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A B S T R A C T   

This work aims to determine natural radionuclides (210Pb, 228,226Ra, 234,228Th and 40K) in NORM samples by 
well-type HPGe detectors because they are of vital importance in studies on environmental samples. For this, a 
novel methodology has been developed, based on obtaining a general function for the full-energy peak efficiency 
(FEPE) versus the sample apparent density and composition, keeping the sample height constant. To obtain the 
general FEPE function, a calibration in efficiency has been accomplished using certified standards provided by 
IAEA (RGU-1 and RGTh-1), and KCl. Besides, different self-absorption correction functions were compared for 
cylindrical geometry, where chemical compositions need to be known. Then, a study on using an anti-Compton 
system was done, getting a lower detection limit and allowing to propose gamma spectrometry as an alternative 
technique to alpha-particle spectrometry. Finally, the followed methodology to calculate the FEPE was subjected 
to internal and external validations, checking its validity range.   

1. Introduction 

In the last decades, the natural radionuclides such as 210Pb, 228,226Ra, 
234,228Th and 40K are being of great interest due to their wide usage in 
many environmental fields. The knowledge and use of these radionu
clides can be very useful in covering different problems present in the 
environment, such as the calculation of residence times of atmospheric 
aerosols [1]. Another example is marine scavenging where 234Th is 
widely used [2]. 210Pb determination is also interesting in order to date 
sediments or assess the erosion of a material [3,4]. 

When a material contains important concentrations of natural ra
dionuclides, it has to be considered as a NORM sample (Naturally 
Occurring Radioactive Material) (for further information about NORM 
samples, see [5–10]). There are many industries that produce, for 
example, metals or fertilizers which generate industrial wastes with high 
concentrations of natural radionuclides. Consequently, spectrometric 
techniques need to be employed in order to assess the radiotoxicity to 
which the workers are exposed. Furthermore, materials related to 
building construction must be subjected to a radiological control [11]. 

On the other hand, in order to determine natural long-lived radio
nuclides by gamma spectrometry, an efficiency calibration of the de
tectors is necessary. Nowadays the calibration of detectors by Monte 
Carlo simulations has become generalized (for further information about 

Monte-Carlo simulations carried out in HPGe detectors, see [12–16]). 
Thus, there are many cases for which old detectors are not characterized, 
and the laboratories have to send them into the factory to carry out the 
characterization procedure, involving high costs for the characterization 
and the new Monte Carlo software, and needing to wait some time 
without gamma measurements. 

In contrast to Monte Carlo simulations, well-type Ge detectors can be 
calibrated relatively quickly and using calibration standards that do not 
imply so high costs. Besides, they have a high absolute efficiency which 
is about 40 % at low energies, that is, Eγ ≤ 150 keV (where Eγ is the 
gamma emission energy). That efficiency value is approximately four 
times higher than the one obtained for any another coaxial detector for 
that same energy range, being this very important since self-absorption 
effects are more relevant for low energies. This agrees with many studies 
carried out on self-absorption corrections [3,17–24]. Regarding cor
rections related to self-absorption effects, in [25] a correction model was 
proposed, which is usually used in the case of coaxial well-type de
tectors. In the present study, the previous model has been employed and 
its validity has been checked, comparing it with other possible functions. 

Furthermore, there are different techniques that are used to deter
mine long-lived natural radionuclides, such as alpha-particle spec
trometry with semiconductor detectors, Inductively Coupled Plasma 
Spectroscopy (ICP), Neutron Activation Analysis (NAA), Liquid 
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Scintillation Counting (LSC) and Gamma-ray spectrometry. The former 
requires tedious procedures in the case of 228Ra and 226Ra de
terminations [26,27]. Then, regarding the ICP technique, it is necessary 
to use chemical isolation methods in order to determine radionuclides 
[28,29]. On the other hand, when employing the LSC technique, it is 
more recommendable to use it in the cases of the radionuclides whose 
half-lives are not very high because the frequency of the decay is pro
portional to the half-life [30,31]. Regarding the NAA, a nuclear reactor 
would be required in order to apply this technique and, consequently, a 
very significant cost and power supply would be needed [32,33]. For 
these reasons, gamma spectrometry has been proposed in this study as 
an alternative sensitive radiometric technique and with low cost per 
sample. In the case of alpha-particle spectrometry, since this technique is 
characterized by having low detection limits for most of the natural 
radionuclides, in this work it has been carried out an in-depth study 
related to the advantages and disadvantages of using an anti-Compton 
system. 

Considering all the topics previously exposed, this work is focused on 
developing a novel methodology, which is explained in Materials and 
methods Section, to obtain a general FEPE function for determining 
natural long-lived radionuclides in the case of using coaxial well-type 
germanium detectors. Besides, an original study about benefits and 
drawbacks of using an anti-Compton system has been done considering 
several kinds of NORM samples, as well as a comparison between alpha- 
particle and gamma spectrometric techniques has been made. 

2. Materials and methods 

2.1. Materials 

For this study, a coaxial well-type HPGe detector (model GCW3023) 
was employed, where HPGe means high purity germanium. This de
tector has a relative efficiency of 34.8 % in relation to a NaI (Tl) detector 
with an active area of 3′′ x 3′′, as well as a full width at half-maximum 
(FWHM) of 1.33 keV at 122 keV (57Co) and 2.04 keV at 1332 keV 
(60Co), and a peak/Compton ratio of 56.2/1. Besides, it has a well depth 
of 40 mm and an active volume of 180 cm3. The detector was coupled to 
a multichannel analyzer and shielded with 10 cm thick Pb, using Genie 
2000 as the software to generate the spectra. In order to avoid in
terferences from Pb X-ray, a 2 mm thick layer of Cu was placed between 
the Pb shield and the detector. 

With regard to the anti-Compton system used in this study, it consists 
of seven NaI (Tl) detectors which are connected between them and they 
are placed around the well-type HPGe detector to properly reduce the 
Compton continuum. It is necessary to clarify that this system is called 
“anti-Compton” system, however its function is to eliminate all the 
particles detected in coincidence. In the case of the photons, they suffer 
either photoelectric effect or Compton scattering, the second phenom
enon being the one that the majority of the photons suffer. For this 
reason, this system is called anti-Compton system. 

In order to obtain the experimental efficiency values of the detector 
in the calibration matrix, certified standards provided by the IAEA (In
ternational Atomic Energy Agency) were employed, being their codes 
RGU-1 and RGTh-1. These two calibration samples contain natural ra
dionuclides belonging to 238U- and 232Th-series, where the reference 
values for activity concentration and densities are 4940 ± 15 Bq kg− 1 

and 3250 ± 45 Bq kg− 1, and 1.63 ± 2 g cm− 3, respectively, with un
certainties given at 1 sigma level. Both certified standards are mainly 
composed by SiO2, which was used to dilute U (7.09 %) and Th (2.89 % 
Th and 219 ppm of U) ores whose codes are BL-5 and OKA-2, respec
tively. On the other hand, high purity KCl was also used as a calibration 
standard for 40K, where its reference activity concentration was ob
tained by the relation established by the IAEA, that is, 1% of natural K → 
313 Bq kg− 1 of 40K. (See [34,35] for further information about the 
characteristics of RGU-1, RGTh-1 and RGK-1). For further information 
about chemical compositions of the calibration samples used in this 

study, see Table A.14 in Supplementary Material. 
On the other hand, several real samples have been chosen in order to 

apply the methodology proposed in this study. Therefore, NORM sam
ples were chosen due to their wide variety of chemical compositions and 
densities. Consequently, a proper validation procedure of the followed 
methodology can be carried out. So, the real samples selected were the 
following, which have been chosen because of having very different 
densities and compositions. They have been divided into two groups 
(non-certified and certified samples): 1. Non-certified samples: Ilmenite, 
Industrial waste (Scale-1), Phosphate Rock-1 (PR-1), Distilled water; 2. 
Certified samples: Soil (IAEA-326), K2SO4 (RGK-1), Phosphogypsum 
(IAEA-434), Phosphogypsum used in a CSN/CIEMAT Inter-Comparison 
exercise (CSN-PG), Phosphate Rock-2 (PR-2). See Table A.14 in Sup
plementary Material to know chemical compositions and apparent 
densities of all the real samples selected in this work. Regarding CSN and 
CIEMAT, they are the acronyms for the Spanish Nuclear Safety Council 
(“Consejo de Seguridad Nuclear”) and the Centre for Energy, Environ
ment and Technology Research (“Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas”), respectively. 

2.2. Methods 

Regarding the calibration procedure in efficiency, cylindrical plastic 
vials were used as containers whose height (h), radius (a) and volume 
(V) were 3.50 ± 0.02 cm, 0.670 ± 0.010 cm and 4.94 ± 0.15 cm3, 
respectively. Then, since the calibration samples were prepared at the 
same height, h, RGU-1 and RGTh-1 standards were mixed with other 
kinds of samples to get cover a density range as wide as possible. These 
other samples were PbS and activated carbon. 

About the mixtures made to obtain standards whose densities were 
high, that is, between PbS and RGU-1/RGTh-1, a total of 13 mixtures 
were prepared in both cases, where the proportion of both standards 
varied from 10 % to 97 %. In this case, a code was employed in order to 
identify each mixture. Therefore, STi-U and STi-Th were the codes for 
mixtures made with RGU-1/RGTh-1 and PbS, respectively, being “i” the 
proportion of the standards in each one of the mixtures (see Tables A.1 
and A.2, respectively, in Supplementary Material). On the other hand, 
with regard to the mixtures carried out in order to lower the density of 
the standards, that is, between activated carbon and RGU-1/RGTh-1, a 
total of 3 mixtures were made for each one of the standards. Analogously 
to the previous case, a code was used to identify each mixture, being in 
this case Ci-U and Ci-Th, where “i” is the proportion of the standards in 
each mixture (see Tables A.6 and A.7, respectively, in Supplementary 
Material). 

Apart from the mixtures of the standards (RGU-1 and RGTh-1) with 
PbS and activated carbon previously described, 9 calibration samples 
were prepared for both standards varying the grade of compaction of 
each one of them. In this case, the code used to identify each calibration 
sample was RGUi and RGThi, where “i” was ranged from 1 to 9, 
increasing the compaction grade as “i” increases (see Tables A.3 and A.4, 
respectively, in Supplementary Material). Therefore, a total of 25 cali
bration samples were prepared for RGU-1 and RGTh-1 in order to carry 
out the calibration in efficiency. On the other hand, in the case of KCl 
calibration standard, this was dissolved in water and, consequently, K 
concentration was varied getting 9 calibration samples. For these cali
bration samples, the identifier code was K-i, where “i” was ranged from 1 
to 9, increasing the K concentration as “i” increases (see Tables A.5 in 
Supplementary Material). 

Besides, it is necessary to clarify that the relative uncertainties 
related to the activities of 238U, 232Th and 40K, that is, A(238U) (Bq), A 
(232Th) (Bq) and A(40K) (Bq), respectively, which can be found in 
Tables A.1–A.7, can be approximated by the relative uncertainties cor
responding to the reference activity concentration values. This is 
possible because in order to proceed with the A(238U), A(232Th) and A 
(40K) calculations, there are only two main contributions, that is, the 
reference activity concentrations and the masses of each standard 
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contained in the vials, where the relative uncertainties related to the 
latter contribution can be completely neglected. 

Once all the calibration samples were prepared, experimental full- 
energy peak efficiencies calculated in the calibration matrix (εexp) 
were obtained fixing the gamma emission energy (Eγ) and varying the 
calibration sample density (ρ) or varying the calibration sample mass 
(m) since the volume of sample container is fixed. After obtaining the 
experimental efficiencies, it was necessary to calculate another kind of 
full-energy peak efficiency, εexp

0 , which represents the experimental de
tector efficiency calculated in the matrix of a sample whose mass tends 
to zero. These calculations were possible due to the relation between 
both kinds of efficiencies, that is 

εexp = f εexp
0 (1)  

where f is the self-absorption correction factor, having used in this case 
the one proposed in [25]. The f factor is necessary to be employed in 
order to consider the attenuation effects when the sample mass (or 
density) is different from zero. 

Consequently, for all the gamma energies belonging to the radio
nuclides that are contained in RGU-1 and RGTh-1 standards, 25 values 
of εexp were obtained, that is, a value for each calibration sample pre
pared. Analogously to εexp values obtained in the cases of RGU-1 and 
RGTh-1 standards, 9 values of εexp were calculated for KCl standard. See 
Tables A.8, A.9 and A.10 in Supplementary Material for further infor
mation about εexp values calculated in the cases of RGU-1, RGTh-1 and 
KCl standards, respectively, as well as the Eγ values selected to carry out 
the calibration in efficiency and their respective emission probabilities 
(Pγ). In those three tables, each εexp value is associated to a ηm value, 
where η and m are the mass attenuation coefficient and mass of each 
calibration sample that has been prepared. Once the εexp

0 values were 
obtained for each energy, an average εexp

0 value, ε0, was determined for 
each one of these energies (see Table A.11 in Supplementary Material). 

3. Results and discussion 

This Section has been divided into five subsections: Calibration in 
efficiency, self-absorption correction functions, an in-depth study on 
using anti-Compton system (including applications to both the detection 
limit calculations and gamma spectrometry versus alpha-particle spec
trometry), internal and external validations of the methodology fol
lowed in this work and a proposed method to determine 226Ra in 
phosphogypsum and aqueous samples. 

3.1. Obtaining of the full-energy peak efficiencies (FEPEs) in the 
calibration matrices 

The experimental FEPEs (εexp) in the calibration samples for a given 
energy Eγ, is obtained through the following equation: 

εexp(Eγ ,m) =
G − B − F − I

maPγt
=

N
maPγt

(2)  

where G, B, F, I and N are the gross counts, the continuum Compton, the 
background due to the environmental conditions of the laboratory, 
interference terms and the net counts, respectively. Then, Pγ is the 
gamma emission probability, which were taken from [36] a and m are 
the activity concentration and mass of the samples (in this case, cali
bration standards), respectively, t the counting time. Only gamma 
emissions without interferences have been selected so I ∼ 0. 

Once the εexp values have been calculated by Eq. (2), it is possible to 
obtain εexp

0 by Eq. (1). Furthermore, it is necessary to know the function 
employed to quantify the self-absorption corrections. In this case, it has 
been used the correction function proposed in [25], which is given by 
the following expression: 

f
(
x2) = 2exp

(
− kx2)

[(
kx2)− 1sinh

(
kx2) −

(
kx2)− 2( cosh

(
kx2) − 1

) ]
(3)  

where x2 = ηm, being m and η the sample mass and mass attenuation 
coefficient, respectively, η being related to the sample linear attenuation 
coefficient (μ) and density (ρ) by η = μ/ρ. Then, k is the geometric 
parameter characterizing the dimensions of the sample, which is given 
by k = (πah)− 1, where a and h are the radius and height of the sample 
container used in the procedure of efficiency calibration, respectively, 
and whose values were previously mentioned in Materials and methods 
Section. In order to obtain the η value corresponding to a sample, it was 
necessary to use the Bragg’s additivity law, which says that 〈η〉 =

∑
ixiηi, 

where xi and ηi are the proportion and mass attenuation coefficient of 
each major chemical element “i” contained in the sample, respectively, 
and 〈η〉 is the mass attenuation coefficient of the sample (see [17,24,37] 
for further information about Bragg’s additivity law). 

In Fig. 1, εexp for the calibration samples have been plotted as a 
function of x2 (where η values for each chemical element were taken 
from [38]) for each specific gamma energy selected in the calibration 
procedure. As can be seen from Fig. 1, the majority of the FEPE curves 
show a similar general behavior, that is, εexp values decrease as energy 
increase and form curves that are quite parallel similar to each other. 
However, there are some efficiency curves which do not follow that 
tendency, occurring this at the following energies: 46 keV, 583 keV, 
609 keV, 768 keV and 1120 keV. For 46 keV, the reason of a different 
behavior is the self-absorption effects which are more relevant for lower 
energies. On the other hand, for the other three energies, the reason 
would be related to true coincidence summing effects (TCS), being 
summing-out effects for these three energies [39–41]. Considering these 
motives, it is possible to understand why the behavior of those energies 
is so different compared with the other ones. 

Furthermore, from Fig. 1 it can be observed that εexp uncertainties (at 
1 sigma level) are relatively small. Numerical values for εexp and un
certainties for each ηm value are shown in Tables A.8–A.10. In these 
tables, εexp

0 values are also shown. Therefore, from all the εexp
0 values 

obtained for a same energy, an average εexp
0 value (ε0) has been deter

mined for each gamma energy. These ε0 values for each specific energy 
can be found in Table A.11 in Supplementary Material. In Tables A.11, it 
can be seen that the uncertainties of ε0 values are relatively small. This 
occurs in this way because they have been determined by propagation of 
uncertainties, so the uncertainties decrease as the number of experi
mental data increase. On the other hand, in order to look for a rela
tionship between ε0 and Eγ, ln(ε0) versus ln(Eγ/E0), where E0 = 1 keV, 
have been plotted in Fig. 2 for high energy values, that is,  >150Eγ keV. 
From Fig. 2 it can be observed a clear linear tendency excepting for 
583 keV, 609 keV, 768 keV and 1120 keV which suffer summing-out 
effects as it was previously mentioned. Discarding these energies, a 
linear fitting of ln(ε0) versus ln(Eγ/E0) has been accomplished obtaining 
a relative average residue of 7.5 %. 

To calculate the relative average residue (〈Res〉 (%)), the following 
equation was employed: 

〈Res〉 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
s − 1

∑s

i=1

[

100

(
y(i)fit

y(i)exp
− 1

)]2
√
√
√
√ (4)  

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, s being the 
number of experimental data. 

3.2. Comparison between different possible self-absorption correction 
functions 

In the calculations of εexp values, which have been shown in 
Tables A.8–A.10, we have assumed that Eq. (3) is completely valid in 
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order to correct self-absorption effects in the case of the samples 
measured by a well-type detector. Therefore, in this Section it has been 
done a test about the Eq. (3) validity, as well as a comparison between 
corrections given by Eq. (3) and other possible functions that provide a 
good fit of εexp values. For this, three kinds of functions (Function-i, 
where i = 1, 2, 3) have been selected in order to fit the εexp values that 
have been shown in Fig. 1. The parameters to be adjusted are designed 
by Fij (parameter j from Function-i). These three functions are given by 
the following equations, which depend on the variable x2 = ηm, where η 
and m are the mass attenuation coefficient and the mass of the selected 
sample, respectively: 

Function − 1 : ε(1) = ε0(Eγ)f
(
kx2) = F11f

(
F12x2) (5)  

where F11 = ε0(Eγ) are the efficiency values at each energy, which have 
been shown in Tables A.11, and f

(
kx2) is the function given by Eq. (3), 

being F12 = k.  

where F2j are the parameters resulted from fittings provided by Funtion- 
2, being j ranged from 1 to 6. 

Function − 3 : ln
(
ε(3)
)
=
∑3

j=1
F3jln

(
x2/x2

0

)j− 1 (7)  

where F3j are the parameters resulted from fittings provided by Funtion-3 
and x2

0 = η0m0 = 1 cm2 is introduced for the argument of the functions to 
be dimensionless. 

In order to compare the fittings of εexp provided by those three 
functions, the most relevant gamma emission from 238U- and 232Th-se
ries radionuclides were considered. Fig. 3 shows the fitting of εexp versus 
ηm values for the different functions. The εexp values are the same that 

the ones shown in Tables A.8, A.9, provided by each function for each 
one of the main gamma energies of the 238U- and 232Th-series. In Fig. 3 
note that the fittings provided by Function-1 agree very well with 
experimental data for all the emission energies except in the cases cor
responding to low energies, that is, 46 keV and 63 keV, particularly for 
high ηm values when attenuation effects are more significant. 

Moreover, in Tables A.12 (in Supplementary Material) it can be 
found the parameters resulted from the fittings provided by the three 
functions, as well as the relative average residues obtained for each 
fitting for a given energy. Regarding the fittings carried out in this 
Section as well as all the other sections, they were compared statistically 
by finding their confidence intervals using MATLAB (see [42] for further 
information about the algorithms used to provide the fittings). In 
Tables A.12 it can be observed that the residues provided by Function-1 

Fig. 1. Experimental efficiency values (εexp) plotted versus x2, where x2 = ηm, for each gamma emission energy of the radionuclides belonging to the 238U- and 232Th- 
series and 40K, and varying the density of the RGU-1 (mixed with PbS), RGTh-1 (mixed with PbS) and KCl (dissolved in water) standards. 

Fig. 2. Fitting of ε0 values versus ln(Eγ/E0) at high energies, considering the 
gamma emissions of the radionuclides belonging to the 238U- and 232Th-series, 
as well as 40K, and calculation of 〈Res〉 values resulted from this fitting. 

Function − 2 : ε(2) = 2F21exp
(
− F22x2)

[(
F23x2)− 1sinh

(
F24x2) −

(
F25x2)− 2( cosh

(
F26x2) − 1

) ]
(6)   
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are much higher at low energies (18 % and 9.2 % at 46 keV and 63 keV, 
respectively) than at higher energies. This is due to the fact that one of 
requirements for validity of Eq. (3) is that photons must travel parallel to 
the radial axis of the sample container and the sample itself (cilindrycal 
geometry). Therefore, for samples whose densities and average atomic 
numbers, 〈Z〉, are very high (compared, for example, with the 〈Z〉 value 
of a soil, that is, 〈Z〉 ∼ 10.6), the previous requirement will not be ful
filled. As attenuation increases, the angle formed by the traveling di
rection of photons and the radial axis differs more and more from zero, 
this being especially true for low energy photons. Consequently, the 
function given by Eq. (3) fails to correct self-absorption effects in well- 
type detectors for high density and high 〈Z〉 samples. 

On the other hand, in Fig. 3 it can also be observed the fittings of εexp 
values versus ηm values provided by Function-2 and Function-3, where in 
the case of Function-3, the fittings have been carried out for the loga
rithms of εexp and ηm. Thus, for both functions it can be seen a good 
agreement between the fittings and experimental data. The parameters 
and relative average residues resulted from these fittings are shown in 
Tables A.12. As it can be seen from Tables A.12 the residues related to 
the fittings provided by Function-2 are lower than one excepting for 46 
and 63 keV with 1.4 and 3 % respectively. This also occurs for the results 
provided by Function-3. The relative average residues have been shown 
in Fig. 3. In this graphic, it can be note that the great majority of the 
fittings provided by Function-1 are better as Eγ increases, being most of 
these residues less than 1.3 %. In that same graphic, it is possible to see 
that the residues obtained in the cases of Funtion-2 and Function-3 ranged 
from 0.1 % to 3.0 %. 

3.3. Study on advantages and disadvantages about using an anti- 
Compton system 

One of the main objectives of using an anti-Compton system is to 

reduce the Compton continuum, and consequently, get higher effi
ciencies. Thus, given that the operation of this system consists in elim
inating counts generated by photons that have been detected in 
coincidence by NaI (Tl) detectors, there might be some energies for 
which the anti-Compton system does not work properly. This means that 
the system could eliminate counts that should not be neglected. In this 
Section, a comparison between the counting rates obtained with the 
anti-Compton system switched on (na) and off (n) has been made. This 
comparison has been done with samples covering a wide range of den
sities and compositions. 

In Fig. 4, it can be found the ratios of na and n plotted for the 
following nine samples: Scale-1, IAEA-326, Ilmenite, RGU-1, RGTh-1, 
RGK-1, RGU-1 + 70 % PbS, RGTh-1 + 70 % PbS and RGK-1 + 70 % PbS. 
Those ratios have been plotted at 46 keV, 63 keV, 186 keV, 238 keV, 
295 keV, 338 keV, 352 keV, 583 keV, 609 keV, 911 keV, 1120 keV and 

Fig. 3. Comparison between the fittings done by different functions (Function-i, with “i” = 1, 2, 3) for εexp versus x2 (in the cases of Function-1 and Function-2), and for 
ln(εexp) versus ln(x2/x2

0) (in the case of Function-3), being x2 = ηm and x2
0 = η0m0 = 1 cm2. 

Fig. 4. Comparison between the counting rates obtained for several types of 
samples, with the anti-Compton system switched on and off. 
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1460 keV. 
From Fig. 4, it can be seen that the anti-Compton system is working 

properly for many energies since most ratios are close to 1, obtaining a 
maximum deviation of approximately 15 %. However, there are three 
energies that clearly differ from the others: 583 keV, 609 keV and 
1120 keV. As it was previously commented, these energies have 
summing-out effects, and consequently, for these energies, emissions of 
photons in cascade are being occasioned. If two photons are emitted in 
cascade it is possible that one of them could be scattered by Compton 
effect whereas the other interact by photoelectric effect. In this situation, 
the anti-Compton system is eliminating counts that should not be 
eliminated, since it is eliminating counts generated by photons suffering 
photoelectric effect, which contribute to the full-energy peak efficiency. 
Consequently, for 583 keV, 609 keV and 1120 keV, the counting rates 
obtained with the anti-Compton system on are lower than the ones ob
tained with this system off. Besides, there are many studies indicate that 
the true coincidence summing effects (TCS) are more significant in the 
well-type detectors [40,43,44] so in these detectors, it is easier to check 
the mistakes made by the anti-Compton system for gamma emissions in 
cascade. 

On the other hand, in Fig. 4 it is also possible to note that na/n ratios 
do not depend on the chemical compositions of the samples chosen for 
this study. For this reason, samples whose densities and compositions 
are so different from each other, have been selected. The fact that na/n 
values do not depend on the kind of sample is very understandable and it 
is explained below. If we take Eqs. (1) and (2) and consider that all the 
variables present in these equations are the same except εexp when using 
or not using the anti-Compton system, the self-absorption correction 
factor will be cancelled after dividing na between n. This is consistent 
because in both cases (with and without anti-Compton system), the 
measured sample is the same and, therefore, the correction given by the 
self-absorption factor is also the same. This is very useful because in the 
cases of 583 keV and 609 keV, na can be corrected perfectly by the n/na 

ratio, getting to solve the problem occasioned by the anti-Compton 
system for those two energies. 

Nevertheless, in Fig. 4 it is easy to see that there is only one energy 
which does not follow the same tendency than the others, being this 
energy 1120 keV. In this case, the self-absorption effects affecting the 
counting rate with the anti-Compton system on (na) are different from 
those affecting the counting rate with the anti-Compton system off (n). 
This fact can be explained because 1120 keV is characterized by having 
summing-out effects, that is, E(3)

γ = E(1)
γ + E(2)

γ , where E(3)
γ is 1120 keV 

and E(1)
γ and E(2)

γ are the energies corresponding to two other photons. 
Therefore, if E(1)

γ or E(2)
γ were energies corresponding to the low energy 

region, and considering that the anti-Compton system is not able to work 
properly when energies present summing-out effects, the self-absorption 
correction factor obtained for na would be different compared with the 
one obtained for n. This explanation is consistent and it is according to 
some studies that have proven the possibility that E(1)

γ or E(2)
γ can be a 

low energy (≤ 150 keV) in the case of 1120 keV [45]. Besides that, 
analogously to the explanation just given regarding the summing-out 
effects for 1120 keV, a similar situation could occur for 583 keV. In 
this latter case (583 keV), one of the possible values of E(1)

γ and E(2)
γ 

would be E(1)
γ = 57.766(5) keV (228Ac) and E(2)

γ = 510.77(10). However, 
for 583 keV, the low energy (57.766(5) keV) is a gamma emission energy 
whose emission probability is very low (less than 0.50 %). Consequently, 
that low energy is unusually detected and, therefore, for 583 keV it is 
possible to correct na. Gamma emission energies and probabilities were 
taken from [36]. 

Despite not being possible to correct na in the case of 1120 keV, it is 
not a significant problem because this energy is usually used in order to 
determine 226Ra, but this radionuclide can also be determined by many 
other energies. 

3.3.1. Applications of the anti-Compton system: Calculations of detection 
limits 

The anti-Compton system is used to reduce the Compton continuum, 
so this system results useful to improve the “detector sensibility”, by 
doing the detection limit lower. This is possible because both the 
Compton continuum (B) and the lower limit of detection (LD) are related 
by equations which have been taken from [46–48]. Therefore, making 
LD lower, it could be helpful to be able to detect properly photons 
emitted by samples whose activities are very low, for example, water 
and vegetable samples. 

Besides that, LD is related to MDA (Minimum Detectable Activity) by 
another equation given below: 

MDA =
LD

εtPγ
(8)  

where ε, Pγ and t are the detector efficiency, the gamma emission 
probability and the measurement time, respectively. In our case, LD 
values have been calculated at a significance level of 5 % for all the 
selected samples. 

To study the influence of the anti-Compton system on the detection 
limit, six samples covering a wide range of densities and chemical 
compositions have been chosen: Ilmenite, Scale-1, IAEA-326, (RGU-1, 
RGTh-1, RGK-1) + 70 % PbS. Moreover, several Eγ values of interest 
have been selected throughout the energy region. 

In Fig. 5, the MDAa/MDA ratios have been plotted versus for the six 
samples mentioned above, where MDAa and MDA are the minimum 
detectable activities when the anti-Compton system is on and off, 
respectively. In order to calculate the minimum detectable activities for 
both cases (MDAa and MDA), the same measurement time was chosen 
for all the selected samples, being this of 172800 s (2 days). In that figure 
it is possible to note that the majority of the MDAa/MDA ratios were 
ranged from 0.5 and 0.7 for all the samples and energies. It is necessary 
to clarify that at 186 keV, two cases were considered: With and without 
secular equilibrium between 238U and 226Ra. When secular equilibrium 
is not considered, the interference of 235U (I235U) on 226Ra determination 
must be known. Thus, the interference can be estimated from the 
following equation: 

I235U = A235UPγ(235U)ε186keV t = 0.02631A238Uε186keV t (9)  

where A235U, A238U are the 235U and 238U activities, respectively, 
Pγ(235U) = 0.572(5) at 186 keV, ε186keV the efficiency value at 186 keV 
and t is the measurement time. Besides, it has been considered that 
A235U/A238U = 0.046 [49] as well as 238U and 234Th are in secular 
equilibrium. Therefore, since A238U = A234Th and 234Th can be deter
mined, I235U can be calculated. 

Fig. 5. Comparison between the MDA values obtained with and without anti- 
Compton system (MD/Aa and MDA, respectively) for several energies and 
types of samples. In the case of Eγ = 186 keV, the values of MDAa/MDA cor
responding to non-secular equilibrium between 238U and 226Ra have been 
shown by squares for each selected sample. 
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In the case of 186 keV without considering secular equilibrium be
tween 238U and 226Ra, it is clearly seen in Fig. 5 that MDAa/MDA values 
are higher compared with those values calculated when secular equi
librium between those two radionuclides is considered. This is very 
consistent since the minimum detectable activity is higher when the 
interference term (I) is introduced. In addition to Fig. 5, in Tables A.13 
(see Supplementary Material) it is possible to find the values of MDA, 
MDAa and MDAa/MDA for all the samples and energies chosen in this 
section, as well as for the cases in which secular equilibrium between 
238U and 226Ra has been and not been considered. 

3.3.2. Applications of the anti-Compton system: Comparison between 
gamma and alpha-particle spectrometric techniques 

In this Section, it has been carried out a comparison between gamma 
and alpha-particle spectrometric techniques in order to propose gamma 
spectrometry as an alternative analysis technique to alpha-particle 
spectrometry to determine certain natural long-lived radionuclides 
(226Ra and 228Ra). 

226Ra and 228Ra are two radionuclides that are usually measured by 
alpha-particle spectrometry due to their environmental interest. How
ever, their determinations by this spectrometric technique are very 
tedious, making necessary to use physical–chemical procedures in order 
to separate the radionuclides of interest from the original matrix. In 
addition to the complicated methods employed to determine 226Ra and 
228Ra by alpha-particle spectrometry, these methods take a long time to 
be carried out, being approximately three weeks and six months in the 
cases of 226Ra and 228Ra, respectively. [26,27,50] 

Therefore, given that using gamma spectrometry it is possible to 
determine 226Ra and 228Ra in a relatively simple and fast way, being the 
usual measurement times ranged from one to two days, this spectro
metric technique is a very good alternative to alpha-particle spectrom
etry. However, this latter kind of spectrometry is characterized by 
having a very low detection limit for most samples, being its value 
approximately 5 mBq in the cases of 228,226Ra and 1 mBq for the other 
natural long-lived radionuclides of interest such as 238U, 228Th and 
210Po. Consequently, it is necessary to reduce the detection limit for 
gamma spectrometry to reach the usual detection limit values in the case 
of alpha-particle spectrometry. For this, a possible procedure, which 
would allow us to get the desired detection limit values, would consist in 
concentrating the sample that is being tried to be measured by gamma 
spectrometry instead of alpha-particle spectrometry. In this case, a 
concentration factor (CF) would be necessary to calculate. In our case, 
given that the sample volume is always the same (4.94(15) cm3), the CF 
factor would be defined by CF = MDAγ/MDAα, where MDAγ and MDAα 

are the minimum detectable activities for samples measured by gamma 
spectrometry and alpha-particle spectrometry, respectively. Thus, by 
concentrating that sample, it would be possible to minimize the sample 
mass and, therefore, getting a lower LD value. Furthermore, since the 
anti-Compton system is very helpful to reduce LD values, it would be 
recommendable to be used in order to make the LD reduction easier. 

In this Section, it has been carried out a study on the calculations of 
CF values from a theoretical point of view. For this, the same samples 
that were chosen in the Section 3.3.1 have been selected, excepting RGK- 
1 + 70 % PbS. This sample was discarded because 40K cannot be 
measured by alpha-particle spectrometry and, consequently, it is not 
possible to compare both techniques. Besides, in this Section, a sample of 
distilled water was chosen to study the CF values obtained in a liquid 
sample. On the other hand, apart from having chosen 226Ra and 228Ra in 
this Section to make that comparison, other radionuclides such as 210Pb 
and 234Th (being 210Po and 238U, respectively, the radionuclides used in 
the case of alpha-particle spectrometry), as well as 228Th were also 
selected in order to achieve a more complete study. In Table 1 the CFa 

and CF values, as well as the CFa/CF ratios for all the samples previously 
mentioned can be found, where CFa and CF are the concentration factors 
with the anti-Compton system on and off, respectively. In order to 
calculate the CFa and CF factors for all the selected samples, a common 
measurement time (172800 s) was chosen. 

In Table 1, it can be observed that the highest CFa and CF values have 
been obtained in the cases of Eγ = 46, that is, for 210Pb, occurring at 
Eα = 5304.38 keV for 210Po, where Eα is the alpha-particle emission 
energy. At 46 keV, CFa values ranged from 25 to 1446, while CF values 
ranged from 42 to 2436 for distilled water and RGU-1 + 70 % PbS, 
respectively. On the other hand, the lowest CFa and CF values have been 
observed for Eγ = 911 keV, corresponding to Eα = 5685.37 keV in the 
case of alpha-particle spectrometry. For 911 keV, CFa ranged from 3 to 
20, whereas CF ranged from 4 to 41 for distilled water and Scale-1, 
respectively. As it could be expected the highest values of CFa and CF 
are obtained for low Eγ because as Eγ decreases, the Compton continuum 
increases and, consequently, MDA and LD also increase. It is worth 
noting that the lowest and highest values of CFa and CF have been 
observed for samples whose activity concentrations are lower and 
higher, respectively, since MDA is higher as activity concentration of a 
sample increases. 

Regarding 186 keV, both CFa and CF values are higher when not 
considering secular equilibrium between 238U and 226Ra. This agrees 
with the results obtained in Section 3.3.1 because in absence of secular 
equilibrium, LD and, therefore, MDA increase due to the interference 
term (I235U). In this Section, the energy of 186 keV was selected to 

Table 1 
Comparison between the detection limits obtained for several radionuclides (energies) by alpha and gamma spectrometry techniques (RNγ (Eγ) and RNα (Eα), 
respectively), where CF a and CF are the concentration factors when the anti-Compton system is switched on and off, respectively, and CF′ = CF a/CF.    

Ilmenite  Scale-1  IAEA-326  (RGU-1, RGTh-1) + 70 
% PbS  

Distilled water 

RNγ (RNÎ±)  Eγ (keV) (Eα 

(keV))  
CF CF a  CF′ CF CF a  CF′ CF CF a  CF′ CF CF a  CF′ CF CF a  CF′

210Pb (210Po) 46.5 
(5304.38) 

494 307 0.62  549 297 0.54  103 61 0.59  2436 1446 0.59  42 25 0.60 

234Th (238U) 63.29 (4198) 305 281 0.92  101 59 0.58  84 52 0.62  1197 828 0.69  41 22 0.54 
226Ra (226Ra) 186.2 

(4784.34) (No 
sec. eq.) 

53 38 0.72  128 89 0.70  25 16 0.64  166 138 0.83  17 9 0.53 

186.2 
(4784.34) 
(Sec. eq.) 

29 20 0.69  73 51 0.70  14 7 0.50  93 70 0.75  9 5 0.56 

212Pb (228Th) 238.64 
(5423.15) 

20 14 0.70  50 33 0.66  10 5 0.50  41 29 0.71  8 3 0.38 

228Ac (224Ra) 911.07 
(5685.37) 

12 9 0.75  41 20 0.49  8 4 0.50  15 12 0.80  4 3 0.75  
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determine 226Ra in order to make the calculations of possible 222Rn 
losses unnecessary in the chosen samples. On the other hand, from 
Table 1 it is also possible to observe a significant reduction in CF when 
using the anti-Compton system leading to CFa/CF ratios ranging be
tween 0.5 and 0.7 for most samples and energies. 

3.4. Validations of the methodology to calibrate in efficiency: Internal and 
external validation procedures 

In order to test the validity of the methodology followed in this work 
to calibrate in efficiency, two kinds of validation procedures have been 
carried out: Internal and external validation procedures. 

3.4.1. Internal validation procedure 
In this validation, Phosphate Rock (PR-1) was mixed with six 

different proportions of PbS (0, 20, 40, 60, 70 and 80 %), increasing the 
PR-1 density and 〈Z〉. PR-1 was selected for this validation because this 
sample contains all the radionuclides of interest that belong to the 238U- 
series as well as its chemical composition is very well known. 

Five aliquots of PR-1 and PbS mixtures were measured by another 
detector (XtRa: Coaxial Extended Energy Range HPGe Detector), whose 
calibration in efficiency has already been tested, to give a reference 
value for activity concentrations (see Tables A.14 in Supplementary 
Material). The radionuclide reference activity concentrations were 
determined for the main gamma emission energies belonging to the 
238U-series, that is, 46 keV, 63 keV, 186 keV, 295 keV, 352 keV, 609 keV 
and 1120 keV. Once these reference activity concentrations were 
calculated for those two samples mentioned, the six mixtures of PR-1 
and PbS, previously mentioned, were measured by the well-type de
tector. Then, by Eq. (2), it was possible to calculate the experimental 
efficiency values for all the energies and sample mixtures mentioned 
above. These experimental values, which have been obtained using the 
reference activities calculated by the XtRa calibration, let us call by εexp

Well. 
Therefore, εexp

Well allows us to differentiate that kind of efficiency from the 
efficiency values obtained by the well-type detector calibration, which 

let us call by εWell. Besides, the εWell values were calculated by the three 
functions proposed in Section 3.2 (Function-i, where i = 1, 2, 3), and, 
therefore, obtaining ε(1)Well, ε

(2)
Well and ε(3)Well, respectively, for the efficiency 

values in the case of the well-type detector. In this way, it was possible to 
compare the εexp

Well values with the three functions proposed in Section 
3.2. 

In Fig. 6, ε(i)Well values have been plotted versus εexp
Well for the seven 

energies and six samples mixtures mentioned above, showing six effi
ciency values for each Eγ value. It is necessary to clarify that as the PbS 
proportion increases, the efficiency value decreases both for εexp

Well and 

ε(i)Well. Therefore, taking this into account, in Fig. 6 it is perfectly possible 
to distinguish between the efficiency values obtained for each PbS 
proportion. 

On the other hand, in Fig. 6 it is possible to find plotted the fittings 
done of ε(i)Well versus εexp

Well, which have been carried out by ε(i)fit functions. 
This kind of fitting was done in order to make the comparison between 
ε(i)Well versus εexp

Well easier. Besides, two cases have been considered: ideal 
and real cases. The equations employed for the ideal and real fittings 
were ε(i)fit = εexp

Well and ε(i)fit = a + b εexp
Well, respectively, being a and b the pa

rameters resulted from the non-ideal fitting. Thus, it has been observed 
that the efficiency values given by ε(1)Well were more similar to the ones 

obtained by εexp
Well in comparison with the other cases (ε(2)Well and ε(3)Well). This 

is consistent since the reference activity concentration values of PR-1 
and PbS (see Tables A.14 in Supplementary Material), which were 
used to obtain εexp

Well, were calculated using a self-absorption correction 
factor whose behavior is analogous to the one used in the case of the 
well-type detector (see [37,51] for further information about the self- 
absorption correction factor employed for XtRa detector). 

Besides that, in Fig. 6 it can also be found the relative average resi
dues for the three ε(i)fit fitting functions corresponding to ε(i)Well values. 
Thus, two types of relative average residues have been shown for the 
fittings done of ε(i)Well values, 〈Res〉ideal and 〈Res〉fit, which are related to 

Fig. 6. Internal validation procedure carried out using a phosphate rock sample (PR-1) mixed with different proportions of PbS. This validation was done for three 
types of fitting functions (ε(i)fit , being “i” = 1, 2, 3), which were obtained after fitting ε(i)Well vs εexp

Well. Besides, the relative average residues were calculated considering 

both the fittings done by the ideal and real ε(i)fit functions (〈Res〉ideal and 〈Res〉fit, respectively). 
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the ideal and real fittings done by ε(i)fit , respectively. Therefore, it is easy 

to note that the residues resulted from ε(1)fit fittings were lower for both 
cases (〈Res〉ideal = 1.5 % and 〈Res〉fit = 0.52 %) in comparison with the 
ones obtained by ε(2)fit and ε(3)fit functions, where those residues were 5.4 % 

and 2.6 % (ε(2)fit ) and 5.5 % and 1.4 % (ε(3)fit ) for 〈Res〉ideal and 〈Res〉fit, 
respectively. This agrees with the explanation previously given 
regarding the similarity between the self-absorption correction factors 
used in the cases of XtRa and well-type detectors. Taking the results 
obtained by the three kinds of Function-i, it is easy to note that the in
ternal validation has been really good for the three cases. 

In this Section, the external validation for the methodology of cali
bration in efficiency has been carried out. The samples selected for the 
validation were IAEA-326, PR-2 and RGK-1. 

In Table 2, it is possible to see the zscore values resulted from the 
comparison made between activity concentration values calculated 
through the well-type detector calibration, having employed for it the 
Function-1, which was analyzed in Section 3.2, as well as Eq. (2), and the 
values of reference activity concentrations given for certified real sam
ples. Regarding the zscore equation, which was used in order to do this 
validation, it is given by the following mathematical expression: 

zscore =
a − ar
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

a + σ2
ar

√ (10)  

where ar (σar ) and a (σa) are the reference and calculated activity con
centration values (and uncertainties at 1 sigma level), respectively. Be
sides, − 2 ≤ zscore ≤ 2 is the range for which a calculation is considered 
good. 

Moreover, in Table 2 it is also possible to find two values of activity 
concentrations for 226Ra calculated at 186 keV: With and without 
considering secular equilibrium between 238U and 226Ra. Thus, in the 
former case, an equivalent probability has been obtained, P*

γ , where P*
γ =

Pγ(226Ra) + 235U/238U Pγ(235U) = 6.14(6) %, being Pγ(226Ra) = 3.51(6) 
% and Pγ(235U) = 57.2(5) % at 186 keV, and 235U/238U = 0.046. On the 
other hand, in the latter case (non-secular equilibrium between 238U and 
226Ra), it would be necessary to take Eq. (2) considering the interference 
term (I235U), which was defined in Eq. (9). 

In Table 2 the zscore values for IAEA-326, PR-2 and RGK-1 have been 
shown. Regarding the IAEA-326 sample, all the |zscore| values were less 
than 2, being the majority of them less than 1. In the case of PR-2 
sample, a very good agreement between reference and calculated ac
tivity concentrations was obtained, where all the |zscore| values were less 
than 1.5. Finally, for RGK-1 sample, a zscore value of 0.6 was obtained. 

Therefore, according to the external validation for all the selected 
samples and energies it is possible to infer a good agreement between 
the activity concentrations obtained through the method proposed in 
this work and the certified values. 

On the other hand, since the self-absorption correction factor given 
by Eq. (3) does not work properly in the case of high-density samples 
with high values of 〈Z〉 (compared with the 〈Z〉 value of a soil, which is 
approximately 10.6), below it has been shown a study on the zscore values 
obtained for samples whose density and 〈Z〉 have been varied. For this, 
PR-2 sample has been chosen and it has been mixed with different PbS 
proportions (PbS proportions were ranged from 0% to 67.5 %), getting 
PR-2 density and 〈Z〉 increase. Consequently, this study allows us to find 
out the interval of density and 〈Z〉 within which Eq. (3) works correctly. 
Given that the self-absorption effects are more relevant at low energies, 
the gamma emission energy of 63 keV (234Th) has been chosen in order 
to do this study, having calculated the zscore value for each PbS propor
tion at this energy. 

In Fig. 7 it is possible to find the zscore values resulted from the 
calculated activity concentrations at 63 keV for each mixture of PR-2 
with PbS. In that figure, there is a clear zscore dependence on the pro
portion of PbS, where the zscore values were ranged from − 0.24 to − 4.9 
for 0 % and 67.5 % of PbS, respectively. Besides, it is interesting to note 
that 37.5 % was the PbS proportion from which the |zscore| values began 
to be greater than 2, being approximately 15 cm2 the ηm value obtained 
in this case, where η = 1.52 cm2 P*

γ . Therefore, from that ηm value, the 
self-absorption correction factor given by Eq. (3) begins to provide 

Table 2 
External validation procedure done by the calculations of zscore values for several certified samples (IAEA-326, PR-2 and RGK-1). Besides, at 186 keV two cases have 
been considered: Without and with secular equilibrium between 238U and 226Ra (No sec. eq. and Sec. eq., respectively). Uncertainties given at 1 sigma level.    

IAEA-326  RGK-1  Phosphate Rock-2 (PR-2) 

RN Eγ (keV)  a (Bq kg− 1)  Reference zscore   a (Bq kg− 1)  Reference zscore   a (Bq kg− 1)  Reference zscore  

210Pb 46.5 46(4) 53(5) − 1.1      1583(72) 1541(5) 0.6 
234Th 63.29 30(3) 29.4(1.7) 0.3      1525(68) − 0.2 
226Ra 186.2 (No sec. eq.) 41(3) 33(3) 1.8      1562(83) 0.3 

186.2 (Sec. eq.) 36(3) 0.9     1547(66) 0.1 
214Pb 295.21 26.4(1.5) − 1.8      1450(60) − 1.5 

351.92 26.9(1.3) − 1.7     1466(60) − 1.3 
214Bi 609.31 27.9(1.7) − 1.3      1483(62) − 0.9 

1120.2 26(3) − 1.5     1446(74) − 1.3 
228Ac 338.42 44(3) 40(2) 1.2         

911.07 39(2) − 0.4         
212Pb 238.64 39.6(1.7) 39.1(1.7) 0.2         
208Tl 583.19 41(3) 0.5         
40K 1460.83 568(25) 580(28) − 0.3  14359(606) 14000(200) 0.6      

Fig. 7. Values of zscore resulted from the calculated activity concentrations at 
63 keV for each mixture of PR-2 with PbS. 
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improper corrections for self-absorption effects. This agrees with the 
study on different self-absorption correction functions carried out in 
Section 3.2. 

3.5. A proposed method to determine 226Ra under non-secular 
equilibrium with 222Rn 

In order to take advantage of the possibility of determining 226Ra by 
its gamma emission energy (186 keV) as it was explained in Section 
3.4.2, with or without considering that 238U and 226Ra are in secular 
equilibrium, some kinds of samples have selected in this Section, which 
are characterized by having 222Rn losses. Therefore, for these types of 
samples, the 226Ra determination proposed in this Section would be very 
helpful. The selected samples were IAEA-434, CSN-PG and RGU-1 
standard dissolved in water (dissolved RGU-1), having been possible 
to dissolve this standard in water because of its previous digestion by 
using acids. 

Regarding the samples that present a clear loss of 222Rn, it is 
necessary to wait at least a month in order to ensure the secular equi
librium between 226Ra and 222Rn is reached. Consequently, the 226Ra 
determination could not be carried out properly by its daughters (214Pb 
and 214Bi). Therefore, all the reasons previously exposed make necessary 
employ the proposed method in this Section to determine 226Ra. (See 
[52–57] for further information about studies related to 222Rn losses in 
different types of materials). 

In Table 3 it has been shown the results of activity concentrations 
obtained for the three samples mentioned in this Section (IAEA-434, 
CSN-PG and dissolved RGU-1). Thus, it is easy to note that the 222Rn 
losses were significant in the cases of IAEA-434 and CSN-PG (15(3) % 
and 11(2) %, respectively), which were measured without waiting for 
secular equilibrium between 226Ra and 222Rn being reached. On the 
other hand, in Table 3 it is also possible to check that the 222Rn losses 
were even more relevant in the case of dissolved RGU-1, where the 
average 222Rn losses obtained were 71(8) %. Consequently, taking these 
results into account, it has perfectly been proved the need for using the 
proposed method in this Section in order to carry out the 226Ra 
determination. 

4. Conclusions 

In the present work, a novel methodology to carry out the calibration 
in efficiency of a well-type Ge detector has been developed. This 
methodology to calibrate in efficiency consisted on varying the density 
(mass) of the chosen calibration samples fixing their thicknesses and for 
each gamma emission energy of interest (Eγ). By this methodology, it has 
been possible to find a general function for the efficiency, which depends 
on ε0 and f, where they are the efficiency value when the sample mass 
tends to zero and the self-absorption correction factor, respectively. 
Thus, it has been checked that ε0 can be written as a function of Eγ. 

On the other hand, regarding the self-absorption corrections, a 
comparative study between different correction functions (Function-i) 
has been carried out. This comparison was made considering the main 
gamma emissions from radionuclides belonging to 238U- and 232Th-se
ries, and, specifically emphasis has been placed on studying the results 
obtained in the case of Funtion-1. This function is the most used in order 
to correct self-absorption effects for samples measured by a well-type 
detector. Thus, it has been proved that this function does not work 
properly when the 〈Z〉 value of a sample is very high in comparison with 
the 〈Z〉 value of a soil (∼ 10.6). 

Besides that, an in-depth study on advantages and disadvantages 
about using an anti-Compton system has been done. Thus, a variation of 
the counting rate when using an anti-Compton system (na) has been 
observed in comparison with the value when it is not used (n). This 
variation was noted for some specific energies: 583 keV, 609 keV and 
1120 keV, which are characterized by presenting summing-out effects. 
Besides, it was possible to correct the na values for 583 keV and 609 keV, 
since it has been checked that the na/n ratio does not depend on the kind 
of sample. Only for 1120 keV, it was not possible to carry out that na 

correction due to the self-absorption effects that were present in one of 
the energies related to its summing-out effects. Then, it has been proved 
that an anti-Compton system can be very helpful to reduce the lower 
limit of detection (LD), as well as to achieve the gamma spectrometry is a 
clear alternative to alpha-particle spectrometry for some radionuclides, 
228,226Ra, that are very complicated to be determined by the latter 
spectrometric technique. 

Table 3 
Study about 222Rn losses carried out in phosphogypsum samples (IAEA-434 and CSN-PG), as well as in the dissolved RGU-1 sample. In the case of dissolved RGU-1, the 
reference value for activity concentration was 241.5(0.7) Bq kg− 1. Uncertainties given at 1 sigma level.    

IAEA-434  CSN-PG 

RN Eγ (keV)  a (Bq 
kg− 1)  

Reference zscore  
222Rn losses (%)  a (Bq 

kg− 1)  
Reference zscore  

222Rn losses (%) 

210Pb 46.5 722(34) 680(29) 0.9   784(40) 781(15) 0.1  
234Th 63.29 107(10) 120(6) − 1.1   52(13) 48.6(1.2) 0.3  
226Ra 186.2 (No sec. 

eq.) 
836(25) 

780(31) 

1.4   661(24) 
634(13) 

1.0  

186.2 (Sec. eq.) 523(24) − 6.5   400(22) − 9.2  
214Pb 295.21 666(28) − 2.7 15(5)  581(26) 580(13) 0.0 11(4) 

351.92 655(27) − 3.0 16(5)  543(23) − 1.4 12(4) 
214Bi 609.31 665(29) − 2.7 15(5)  566(27) 533(13) 1.1 11(4) 

1120.2 662(39) − 2.4 15(6)  566(42) 0.8 9(4)      
<222Rn loss> (%) = 15 

(3)     
<222Rn loss> (%) = 11 

(2)    

Dissolved RGU-1 

RN Eγ (keV)  a (Bq kg− 1)  Reference zscore  
222Rn losses (%) 

210Pb 46.5 227(10) 

241.5(0.7) 

− 1.5  
234Th 63.29 242(10) 0.1  
226Ra 186.2 (No sec. eq.) 210(12) − 2.6   

186.2 (Sec. eq.) 224(9) − 1.9  
214Pb 295.21 74(3) − 52 70(7)  

351.92 75(3) − 53 69(7) 
214Bi 609.31 73(4) − 41 70(10)  

1120.2 64(10) − 18 74(27)      
<222Rn loss> (%) = 71(8)  
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Then, internal and external validation procedures of the methodol
ogy followed in this work have been carried out. Regarding the former 
kind of validation, a comparison between εexp

Well and ε(i)Well, being “i” ranged 

from 1 to 3, was made for several energies for PR-1 sample. Thus, ε(i)Well 
values were calculated by each Function-i, observing that the best 
agreement between ε(i)Well and εexp

Well was obtained in the case of Function-1. 
Consequently, the self-absorption correction factor given by Function-1, 
which is usually employed to correct self-absorption effects in the case of 
well-type detectors, has a very similar behavior compared with the one 
used for XtRa detectors. On the other hand, regarding the external 
validation, several certified real samples were selected and all the ob
tained |zscore| values were less than 2, getting a great external validation. 
Furthermore, the PR-2 sample was mixed with different PbS proportions 
in order to demonstrate the validity range of Function-1, observing that 
the correction provided by this function is proper until approximately 
37.5 % of PbS (where ηm  15 cm2 for that PbS percentage, being 
η = 1.52 cm2 P*

γ ). 
Lastly, a study on 222Rn losses in phosphogypsum and dissolved 

samples has been carried out in order to propose the 226Ra determina
tion be done by its gamma emission energy (Eγ = 186 keV), making it 
unnecessary to wait for the secular equilibrium between 226Ra and 222Rn 
be reached. 
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