducing 
the distribution of the particulate matter deposited onto the 
problem filters in a proper way.

To determine natural and artificial radionuclides by 
gamma-ray spectrometry, nowadays, the detector calibrations 
by Monte Carlo simulations have become generalized, even in 
the case of using atmospheric filters (Aba et al. 2020). There 
are many cases for which detectors are not characterized 
because of being relatively old. To proceed with it, high costs 
for the characterization and the new Monte Carlo software are 
involved. During the characterization procedure, the detectors 
must be outside the laboratory, and consequently, inoperative 
for several months. In contrast to Monte Carlo simulations, in 
this study, an experimental methodology has been developed 
by which it is possible to calibrate coaxial detectors relatively 
quickly for atmospheric filters using calibration standards, 
which do not imply so high costs.

Therefore, this is the first study to address in depth the 
experimental calibration of coaxial Ge detectors for atmos-
pheric filters by using granular solid CRMs, developing an 
exhaustive calibration filter preparation method to repro-
duce the particulate matter deposition geometry with a high 
accuracy.

Fig. 1  Scheme of the experi-
mental procedure for the 
preparation of the different filter 
types (SL, C-150, C-47, R, 
and SQ filters) to carry out the 
efficiency calibrations
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To carry out these calibrations, the experimental FEPEs, 
�exp , were calculated by using the following equation:

where G, B, F, I, and N are the total number (gross) of counts, 
the Compton continuum, the background due to environmen-
tal conditions existing in the laboratory, the interference term, 
and the net counts, respectively, where all of them are referred 
to the full-energy peak of interest. Then, P

�
 is the probability 

of gamma emission (taken from DDEP 2017); ac and mc are 
the activity concentration and the mass added to each filter of 
the calibration standard, respectively, which have been used 
in the calibration procedure. Then, E

�
 are the selected gamma 

emission energies and t is the measurement time. Further-
more, it has been considered that I ~ 0 for all selected E

�
.

After the counting of the filters by using the XtRa detector, 
the experimental efficiencies were calculated for each filter 
type. For this, the full-energy peak efficiency (FEPE) was cal-
culated for each selected gamma emission energy ( E

�
 ). After-

wards, an average FEPE value was calculated for each energy 
in the case of each sampler type. Finally, the logarithms of the 
experimental FEPEs were fitted versus ln(E

�
∕E

0
) , where E

0
 

= 1 keV, achieving to obtain a general efficiency function for 
each filter type.

Results and discussion

Calibration in efficiency for each filter type

In Tables S.1, S.3, S.5, S.7, and S.9 (see Supplementary Mate-
rial), the �i(j)exp values obtained in the cases of the SL, C-150, 
C-47, R, and SQ filters were shown, respectively, for each filter 
chosen to accomplish the calibrations in efficiency, where 
i = SL, C-150, C-47, R, and SQ, and j = 1, 2, and 3 is the num-
ber of the filter used for each type of geometry. Furthermore, in 
Tables S.1, S.3, S.5, S.7, and S.9, the average experimental 
efficiencies, �i

exp
 , have been provided for each filter type.

The average of the full energy peak efficiency, �i
exp

 , was plot-
ted versus E

�
 for each filter type by using logarithmic scales for 

both axes of the graph (Fig. 2). As can be seen in this figure, the 
behavior of �i

exp
 versus E

�
 , by using logarithmic scales for both 

variables, is clearly polynomial type. Consequently, the follow-
ing function was chosen in order to fit ln(�i

exp
) versus ln(E

�
∕E

0
) 

(Bolívar et al. 1996; El-Daoushy and García-Tenorio 1995; 
Gilmore and Hemingway 1995; Martínez-Ruiz et al. 2007):

(1)�exp

(
E
�

)
=

G − B − F − I

P
�
acmct

=
N

P
�
acmct

(2)ln
(
�
i
exp

)(
E
�

)
=

3∑
k=0

ai
k
ln

(
E
�

E
0

)k

where ai
k
 are the parameters resulting from the fits, k = 0, 1, 

2, and 3, and I = SL, C-150, C-47, R, and SQ. Then, E
�
 is the 

gamma emission energy of interest and E
0
 = 1 keV. It is nec-

essary to clarify that the E
�
 , which were selected to carry out 

the calibrations (see Tables S.1, S.3, S.5, S.7 and S.9), were 
chosen because of having the highest P

�
 values correspond-

ing to the radionuclides belonging to the 238U-series, 232Th-
series, and 40 K, achieving to obtain high counting rates and, 
therefore, to accomplish these calibrations relatively quickly.

Moreover, note that the highest FEPEs were obtained 
for the C-47 filter. This is consistent since this filter type 
has a diameter close to the XtRa detector one (58.5 mm), 
which minimizes the number of photons not detected. On 
the contrary, for the SQ filter, its size is much larger than the 
detector window, which causes a significant increase of non-
detected photons and, therefore, a decrease of the FEPEs. 
In the case of the SL, C-150, and R filters, it is possible to 
observe that the FEPEs were similar from each other which 
is due to the similar size of the filters after being folded.

In Tables S.2, S.4, S.6, S.8, and S.10 (see Supplemen-
tary Material), the ai

k
 parameters can be found for the SL, 

C-150, C-47, R, and SQ filters, respectively. Furthermore, in 
Tables S.1, S.3, S.5, S.7, and S.9, the relative residuals, Res 
(%), resulting from the fits provided by Eq. 2 can be found 
for each selected energy in the cases of SL, C-150, C-47, 
R, and SQ filters, respectively, where the Res values were 
calculated by using the following equation:

(3)Res(%) = 100

⎛
⎜⎜⎝
y
(E�)
f it

y
(E�)
exp

− 1

⎞⎟⎟⎠

Fig. 2  Experimental efficiencies resulting from the efficiency cali-
bration carried out for five types of filters: slotted filters (SL), cir-
cular filers whose diameters are 47  mm and 150  mm (C-47 and 
C-150, respectively), rectangular filters (R), and squared filters (SQ). 
Besides, the fittings accomplished for the experimental efficiencies, 
�
i
exp

 , versus the gamma emission energy, E
�
 , where i = SL, C-150, 

C-47, R, and SQ, have also been shown
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where y(i)exp and y(i)
fit
 are the values obtained experimentally and 

the ones obtained by a fitting function for a magnitude y, 
respectively, for each energy E

�
.

As can be seen in Fig. 3, all |Res| values were less than 
9.2, but it is easy to realize that the great majority of the |Res| 
values were less than 3 and, consequently, the fits provided 
by Eq. 2 agreed very well with the �i

exp
 values for the five 

filter types (see Tables S.1, S.3, S.5, S.7, and S.9 in order to 
check numerically the values obtained for Res). Further-
more, in Tables S.2, S.4, S.6, S.8, and S.10, it is possible to 
find the R2 values resulting from each fitting, where R2 were 
0.9995, 0.9993, 0.998, 0.9991, and 0.998 in the cases of the 
SL, C-150, C-47, R, and SQ filters, respectively, which fur-
ther corroborate the great fits provided by Eq. 2.

In addition, note that the Res values obtained at each 
energy for each filter type were well distributed between the 
positive and negative panels. This allows us to prove that the 
Res values do not follow any systematic tendency.

Validation of the efficiency calibration methodology

In this section, the validations of the methodology devel-
oped in this study are shown. For this, filters of the C-47, 
R, and SQ types were employed, which were selected for 
the Inter-comparison exercises organized by the CSN and 
CIEMAT in 2017 and 2021. It is necessary to clarify that 
the filters of the C-150 and SL types are unusually employed 
in the inter-comparison exercises, and for this reason, they 
were not included in this section. However, they have also 
been included in this study due to the great importance that 
these filter types have for a proper and complete analysis 
of the particulate matter present in atmospheric aerosols. 

Furthermore, considering the very low values obtained for 
Res in the case of the C-150 and SL filters when comparing 
the resulting experimental FEPEs for each filter type rep-
lica, it is possible to test the very good interval validation 
achieved at each selected E

�
.

In order to proceed with these validations, it was neces-
sary to make use of the zscore, which can be obtained by the 
following equation:

where ai is the activity concentration value obtained for 
each radionuclide by using this methodology, med(ai) is the 
median value of the activity concentration for each radio-
nuclide resulting from considering the values provided by 
all the laboratories that participate in the Inter-comparison 
exercise, and �

(
med

(
ai
))

 is the absolute deviation of the 
med(ai).

In Tables 1, 2 and 3, the validations carried out by using 
the filters C-47, R, and SQ, respectively, were shown, where 
both natural and artificial radionuclides (214, 210Pb, 214Bi 
and 226Ra, and 54Mn, 60, 57Co, 65Zn, 137, 134Cs and 241Am, 
respectively) were selected in order to achieve more com-
plete validations.

As can be seen in Tables 1, 2, and 3, the |zscore| values 
obtained for each chosen artificial and natural radionuclide 
agreed well with the median obtained in the proficiency 
tests, accomplishing that all of them were less than 2. This 
clearly demonstrates the very good validation of the meth-
odology proposed in this study, for both artificial and natural 
radionuclides as well as for both low and high energies ( ≤ 
150 keV and > 150 keV, respectively). Furthermore, mak-
ing use of this satisfactory validation, it is also possible to 
conclude that the homogeneity accomplished during the 
preparation of the calibration filters was very proper. This 

(4)zscore =
ai − med(ai)

�

(
med

(
ai
))

Fig. 3  Relative residuals, Res (%), resulting from fitting the experi-
mental FEPEs versus the gamma emission energy, E

�
 , by using the 

general efficiency function found for each filter type (SL, C-150, 
C-47, R, and SQ)

Table 1  Validation of the efficiency calibration carried out for the 
circular filters whose diameter is 47  mm (C–47). For this, a filter 
employed in an inter-comparison exercise organized by the CSN and 
the CIEMAT in 2017 was selected

RN E
�
(keV) a (Bq  filter−1) med(a)(Bq  filter−1) zscore

226Ra 185.96 0.88 (8) 0.50 (10) 2.0
214Pb 351.93 0.47 (2) 0.50 (4)  − 0.3
214Bi 609.31 0.49 (4) 0.48 (5) 0.1
210Pb 46.54 1.70 (4) 1.77 (15)  − 0.2
54Mn 834.84 1.06 (2) 1.10 (12)  − 0.3
57Co 122.10 0.388 (8) 0.39 (4) 0.0
60Co 1332.50 0.720 (15) 0.72 (3) 0.0
134Cs 604.70 0.60 (8) 0.62 (4)  − 0.2
137Cs 661.80 0.469 (9) 0.43 (3) 0.6
241Am 59.54 0.207 (6) 0.210 (15)  − 0.1
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allows us to consider it as a very recommendable methodol-
ogy for the efficiency calibration of coaxial Ge detectors by 
using a very wide variety of filter types. Furthermore, this 
methodology can be applied in a very proper way for the 
determination of natural and artificial radionuclides whose 
gamma emission energies are distributed throughout all the 
energy range of interest (from 46 to 1332 keV).

Conclusions

In this study, an original methodology has been developed for 
the full-energy peak efficiency (FEPE) calibration of coaxial 
Ge detectors by using a great variety of atmospheric filters. 
These filters are characterized by having different geometries 
and dimensions (rectangular, circular, square, and slotted fil-
ters), which are usually used when carrying out research related 
to the particulate matter (PM) present in atmospheric aerosols.

To prepare the calibration samples (filters), granular certified 
reference materials were selected, and they were well spread 
throughout the same regions than the ones covered by the PM 
when depositing onto the problem filters. This allows us to 
achieve a very high homogeneity of the calibration standard 
material added, reproducing the same distribution than the one 
followed by the PM onto the filters. Furthermore, because of 
the significant dimensions in the cases of the rectangular and 

square filters, it was necessary to cut them in several pieces 
which were placed one piece on top of the other. This was car-
ried out following the same geometry and dimensions than the 
ones obtained when measuring the problem filters, where the 
calibration standards were spiked onto each one of these pieces. 
This makes it easier to achieve the homogeneity of the certified 
material spread and to reproduce the PM distribution onto the 
filter surface for filters whose surfaces are relatively large.

After preparing the calibration filter, the different filter types 
were counted by gamma-ray spectrometry, obtaining the exper-
imental FEPEs for each filter and each selected energy. After-
wards, the experimental FEPEs were fitted by using a polyno-
mial function, allowing us to find a general FEPE function for 
each filter type covering a very wide gamma emission energy 
range (from 46 to 1765 keV). The relative average residual and 
R2 values resulting from these fits were very good, which were 
1.6%, 3.4%, 3.2%, 2.1%, and 2.5%, and 0.9995, 0.9993, 0.998, 
0.9991, and 0.998, respectively, for the SL, C-150, C-47, R, 
and SQ filters, respectively. This proves the good agreement 
between the experimental FEPEs and the values provided by 
the semiempirical general function found for the FEPE.

Finally, the methodology developed in this study was sub-
jected to several validation tests by using filters employed 
in inter-comparison exercises. A very good validation was 
achieved for both natural and artificial radionuclides whose 
gamma emission energies are well distributed throughout the 
energy range of interest, obtaining |zscore| values less than 2 
for all cases. This allows us to conclude that this methodol-
ogy is very recommendable in order to determine natural and 
artificial radionuclides, that are present in atmospheric aero-
sols, for a very wide energy range and variety of filter types.
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Table 2  Validation of the efficiency calibration carried out for the 
rectangular filters (R). For this, a filter employed in an inter-compar-
ison exercise organized by the CSN and the CIEMAT in 2017 was 
selected

RN E
�
(keV) a (Bq  filter−1) med(a)(Bq  filter−1) zscore

226Ra 185.96 1.2 (2) 1.00 (2) 0.5
54Mn 834.84 1.15 (12) 0.801 (13) 1.5
60Co 1332.50 0.85 (9) 0.704 (12) 0.9
134Cs 604.70 0.75 (8) 0.620 (13) 0.9
137Cs 661.80 0.60 (7) 0.484 (9) 0.9

Table 3  Validation of the efficiency calibration carried out for the 
squared filters (SQ). For this, a filter employed in an inter-comparison 
exercise organized by the CSN and the CIEMAT in 2021 was selected

RN E
�
(keV) a (Bq  filter−1) med(a)(Bq  filter−1) zscore

226Ra 185.96 1.7 (2) 2.00 (8)  − 1.1
54Mn 834.84 1.06 (2) 1.00 (4) 0.4
57Co 122.10 0.173 (15) 0.203 (8)  − 1.0
60Co 1332.50 1.94 (3) 2.06 (8)  − 0.4
65Zn 1115.55 1.95 (13) 1.84 (8) 0.4
134Cs 801.93 0.33 (3) 0.350 (14) 0.4
137Cs 661.80 0.433 (15) 0.412 (17) 0.3
241Am 59.54 0.264 (11) 0.352 (15)  − 1.3

https://doi.org/10.1007/s11869-023-01336-x


1213Air Quality, Atmosphere & Health (2023) 16:1207–1214 

1 3

Data availability All data and materials as well as software applica-
tion or custom code support their published claims and comply with 
field standards.

Declarations 

Ethics approval This study does not involve animal or human subjects.

Consent to participate All authors agreed with the content, and all 
gave explicit consent to submit, and they obtained consent from the 
responsible authorities at the institute/organization where the work has 
been carried out, before the work is submitted.

Consent for publication The authors have no financial or proprietary 
interests in any material discussed in this article.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Aba A, Ismaeel A, Al-Boloushi O, Al-Shammari H, Al-Boloushi A, Malak 
M (2020) Atmospheric residence times and excess of unsupported 
210Po in aerosol samples from the Kuwait bay-northern gulf. Chemos-
phere 261:127690. https:// doi. org/ 10. 1016/j. chemo sphere. 2020. 127690

Abdo MAS, Boukhair A, Fahad M, Ouakkas S, Benjelloun M (2021) 
Radon exposure assessment and its decay products aerosols in some 
houses of the province of El Jadida. Morocco Air Qual Atmos 
Health 14:129–137. https:// doi. org/ 10. 1007/ s11869- 020- 00919-2

Barba-Lobo A, Gutiérrez-Álvarez I, San Miguel EG, Bolívar JP 
(2023) A methodology to determine 212Pb, 212Bi, 214Pb and 214Bi 
in atmospheric aerosols: application to precisely obtain aerosol 
residence times and Rn-daughters’ equilibrium factors. J Hazard 
Mater 445:130521. https:// doi. org/ 10. 1016/j. jhazm at. 2022. 130521

Barba-Lobo A, Gutiérrez-Álvarez I, Adame JA, Bolívar JP (2022) A 
simple and precise methodology to determine particulate mat-
ter mass in atmospheric filters; validation and application cases. 
Environ Res 113817https:// doi. org/ 10. 1016/j. envres. 2022. 113817

Baskaran M, Shaw GE (2001) Residence time of arctic haze aerosols using 
the concentrations and activity ratios of 210Po, 210Pb and 7Be. J Aero-
sol Sci 32:443–452. https:// doi. org/ 10. 1016/ S0021- 8502(00) 00093-8

Baskaran M, Swarzenski PW (2007) Seasonal variations on the resi-
dence times and partitioning of short-lived radionuclides (234Th, 
7Be and 210Pb) and depositional fluxes of 7Be and 210Pb in Tampa 
Bay. Florida Mar Chem 104:27–42. https:// doi. org/ 10. 1016/j. 
march em. 2006. 06. 012

Bolívar JP, García-Tenorio R, García-León M (1996) Radioactive 
impact of some phosphogypsum piles in soils and salt marshes 
evaluated by γ-ray spectrometry. Appl Radiat Isot 47:1069–1075. 
https:// doi. org/ 10. 1016/ S0969- 8043(96) 00108-X

Canberra Industries (2004) Genie 2000 spectroscopy software: cus-
tomization tools, Printed in the United States of America. http:// 
depni. sinp. msu. ru/ ~hatta/ canbe rra/ Genie% 202000% 20Cus tomiz 
ation% 20Too ls% 20Man ual. pdf. Accessed 5 Sept 2022

Chalupnik S, Skubacz K, Grygier A, Nowak S (2021) Application 
of TLD devices for radon and thoron PAEC measurements in 
air is the concept of “total PAEC” useful? J Environ Radioact 
234:106616. https:// doi. org/ 10. 1016/J. JENVR AD. 2021. 106616

Dalaka E, Gini MI, Diapouli E, Eleftheriadis K (2019) Long-range 
transported biomass-burning aerosols from large-scale wildfires 
in Russia and surrounding regions with respect to radioactive trac-
ers. Air Qual Atmos Health 12:627–634. https:// doi. org/ 10. 1007/ 
s11869- 019- 00676-x

Davidson CI, Phalen RF, Solomon PA (2005) Airborne particulate mat-
ter and human health: a review. Aerosol Sci Technol 39:737–749. 
https:// doi. org/ 10. 1080/ 02786 82050 01913 48

DDEP (2017) The Decay Data Evaluation Project, http:// www. nucle 
ide. org/ DDEP_ WG/ DDEPd ata. htm. Accessed 5 Oct 2022

Dueñas C, Fernández MC, Cañete S, Pérez M (2009) 7Be to 210Pb concen-
tration ratio in ground level air in Málaga (36.7°N, 4.5°W). Atmos 
Res 92:49–57. https:// doi. org/ 10. 1016/j. atmos res. 2008. 08. 012

El-Daoushy F, García-Tenorio R (1995) Well Ge and semi-planar Ge (HP) 
detectors for low-level gamma-spectrometry. Nucl Instrum Methods Phys 
Res A 356:376–384. https:// doi. org/ 10. 1016/ 0168- 9002(94) 01351-9

EPA (1999) Compendium of methods for the determination of inor-
ganic compounds in ambient air. Compendium Method IO-2.1: 
sampling of ambient air for total suspended particulate matter 
(SPM) and PM10 using high volume (HV) sampler. https:// www. 
epa. gov/ sites/ defau lt/ files/ 2015- 07/ docum ents/ epa- io-2. 1. pdf. 
Accessed 19 Sept 2022

European Standard EN 14907 (2005) Ambient air quality — stand-
ard gravimetric measurement method for the determination of 
the PM2.5 mass fraction of suspended particulate matter. Euro-
pean Committee for Standardization, Brussels. https:// www. scien 
cegate. app/ app/ redir ect# aHR0c HM6Ly 9keC5 kb2ku b3JnL zEwLj 
M0MDM vMzAx MTE5N jI=. Accessed 20 Sept 2022

Fuzzi S, Baltensperger U, Carslaw K, Decesari S, Denier van der Gon 
H, Facchini MC, Fowler D, Koren I, Langford B, Lohmann U, 
Nemitz E, Pandis S, Riipinen I, Rudich Y, Schaap M, Slowik 
JG, Spracklen DV, Vignati E, Wild M, Williams M, Gilardoni S 
(2015) Particulate matter, air quality and climate: lessons learned 
and future needs. Atmos Chem Phys 15:8217–8299. https:// doi. 
org/ 10. 5194/ acp- 15- 8217- 2015

Gilmore G, Hemingway J (1995) Practical gamma-ray spectrometry, 
1st edn. John Wiley & Sons, Chichester

IAEA (1987) Preparation of gamma-ray spectrometry reference materi-
als RGU-1, RGTh-1 and RGK-1. Report-IAEA/RL/148, Vienna. 
https:// nucle us. iaea. org/ sites/ Refer enceM ateri als/ Shared% 20Doc 
uments/ Refer enceM ateri als/ Radio nucli des/ IAEA- RGTh-1/ rl_ 148. 
pdf (accessed 28 July 2022).

Idoeta R, Herranz M, Alegría N, Legarda F (2021) Possibilities of the use 
of  CeBr3 scintillation detectors for the measurement of the content of 
radionuclides in samples for environmental monitoring. Appl Radiat 
Isot 176:109881. https:// doi. org/ 10. 1016/j. aprad iso. 2021. 109881

Kwon SB, Lim KS, Jung JS, Bae GN, Lee KW (2003) Design and calibra-
tion of a 5-stage cascade impactor (K-JIST cascade impactor). J Aero-
sol Sci 34:289–300. https:// doi. org/ 10. 1016/ S0021- 8502(02) 00177-5

López-López ÓE, Domínguez-García R, Cabral-Lares RM, Canche-
Tello J, Montero-Cabrera ME (2020) Efficiency of a HPGe 
extended range detector for determination of 7Be concentration 
in air filters. J Phys: Conf Ser 1610:012007. https:// doi. org/ 10. 
1088/ 1742- 6596/ 1610/1/ 012007

Lozano RL, San Miguel EG, Bolívar JP, Baskaran M (2011) Deposi-
tional fluxes and concentrations of 7Be and 210Pb in bulk precipita-
tion and aerosols at the interface of Atlantic and Mediterranean 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.chemosphere.2020.127690
https://doi.org/10.1007/s11869-020-00919-2
https://doi.org/10.1016/j.jhazmat.2022.130521
https://doi.org/10.1016/j.envres.2022.113817
https://doi.org/10.1016/S0021-8502(00)00093-8
https://doi.org/10.1016/j.marchem.2006.06.012
https://doi.org/10.1016/j.marchem.2006.06.012
https://doi.org/10.1016/S0969-8043(96)00108-X
http://depni.sinp.msu.ru/~hatta/canberra/Genie%202000%20Customization%20Tools%20Manual.pdf
http://depni.sinp.msu.ru/~hatta/canberra/Genie%202000%20Customization%20Tools%20Manual.pdf
http://depni.sinp.msu.ru/~hatta/canberra/Genie%202000%20Customization%20Tools%20Manual.pdf
https://doi.org/10.1016/J.JENVRAD.2021.106616
https://doi.org/10.1007/s11869-019-00676-x
https://doi.org/10.1007/s11869-019-00676-x
https://doi.org/10.1080/02786820500191348
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
https://doi.org/10.1016/j.atmosres.2008.08.012
https://doi.org/10.1016/0168-9002(94)01351-9
https://www.epa.gov/sites/default/files/2015-07/documents/epa-io-2.1.pdf
https://www.epa.gov/sites/default/files/2015-07/documents/epa-io-2.1.pdf
https://www.sciencegate.app/app/redirect#aHR0cHM6Ly9keC5kb2kub3JnLzEwLjM0MDMvMzAxMTE5NjI
https://www.sciencegate.app/app/redirect#aHR0cHM6Ly9keC5kb2kub3JnLzEwLjM0MDMvMzAxMTE5NjI
https://www.sciencegate.app/app/redirect#aHR0cHM6Ly9keC5kb2kub3JnLzEwLjM0MDMvMzAxMTE5NjI
https://doi.org/10.5194/acp-15-8217-2015
https://doi.org/10.5194/acp-15-8217-2015
https://nucleus.iaea.org/sites/ReferenceMaterials/Shared%20Documents/ReferenceMaterials/Radionuclides/IAEA-RGTh-1/rl_148.pdf
https://nucleus.iaea.org/sites/ReferenceMaterials/Shared%20Documents/ReferenceMaterials/Radionuclides/IAEA-RGTh-1/rl_148.pdf
https://nucleus.iaea.org/sites/ReferenceMaterials/Shared%20Documents/ReferenceMaterials/Radionuclides/IAEA-RGTh-1/rl_148.pdf
https://doi.org/10.1016/j.apradiso.2021.109881
https://doi.org/10.1016/S0021-8502(02)00177-5
https://doi.org/10.1088/1742-6596/1610/1/012007
https://doi.org/10.1088/1742-6596/1610/1/012007


1214 Air Quality, Atmosphere & Health (2023) 16:1207–1214

1 3

coasts in Spain. J Geophys Res Atmos 116:D18213. https:// doi. 
org/ 10. 1029/ 2011J D0156 75

Lu S-J, Wang D, Li X-B, Wang Z, Gao Y, Peng Z-R (2016) Three-
dimensional distribution of fine particulate matter concentrations 
and synchronous meteorological data measured by an unmanned 
aerial vehicle (UAV) in Yangtze River Delta, China. Atmos Meas 
Tech Discuss [preprint]. 10.5194/amt-2016-57

Martínez-Ruiz F, Borrego E, San Miguel EG, Bolívar JP (2007) An effi-
ciency calibration for 210Pb and 7Be measurements by gamma-ray 
spectrometry in atmospheric filters. Nucl Instrum Methods Phys 
Res A 580:663–666. https:// doi. org/ 10. 1016/j. nima. 2007. 05. 117

Mehmood K, Bao Y, Abrar MM, Petropoulos GP, Saifullah, Soban A, 
Saud S, Khan ZA, Khan SM, Fahad S (2021) Spatiotemporal vari-
ability of COVID-19 pandemic in relation to air pollution, climate 
and socioeconomic factors in Pakistan. Chemosphere 271:129584. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2021. 129584

Mehmood K, Bao Y, Petropoulos GP, Abbas R, Abrar MM, Saiful-
lah, Mustafa A, Soban A, Saud S, Ahmad M, Hussain I, Fahad S 
(2021) Investigating connections between COVID-19 pandemic, 
air pollution and community interventions for Pakistan employing 
geoinformation technologies. Chemosphere 272:129809. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2021. 129809

Ordúz AK (2012) Influencia de las variables meteorológicas en las 
concentraciones de PM10, 7Be y 210Pb en aire superficial, PhD 
thesis. University of Huelva, Huelva

Ouyang Y (2013) China wakes up to the crisis of air pollution. Lancet 
Respir Med 1:12. https:// doi. org/ 10. 1016/ S2213- 2600(12) 70065-6

Paez-Osuna F, Valencia-Castañeda G, Rebolledo UA (2022) The link 
between COVID-19 mortality and  PM2.5 emissions in rural and 
medium-size municipalities considering population density, dust 
events, and wind speed. Chemosphere 286:131634. https:// doi. 
org/ 10. 1016/j. chemo sphere. 2021. 131634

Papastefanou C, Bondietti EA (1991) Mean residence times of 
atmospheric aerosols in the boundary layer as determined from 
210Bi/210Pb activity ratios. J Aerosol Sci 22:927–931. https:// 
doi. org/ 10. 1016/ 0021- 8502(91) 90085-V

Papastefanou C, Ioannidou A (1996) Influence of air pollutants in the 
7Be size distribution of atmospheric aerosols. Aerosol Sci Technol 
24:102–106. https:// doi. org/ 10. 1080/ 02786 82960 89653 55

Poet SE, Moore HE, Martell EA (1972) Lead 210, bismuth 210, and 
polonium 210 in the atmosphere: accurate ratio measurement and 
application to aerosol residence time determination. J Geophys 
Res 77:6515–6527. https:// doi. org/ 10. 1029/ JC077 i033p 06515

Renoux A (1987) Natural atmospheric radioactivity and radioactive aero-
sol. The problem of radon 222 and daughters indoors. J Aerosol Sci 
18:677–680. https:// doi. org/ 10. 1016/ 0021- 8502(87) 90095-4

Srinivas CV, Rakesh PT, Hari Prasad KBRR, Venkatesan R, Baskaran 
R, Venkatraman B (2014) Assessment of atmospheric dispersion 
and radiological impact from the Fukushima accident in a 40-km 
range using a simulation approach. Air Qual Atmos Health 7:209–
227. https:// doi. org/ 10. 1007/ s11869- 014- 0241-3

Tokieda T, Yamanaka K, Harada K, Tsunogai S (1996) Seasonal vari-
ations of residence times and upper atmospheric contribution of 
aerosol studied with Pb-210, Bi-210, Po-210 and Be-7. Tellus B 
Chem Phys Meteorol 48:690–702. https:// doi. org/ 10. 3402/ tellu 
sb. v48i5. 15940

Tourang M, Hadadi A, Athari M, Sardari D (2021) A proposal to 
design a new high volume standard air flter for efficiency cali-
bration of HPGe detector. J Radioanal Nucl Chem 327:345–352. 
https:// doi. org/ 10. 1007/ s10967- 020- 07499-6

Valkovic V (2000) Radioactivity in the Environment: Physicochemical 
aspects and applications, 1st ed. Elsevier, Croatia

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1029/2011JD015675
https://doi.org/10.1029/2011JD015675
https://doi.org/10.1016/j.nima.2007.05.117
https://doi.org/10.1016/j.chemosphere.2021.129584
https://doi.org/10.1016/j.chemosphere.2021.129809
https://doi.org/10.1016/j.chemosphere.2021.129809
https://doi.org/10.1016/S2213-2600(12)70065-6
https://doi.org/10.1016/j.chemosphere.2021.131634
https://doi.org/10.1016/j.chemosphere.2021.131634
https://doi.org/10.1016/0021-8502(91)90085-V
https://doi.org/10.1016/0021-8502(91)90085-V
https://doi.org/10.1080/02786829608965355
https://doi.org/10.1029/JC077i033p06515
https://doi.org/10.1016/0021-8502(87)90095-4
https://doi.org/10.1007/s11869-014-0241-3
https://doi.org/10.3402/tellusb.v48i5.15940
https://doi.org/10.3402/tellusb.v48i5.15940
https://doi.org/10.1007/s10967-020-07499-6

	A new efficiency calibration methodology for different atmospheric filter geometries by using coaxial Ge detectors
	Abstract
	Introduction
	Materials and methods
	Materials
	Method

	Results and discussion
	Calibration in efficiency for each filter type
	Validation of the efficiency calibration methodology

	Conclusions
	Anchor 11
	References


