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a b s t r a c t

To study the influence of the source’s chemical composition on the self-attenuation corrections during the

activity quantification of low-energy gamma-ray emitters (o 60 keV) in soil samples, we conducted a

Monte Carlo-based hypothetical proficiency test in which different analytical laboratories analyze a soil

sample, assuming the same density but a different chemical composition. The bias in the activity values was

between 4% and 70%, with more than 50% of these results being unacceptable. Our work shows that

collecting the detailed chemical composition of the samples is an essential issue to be considered by

analytical laboratories that use the Monte Carlo method for the calculation of self-attenuation corrections.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

To quantify low energy radionuclides in environmental
samples by gamma-ray spectrometry it is necessary to estimate
the relevant self-attenuation corrections. There are two main
possibilities for performing these estimations: using an experi-
mental design based on collimated point sources, or simulating
the absolute full energy peak efficiency by Monte Carlo simula-
tion. In the latter case, the accuracy is strongly dependent on
adequate knowledge of the elementary chemical composition of
the source matrix.

In intercomparison exercises and proficiency tests, information
on the elementary chemical composition of samples is often not
provided. As a consequence, participating laboratories using
Monte Carlo codes for efficiency calibration and considering
different elementary chemical compositions of samples might
show different performances, particularly for energies below
60 keV. In this sense, it is known that for this energy range the
assumption of sample mass attenuation coefficients similar to
those of water (for self-absorption corrections in environmental
samples) is not correct. A previous work (Jurado Vargas et al.,
2002) found that, for photon energies greater than about 80 keV
and materials with Zo20, the mass attenuation coefficients are
almost independent of the effective atomic number Zeff of the
material. Below about 60 keV, however, the photon attenuation

correction for most environmental samples depends greatly on
their elementary chemical composition.

To study the influence of the soil’s chemical composition on
the estimation of activity concentrations of low-energy radio-
nuclides by gamma-ray spectrometry, we carried out a theoretical
exercise evaluating the performance in a hypothetical proficiency
test (or intercomparison exercise) in which four different
analytical laboratories analyze a soil sample, assuming the same
density but a different chemical composition during Monte Carlo
calculation of the self-attenuation corrections.

2. Hypothetical proficiency test

The task for each laboratory was to estimate the activity
concentration of 109Cd (24.9 keV), 210Pb (46.5 keV), and 241Am
(59.5 keV) in a soil sample. Five different compositions of soil,
published by the International Commission on Radiation Units
and Measurements (ICRU) (ICRU, 1994), were considered (see
Table 1). A given chemical composition was assumed for
the reference soil, whereas other compositions from soil 1 to
soil 4 were assigned to each of the four laboratories for
Monte Carlo calculation of the absolute full energy peak (f.e.p.)
efficiency corresponding to each energy value. It should be
stressed that the corrections for self-attenuation in the soil
matrix are included in the calculated f.e.p. efficiency values. It
was assumed that the only difference between laboratories was
the soil composition used for the aforementioned correction.

The performance evaluation of the participant laboratories was
carried out following the approach used by the International
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Applied Radiation and Isotopes 68 (2010) 360–363

carrazana
Texto escrito a máquina
67

carrazana
Texto escrito a máquina



Author's personal copy
ARTICLE IN PRESS

Atomic Energy Agency (IAEA) in recent intercomparison exercises
and proficiency tests (IAEA, 2007; Shakhashiro et al., 2007).

For the trueness evaluation, the results are considered
‘‘Acceptable’’ if:

A1rA2 ð1Þ

where

A1 ¼ jVref � Vlabj ð2Þ

and

A2 ¼ 2:58 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

refþU2
lab

q
ð3Þ

with Vref being the reference value for activity concentration, Vlab

the activity concentration result reported by the participant
laboratory, and Uref and Ulab the standard combined uncertainties
associated with Vref and Vlab, respectively.

For the precision evaluation, the estimator P needs to be
calculated according to the formula:

P¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

ref

V2
ref

þ
U2

lab

V2
lab

s
� 100% ð4Þ

The participant’s results are considered ‘‘Acceptable’’ for precision
if the following condition is satisfied:

PrLAP ð5Þ

where LAP denotes the limit of acceptable precision, which is set
for each analyte as a function of its concentration level and the
difficulty of determination.

A result must obtain an ‘‘Acceptable’’ score in both criteria
(trueness and precision) to be assigned the final score ‘‘Accep-
table’’. In cases where either precision or trueness is ‘‘Not
Acceptable’’, the relative deviation from the reference value
(Rd=A1/Vref) must be compared with the maximum acceptable
bias (MAB). When RdrMAB the result is considered as a
‘‘Warning’’, otherwise when Rd 4 MAB the result is evaluated
as ‘‘Not Acceptable’’.

In the framework of this theoretical exercise, the relative
standard uncertainties Uref/Vref and Ulab/Vlab were considered as
those established for the reference values during the ALMERA
proficiency test (IAEA, 2007) for the determination of low energy
radionuclides in soil samples, being 5% for 109Cd and 210Pb, and
2.5% for 241Am. The LAP and MAB values established in IAEA
(2007) were also adopted, and are listed in Table 2. One notes that
the values of P calculated with Eq. (4) are lower than the
corresponding LAP values, i.e., the test of precision is ‘‘Acceptable’’
for all laboratories and our exercise hence focuses on the test of
trueness.

3. Efficiency calculations

Considering that the only different factor between laboratories
is the soil composition assumed during the Monte Carlo calcula-
tion of the self-attenuation factor, the relationship between the
reference value and the value reported by any laboratory can be
calculated, for a given energy, as follows:

Vlab

Vref
¼
eref

elab
ð6Þ

where eref and elab denote the f.e.p. efficiencies calculated for the
reference soil and for the soil composition adopted by the
laboratory, respectively.

The values of the f.e.p. efficiencies, for the selected gamma-ray
energies in each type of soil, were determined using the Monte
Carlo code DETEFF (Cornejo Dı́az and Jurado Vargas, 2008). This
code was programmed in Object Pascal for detector-efficiency
calculations in gamma-ray spectrometric systems with coaxial
detectors, which can be scintillators (NaI or CsI) or semiconductor
detectors (Ge(Li), HpGe or Si(Li)). DETEFF accepts gamma-ray
energies in the range 10–2000 keV. The sample configurations can
be cylindrical, rectangular, or Marinelli beakers, thus including the
cases of point and disk sources as degenerate cylindrical
geometries. The samples are considered to be axially centered
with respect to the detector, so that the source position is defined
by the source-to-detector distance. DETEFF has a user-friendly
interface that facilitates the access to the code options.

The information concerning the properties of the HpGe (n-type)
detector used is summarized in Table 3. The measurement geometry
(cylindrical of 110 mL, with diameter=5.1 cm and height=5.4 cm)
was selected considering 100 g of soil, which is usually the mass sent
to participant laboratories during proficiency tests and intercom-
parison exercises organized by the IAEA. The source container (made
of polyethylene with wall thickness=0.1 cm) was placed at 1 mm
from the surface of the detector entrance window. The assumed
density of the soil was 1.6 g cm�3.

Mass attenuation coefficients corresponding to different soil
compositions and energy values were calculated using the XCOM
database (Berger et al., 1999). Table 4 shows significant differences
between these coefficients, especially for the lowest energy value.

Table 1
Elementary chemical composition (in % of mass) of soil types used for the test.

Element Ref. soil Soil 1 Soil 2 Soil 3 Soil 4

H 2.2 2.2 1.1 10.0 –

C – – 1.2 11.4 –

O 57.5 58.2 55.8 78.0 45.2

N – – – 0.4 –

Mg – – – – 2.5

Al 8.5 10.6 7.2 – 8.3

Si 26.2 26.2 31.6 – 25.0

S – – – 0.2 –

K – – – – 1.8

Ca – – – – 4.1

Ti – – – – 0.7

Mn – – – – 0.2

Fe 5.6 2.8 3.1 – 12.2

Table 2
Acceptable limits for LAP and MAB corresponding to the soil sample.

Radionuclide LAP (%) MAB

109Cd 25 0.25
210Pb 30 0.30
241Am 25 0.25

Table 3
Characteristics of the n-type HpGe detector used for the proficiency test

simulation.

Characteristic Value (mm)

Crystal diameter 56

Crystal length 60

Core diameter 10

Core height 42

Frontal dead layer thickness 5E-04

Lateral dead layer thickness 5E-04

Be window to crystal distance 5

Entrance Be window diameter 66

Entrance Be window thickness 1

External diameter of Al cover 74

Frontal Al cover thickness 1

Lateral Al cover thickness 1
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4. Results and discussion

Using the detector model and source geometry described
previously, f.e.p. efficiencies were obtained by Monte Carlo simula-
tion for each type of soil. Fig. 1 shows the plots of these efficiency
values as a function of energy. The number of simulated photons was
adjusted in each case to achieve relative statistical uncertainties
(corresponding to one standard deviation) lower than 1%.

The results obtained by laboratories 1 to 4 during our
hypothetical proficiency test, according to the IAEA performance
evaluation criteria (IAEA, 2007), are presented in Table 5. In order
to facilitate the analysis, the results were normalized with the
reference values Vref. As was noted above, it was assumed that
the laboratories reported the results with the same precision as
the reference laboratory, i.e., the relative uncertainties reported
by the participant laboratories were considered equal to the
relative uncertainties associated with the reference values.

The results obtained by Laboratories 1 and 2 show similar
scores (‘‘Acceptable’’) for all the analyzed radionuclides except
109Cd, for which Laboratory 1 failed the test of trueness and got a
‘‘Warning’’ final score. This is because, for this determination, the
trueness test failed and RdrMAB. In general, the chemical
composition of the reference soil and soils 1 and 2 are quite
similar, as can be noted from Table 1. However, it has been
demonstrated that just slight differences in chemical composition
can affect the activity concentration measurement of radio-
nuclides with energies below 25 keV.

When the chemical composition of the soil differs significantly
from that of the reference, marked relative deviations (about 70% or
more) can arise in the quantification of low-energy gamma-emitting
radionuclides. Laboratories 3 and 4 obtained ‘‘Not Acceptable’’ and
‘‘Warning’’ final scores for all the analytical determinations. The
most problematic nuclides were 109Cd and 210Pb with ‘‘Not

Acceptable’’ final scores in the determinations carried out by both
laboratories. In the analysis of these radionuclides, the trueness test
failed and the condition RdrMAB was not satisfied. 241Am, with a
higher gamma-ray energy, shared ‘‘Acceptable’’ and ‘‘Warning’’ final
scores. As was expected, the self-absorption correction was more
significant as the gamma-ray energy decreases.

Although Laboratories 1 and 2 obtained ‘‘Acceptable’’ and
‘‘Warning’’ results as final scores in all the analytical determinations,
their assumed random selection of the type of soil indicates the
fortuitous character of their results. The same is the case for
Laboratories 3 and 4. Likewise, the final scores for the participant
laboratories might be very different taking a different type of soil as
reference. For example, if soil 3 had been taken as the reference soil,
all participant laboratories would have obtained ‘‘Not Acceptable’’
final scores for 109Cd and 210Pb. As in the former case, 241Am would
have shared ‘‘Acceptable’’ and ‘‘Warning’’ final scores.

Furthermore, in a real exercise, the distribution of results
would have to be wider because of the influence of other factors
on the overall uncertainty. The assumption considered in this
work, that only the self-absorption correction is responsible for
the observed bias, is very conservative and is just an indicator of
the isolated contribution of this parameter and its significant
weight during the performance evaluation of a laboratory in a
proficiency test or intercomparison exercise.

5. Conclusions

The use of Monte Carlo simulation for the efficiency calibration
in gamma-ray spectrometry is becoming ever more common, with
increasing numbers of laboratories trusting this calibration
method whose use is being promoted by recognized organizations
such as the IAEA in the framework of international projects (IAEA,
2008). Monte Carlo simulation offers the possibility of precise
self-absorption corrections whenever the elementary chemical
composition of the analyzed samples is well known.

The present work has shown that ‘‘Not Acceptable’’ results can
be obtained by laboratories just from the fact of considering
different types of soils for self-absorption corrections. In order to
limit the bias of laboratories in real analytical problems, the
conclusion has to be that collecting the detailed chemical
composition of the samples is essential issue to be considered
by analytical laboratories that use the Monte Carlo method for the
calculation of self-attenuation corrections.

Table 4
Mass attenuation coefficients (m/r) for soils defined by ICRU (1994).

Radionuclide Energy (keV) (m/r) (cm2 g�1)

Ref. soil Soil 1 Soil 2 Soil 3 Soil 4

109Cd 24.9 1.755 1.423 1.507 0.434 3.039
210Pb 46.5 0.396 0.343 0.354 0.212 0.591
241Am 59.5 0.268 0.243 0.247 0.190 0.357
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Fig. 1. Values of f.e.p. efficiencies calculated for the five types of soil used.

Table 5
Normalized values for each laboratory and the corresponding proficiency test

results.

Laboratory Radionuclide Vlab/

Vref

Ulab/

Vref

A1/

Vref

A2/

Vref

Truenessa Finalb

score

1 (Soil 1) 109Cd 0.824 0.041 0.176 0.167 N W
210Pb 0.913 0.046 0.087 0.175 A A
241Am 0.945 0.024 0.055 0.089 A A

2 (Soil 2) 109Cd 0.871 0.044 0.129 0.172 A A
210Pb 0.933 0.046 0.067 0.175 A A
241Am 0.958 0.024 0.042 0.089 A A

3 (Soil 3) 109Cd 0.300 0.015 0.700 0.135 N N
210Pb 0.696 0.035 0.304 0.157 N N
241Am 0.836 0.021 0.164 0.084 N W

4 (Soil 4) 109Cd 1.691 0.085 0.691 0.254 N N
210Pb 1.357 0.068 0.357 0.218 N N
241Am 1.201 0.030 0.201 0.101 N W

a N means Not Acceptable, and A means Acceptable.
b The Final Score assumes that the test of precision was Acceptable for all

laboratories. W means ‘‘warning’’.
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The production of new reference materials for low-energy
gamma-emitting radionuclides, as expressed in IAEA (2007),
could be of considerable help for analytical laboratories using
gamma-ray spectrometry if these materials are accompanied by
precise information on their chemical composition.
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a b s t r a c t

Four general Monte Carlo codes (GEANT3, PENELOPE, MCNP and EGS4) and five dedicated packages for

efficiency determination in gamma-ray spectrometry (ANGLE, DETEFF, GESPECOR, ETNA and EFFTRAN)

were checked for equivalence by applying them to the calculation of efficiency transfer (ET) factors for a

set of well-defined sample parameters, detector parameters and energies typically encountered in

environmental radioactivity measurements. The differences between the results of the different codes

never exceeded a few percent and were lower than 2% in the majority of cases.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ever since its introduction by Moens et al. (1981), efficiency
transfer (ET) has been a popular method of calculating full-energy-
peak efficiencies (FEPE) of a sample of interest on the basis of an
experimental efficiency curve measured on the same detector, but
with a calibrated sample of different size, geometry, density or
composition. The procedure saves time and resources, since sample-
specific experimental calibration is avoided. It has proven especially
useful in environmental measurements (Gilmore, 2008), where on
the one hand ultimate precision in calibration necessary in
metrological applications is usually not required and on the other

a variety of different sources might be measured by a laboratory
carrying out a monitoring programme around a nuclear power
plant, for example.

The method works by calculating a ratio of the efficiencies for
the sample of interest and for the calibration sample and by
multiplying it with the measured FEPE of the latter. A great
advantage of the method, as pointed out and verified by its
founders, is that in the calculated ratio many inaccuracies in the
detector model can be expected to cancel out to a large degree,
making it possible to work directly with non-optimized detector
data supplied by the manufacturer. The cancellation of differences
also applies to the interaction cross-section data that different
implementations of the ET method may use and to their physical
models of particle interaction and tracking.

The ET approach as described above can be carried out either
by calculating the so-called virtual total efficiency ratios or the
full-energy ones. In the former case, the method is based on the
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assumption of the independence of the virtual total-to-peak ratio
on the position, size, density and composition of the sample. The
term virtual refers to efficiencies obtained without considering
any scattering on the sample itself or the inactive parts of the
detector. As such, the virtual FEPE efficiency is the same in value
as its real counterpart (except for the effects of Rayleigh
scattering), whereas the total virtual efficiency (sometimes called
the effective solid angle) can only be calculated, not measured.

The constancy of the virtual peak-to-total ratio cannot be
proven rigorously, but it was found experimentally to hold well
(Erten et al., 1988). In addition, Vidmar and Likar (2004)
demonstrated its validity for coaxial and thick planar detectors
by means of Monte Carlo simulations with sufficient accuracy for
its application to environmental measurements. In some ET codes
preference is given to using calculated full energy peak efficien-
cies instead of total ones. This, however, requires full tracking of
the primary and possibly secondary particles, making such a code
much more involved than one based on Moens’s original principle.

Although the ET method featured prominently and did well in
an intercomparison of various calculation approaches to the
efficiency determination in gamma-ray spectrometry, organized
by Lépy et al. (2001), no study had ever been done into how
compatible the different ET codes were with each other. In
December 2008, the first Research Coordination Meeting of the
International Atomic Energy Agency (IAEA) Coordinated Research
Project ‘‘Benchmarking calibration for low-level gamma spectro-
metric measurements of environmental samples’’ was held at the
IAEA Marine Environment Laboratories in Monaco. One of the
conclusions of that meeting was that an intercomparison exercise
on efficiency transfer (ET) codes was warranted, with the aim of
establishing their equivalence and/or quantifying the differences
between them. The users of different codes were thus asked to
perform calculations of the ET factor for a set of well-defined
sample and detector parameters. The exercise was supposed to
bring to light the sources of potential differences between the
codes and help establish general guidelines for stating the part of
the uncertainty attributable to this sort of calculation method
stemming from the inherent differences between its various
implementations.

2. Method

The different ET codes considered were confronted with each
other without any reference to experimental data and without any
intention of eventually favouring one over the other. Rather, the
potential differences between them were simply supposed to shed
light on the problems in the field that may not have been apparent
until now and give a ‘‘feeling’’ of how reliable such calculations
are in ideal circumstances. For the performance of the ET method
with respect to experimental data the reader is thus referred to
the study of Lépy et al. (2001).

The intercomparison was partially spurred by a similar study
on the use of Monte Carlo codes in gamma-ray spectrometry for
direct calculation of the FEPE and total efficiencies (Vidmar et al.,
2008). The crucial difference, though, is that the ET method, as
explained above, uses ratios of calculated efficiencies, not their
directly computed values.

The codes featuring in the intercomparison fell into two
categories: specialised codes written specifically for efficiency
calculations in gamma-ray spectrometry and general Monte Carlo
simulation tools adapted to the task at hand. From the first group,
the codes GESPECOR (Sima and Arnold, 2002), ETNA (Piton et al.,
2000), DETEFF (Cornejo Dı́az and Jurado Vargas, 2008), ANGLE
(Jovanović et al., 1997) and EFFTRAN (Vidmar, 2005) were tested.
The representatives of the second group were GEANT 3.21 (Brun

et al., 1987), MCNP (Briesmeister, 2000; X-5 Monte Carlo Team,
2003), PENELOPE (Salvat et al., 2003, 2008) and EGS4 (Nelson
et al., 1985).

A p-type and an n-type detector model were considered, along
with a set of well-defined sample geometries. In all the cases, a
complete cylindrical symmetry of the sample–detector geometry
was presumed. The parameters of the two HPGe detectors used in
the study are given in Table 1 and a sketch of the p-type detector
is also provided (Fig. 1). The two detectors are identical, except for
the thickness of the dead layer and the material and thickness of
the front window. The sources are described in Table 2 and the
characteristics of various materials used in the constructions of
the detector and sample models are given in Table 3. Each source

Table 1
Detector parameters.

Parameter Detector A Detector B

Crystal type p N

Crystal material Ge Ge

Crystal diameter (including the side dead layer) 60 60

Crystal length (including the top dead layer) 60 60

Dead layer thickness (top and side) 1 0.0003

Hole diameter 10 10

Hole depth 40 40

Window diameter 80 80

Window thickness 1 0.5

Window material Al Be

Crystal-to-window distance 5 5

Housing length 80 80

Housing thickness 1 1

Housing material Al Al

All dimensions are given in millimetres (mm). The housing diameter is in all cases

the same as the window diameter.

Fig. 1. A schematic presentation of the set-up for the case of the reference sample

and the p-type detector model. All dimensions are given in millimetres (mm).
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was embedded in a tightly fitting container and in the calculations
the sources were all placed directly onto the detector window,
except for the point source. For each of the possible detector–
sample combinations, ET factors were computed for the following
set of energies: 20, 45, 60, 80, 120, 200, 500, 1000 and 2000 keV.
The lowest energy was only considered with the n-type detector.
The participants were asked to keep the relative statistical
uncertainty of all the reported results below 1%.

The ET factor was defined as the ratio of the calculated
efficiencies for the sample geometry and the reference geometry.
The reference geometry was in all cases that of a water solution in
a plastic cylindrical container with a diameter of 60 mm and a
height of 20 mm. The transfer from this reference source to the
soil and filter geometries can quite realistically be expected to be
carried out in practice, although the deviation of the latter
geometries from the reference source is rather pronounced. On
the other hand, the ET to the point configuration was only
included as a demanding test of the codes and would not be
recommended in practice.

The efficiencies calculated by the codes to arrive at the ET
factors could be either full-energy ones or total efficiencies,
depending on the way a given code works. In the latter case, the
validity of the theorem on the independence of the virtual total-
to-peak ratio was invoked, as explained above. Table 4 shows the
codes, their basic characteristics and the ways in which they were
applied.

3. Results and discussion

Sixteen sets of data were gathered from the participants and
their main characteristics are presented in Table 4. Some
participants submitted more than one data set. By a set of data,
a complete table of the ET factors for all the required detector
models, samples and energies is meant.

Tables 5–7 in which each cell corresponds to an entry in the
data sets, summarize the results of the exercise. For each
detector–sample configuration and energy the mean of the ET
factors was first calculated over all the 16 data sets (Table 5), and
then the standard deviation of this population was determined.
The ratio of the standard deviation to the mean ET value is
presented in Table 6. Only one value of this ratio higher than 2%
was observed and only three others were higher than 1%. The
minimum value of the ratio is 0.29%, while its mean value across
energies and samples is 0.75%. In Table 7 the absolute value of the
maximum deviation of the population (in either positive or
negative direction, whichever is larger) of the ET factors from its
mean is shown as percent of the mean. These values provide an
estimate of the total spread of the results within a population.
Again, only a few reach above 2% and all are associated with low
energies.

It can therefore be claimed that the results of the different
codes agree with each other within their respective statistical
uncertainties. It is true that for the lowest energy considered,
especially with the n-type detector model, the mean difference
reaches 2% and the maximum deviation 8%. However, on the one
hand, one can safely argue that the ET factor for the energy of
20 keV is rarely required in environmental measurements. On the
other hand, the agreement between the codes at higher energies
points to proper and equivalent treatments of the mechanisms of

Table 2
Sample parameters.

Parameter Reference Point Soil Filter

Sample diameter (including the

container)

60 0.0 90 80

Sample height (including the container) 20 0.0 40 3

Sample material Water – Quartz Cellulose

Container-to-detector-window distance 0.0 1.0 0.0 0.0

All dimensions are given in millimetres (mm). The container is in all cases, except

for the point source, a plastic vessel of 1 mm thickness, tightly encasing the sample

on all sides. The point source has no container. The filter geometry refers to a single

air filter.

Table 3
Characteristics of various detector and sample materials.

Material Density Chemical formula

Ge 5.323 Ge

Al 2.700 Al

Be 1.848 Be

Water 1.000 H2O

Quartz 1.400 SiO2

Cellulose 0.200 C6H12O6

Plastics (polystyrene) 1.050 C8H9

All densities are given in g/cm3.

Table 4
The various combinations of the codes, their types and the ET implementations

considered in the study.

Computer code ET implementation Code type

FEPE TE Specialized General

ANGLE x x

DETEFF 4.2 x x x

EFFTRAN x x

ETNA x x

EGS4 x x

GEANT 3.21 x x x

GESPECOR 4.2 x x

MCNP4C x x

MCNP5 x x

MCNPX x x

PENELOPE 2003 x x

PENELOPE 2008 x x

PENELOPE PENCYL x x

Table 5
The mean value of the ET factors for each energy, detector model and sample type

calculated by averaging over all the data sets submitted by the participants.

Energy Point

sample,

detector A

Point

sample,

detector B

Soil

sample,

detector

A

Soil

sample,

detector

B

Filter

sample,

detector A

Filter

sample,

detector

B

20 3.674 0.087 2.070

45 1.719 2.336 0.283 0.313 0.925 1.370

60 1.897 2.286 0.354 0.379 1.014 1.337

80 2.088 2.279 0.398 0.417 1.110 1.324

120 2.254 2.302 0.438 0.447 1.205 1.317

200 2.265 2.281 0.476 0.478 1.256 1.313

500 2.149 2.164 0.519 0.519 1.256 1.290

1000 2.063 2.082 0.545 0.544 1.247 1.271

2000 1.998 2.009 0.568 0.564 1.237 1.256
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particle tracking (FEPE calculations) and integration (virtual TE
computations). The most likely cause for the discrepancies at the
very low energies are differences in the interaction data (absorp-
tion coefficients) used in the individual codes. When it comes to
direct computations of efficiencies with the Monte Carlo method,
the same effect has been observed (Vidmar et al., 2008) and its
origins traced to the use of different interaction cross sections
(Sima and Arnold, 2009). The differences could also be caused by
variations in the handling of the data near an absorption edge. The
materials that we tested (Table 3) lack any high-Z component so
the issue remains to be investigated. This includes the possibility
for increased differences between the codes for special materials
like industrial waste, or for soil samples, if high-Z compounds are
part of their composition.

For all but the lowest energies the results are very favourable
and the maximum deviations low, which signals the absence of
any significant outliers. It should also be borne in mind that some
sample geometries considered differ quite significantly from the
reference geometry, perhaps more so than is usually the practice.
The study therefore testifies to the equivalence of all the different
computer codes employed when it comes to the application of the
ET method to environmental measurements. This gives confi-
dence in its results and limits the extent of the systematic
uncertainty stemming from the various implementations of the
method that can be ascribed to its results to a couple of percent,
which is perfectly satisfactory for this sort of applications.

The execution times of the different codes were also reported
by the participants and they varied greatly—from a few seconds to

several hours—when computing the ET factors for all the energies
and a given sample geometry. This result is due to many causes,
above all the fact that several participants exceeded the required
relative statistical accuracy of 1% in their calculations. In addition,
the execution time depends on such factors as the processor type
and clock frequency, the amount of the installed memory and the
settings of the particular software. In spite of all these caveats, a
general observation is warranted that the dedicated software
packages did the job on average much faster than the general
purpose Monte Carlo codes. This is because the dedicated codes
by default employ various variance reduction techniques, starting
with the cylindrical symmetry of the set-up, and because they
only transport photons and electrons. General purpose packages
are in this regard disadvantaged by their more complex physics
and particle tracking. They can of course also be used in modes
which optimize the execution time with various variance reduc-
tion techniques, but this requires advanced knowledge of their use
and was in any case not applied in our study.

4. Conclusion

It has been demonstrated that for the purpose of environmental
measurements, the most widely used general MC packages and the
specialized software for efficiency calculations can all be consid-
ered equivalent when used to realise the ET method with gamma-
ray energies higher than 45 keV. It remains to be investigated
whether this also applies to high-Z materials, such as industrial
waste, when measuring gamma rays with energies lower than
100 keV. Within the statistical uncertainties of the results (1%), no
systematic difference was found between the codes that base the
ET calculation on FEPE and those that utilize (virtual) total
efficiencies. These findings can give the user confidence in the
method itself and in its different implementations.
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a b s t r a c t

We studied the applicability of the Monte Carlo code DETEFF for the efficiency calibration of detectors

for in situ gamma-ray spectrometry determinations of ground deposition activity levels. For this

purpose, the code DETEFF was applied to a study case, and the calculated 137Cs activity deposition

levels at four sites were compared with published values obtained both by soil sampling and by in situ

measurements. The 137Cs ground deposition levels obtained with DETEFF were found to be equivalent

to the results of the study case within the uncertainties involved. The code DETEFF could thus be used

for the efficiency calibration of in situ gamma-ray spectrometry for the determination of ground

deposition activity using the uniform slab model. It has the advantage of requiring far less simulation

time than general Monte Carlo codes adapted for efficiency computation, which is essential for in situ

gamma-ray spectrometry where the measurement configuration yields low detection efficiency.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

There are two recognized methods for the determination of
radionuclide ground deposition levels in the environment: soil
sampling and in situ gamma ray spectrometry using high-purity
germanium (HPGe) detectors.

Soil sampling can provide information about the horizontal
and vertical distributions of the radionuclide of interest. However,
this approach is time consuming and numerous samples are
usually required in order to obtain consistent mean values for
the ground deposition levels over large areas.

In situ gamma-ray spectrometry, on the other hand, is con-
sidered a quick and reliable method for the determination of
radionuclides in the environment. In the case of ground-level
gamma-ray spectrometry, the detector is usually located at a
height of 1 m above ground and the spectrum of the ambient
gamma radiation is collected. The power of such measurements
lies in the fact that the detector, positioned above the ground
surface, measures the gamma radiation originating from an area
of several hundred square meters. This integration of the photon
flux over the entire measured area permits more reliable mean
values of ground depositions to be obtained.

In order to obtain a value for the ground deposition level in a
specific area, efficiency calibration of the detector is necessary.

To perform this task, knowledge or assumptions about both the
radionuclide depth distribution and the soil density are required.
These data are obtained by soil sampling, with the number of
samples being a trade-off between the uncertainty and the costs
of the sampling and the sampling evaluation processes.

Experimental efficiency calibration of detectors for in situ gamma-
ray spectrometry is a difficult and time consuming task, because a
large number of standards and measurements are required to cover
the range of experimental settings encountered in the field. In order
to overcome these difficulties, several semi-empirical methods (e.g.,
ICRU, 1994; Boson et al., 2006) and Monte Carlo procedures (e.g.,
Gering et al., 1998; Likar et al., 2004; Boson et al., 2009) have been
suggested for calculating in situ measurement calibration factors. In
this sense, the Monte Carlo method seems to be the more cost-
effective and flexible option, facilitating the estimation of calibration
factors for a much wider variety of source distributions and measure-
ment geometries. However, no reliable results can be obtained
without comprehensive validation of the Monte Carlo model.

The Monte Carlo code DETEFF (Cornejo Dı́az and Jurado Vargas,
2008, 2010a) was designed for the calculation of the full-energy
peak (FEP) efficiency in typical coaxial gamma-ray detectors: NaI,
CsI, Ge(Li), HPGe, and Si(Li). Although the program has been
thoroughly validated for relatively small sources, measured close
to the detector, i.e., in the ‘‘efficient’’ counting geometries used in
analytical laboratories (Jurado Vargas et al., 2002, 2003; Cornejo
Dı́az and Jurado Vargas, 2010a; Vidmar et al., 2010), no validation
exercise has been carried out so far for in situ measurements, where
large area radiation sources situated far away from the detectors
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need to be simulated. In these conditions, the code DETEFF can be a
suitable tool because of its reduced simulation time compared with
other general Monte Carlo codes applied to efficiency calculations.

In this work we studied the applicability of the Monte Carlo
code DETEFF for the efficiency calibration of detectors for in situ
determinations of ground deposition activity levels by gamma-
ray spectrometry. The code was used to replicate the calculations
of a study case and the obtained activity deposition levels were
compared with the published values.

2. Use of DETEFF for in situ gamma-ray spectrometry

DETEFF assumes a homogeneous distribution of the radio-
active material inside the source volume. For this reason, the
uniform slab model proposed by Boson et al. (2006) was adopted
to describe the activity depth distribution used for the calculation
of the in situ measurement calibration factors. In our model, the
source consists of cylindrical slabs, in which each slab has a
defined individual thickness, homogeneous density, and fraction
of the total homogeneously distributed activity. The schematic
description of the model is presented in Fig. 1.

The FEP efficiency calculations must then be carried out for
each slab at a given site. According to Fig. 1, the slabs can be
simulated as cylindrical sources and the corresponding calibra-
tion factor for the in situ measurement of the ground deposition
activity is given by the right-hand side in the expression:

AS

Cr
¼ gS

XN

k ¼ 1

ekak

 !�1

ð1Þ

with AS being the ground deposition activity per unit area (Bq m�2),
Cr the FEP count rate (s�1), g the photon emission probability (yield)
for a particular energy, S the surface of the measured area, i.e., the
area of the front side of the cylindrical slabs (m2), ek the FEP
efficiency corresponding to slab k for a particular energy, and ak

the fraction of the total radionuclide inventory contained in slab k.
The summation occurs over the N layers or slabs of the model.

The program DETEFF allows the possibility of considering
the photon attenuation caused by any material placed between

the source and detector. Therefore, during the simulations for slab
k¼n (1onrN), the attenuation caused by the slabs above (from
k¼1 to n�1) and the air can be considered by defining a
hypothetical filter, with an effective linear attenuation coefficient
given by the following expression:

mFilter for slab n ¼
mm

airrairdairþ
Pn�1

k ¼ 1 mm
k rkdk

dairþ
Pn�1

k ¼ 1 dk

ð2Þ

where mm
air, rair, and dair denote the mass attenuation coefficient

(without coherent scattering), the density, and the thickness of
the layer of air between the bottom of the detector and the
ground surface, respectively. mm

k , rk, and dk denote the same
parameters for the k-th soil slab. The thickness of this hypothe-
tical filter is dairþ

Pn�1
k ¼ 1 dk.

This uniform slab model to be used with the code DETEFF does
not consider the effects caused by the ground curvature and the
presence of trees at the sites evaluated. The effects of ground
curvature and the attenuation of photons caused by trees in the
field of view of the detector were studied by Boson (2008) for
661.7 keV. The authors found that these effects were comparable
with the combined uncertainty of in situ measurements on a
plane surface. Similar results were obtained by Laedermann et al.
(1998) for the attenuation in vegetation, the reported value being
about 5% for 660 keV. It must be noted that the proposed uniform
slab model is not intended for fresh fallout, in which case the
activity deposition on tree crowns could be significant.

A previous work (Cornejo Dı́az et al., 2010b) showed that the
Mersenne Twister random number generator, incorporated in
the code DETEFF, seems to be adequate for the simulations of
the ‘‘less efficient’’ measurement setups encountered during
in situ gamma-ray spectrometry.

3. Study case chosen for validation

The study case selected for this validation of the DETEFF code
was the work published by Boson et al. (2009), which evaluated
the 137Cs ground deposition activity levels corresponding to 20-
year-old fallout at five sites in Sweden. The determinations were
carried out by the authors by soil sample measurements and by
in situ measurements using both semi-empirical and Monte Carlo
calibrations. In both calibration methods the authors used the
three-layer model (Boson et al., 2006), previously proposed for
the description of soil density and activity depth distribution. For
the Monte Carlo simulations, the code MCNP5 v. 1.40 (Los Alamos
National Laboratory, USA) was used.

Two different p-type HPGe detectors were used for the in situ
measurements at the five sites. Nevertheless, only the characteristics
of one of these detectors, used at four of the sites, were provided by
the authors (see Table 1). We therefore used the results of these four

H

Detector

R

Slab1
Slab2

SlabN

d1
d2

dN

a1
a2

aN�N

�2

�1

Fig. 1. Model used with the code DETEFF for the calculation of calibration factors

for in situ measurements, where dk, ak, and rk denote the thickness, the activity

fraction, and the density of the slab k, respectively. H denotes the height of the

center of the active detector volume above the ground and R the radius of the

cylindrical slabs.

Table 1
Dimensions of the HPGe detector used for in situ measurements

(Boson et al., 2008).

Characteristic Value (mm)

Ge crystal diameter 58.3

Ge crystal length 65.4

Ge dead layer (front and lateral) 0.7

Core diameter 10.5

Core depth 53.4

Radius of the upper edge rounding 8.0

Distance from crystal to Al cover 4.0

Al cover diameter 69.6

Al cover thickness (front and lateral) 1.27

Al holder thickness (front) 0.025

Al holder thickness (lateral) 0.5
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sites, for which the measurement setup had been completely
described.

The Monte Carlo simulations of the detectors were made using
the data supplied by the manufacturer, although the efficiency
values were finally adjusted with a detector-specific correction
factor of 1.18070.032 to correct the overestimates attributed to
the inaccuracies in the manufacturer’s data.

The main characteristics of the studied sites, relevant for the
calculation of the calibration factors for the in situ measurements,
are presented in Boson et al. (2009) and are summarized in
Table 2. The activity fractions and the corresponding uncertainties
were calculated by us from the activity sampling data published.
It should be noted that some uncertainties of the slab thicknesses
were not provided by the authors.

During the in situ measurements, the detector was placed on a
tripod so that the geometric center of the germanium crystal was
positioned 1 m above ground. A 30 m cut-off radius of the source
was used in all in situ simulations, corresponding to a simulated
source area of about 2800 m2.

4. Results of 137Cs ground deposition obtained with DETEFF

In this work, the 137Cs ground depositions (As) at the sites of
the study case were estimated using Eqs. (1) and (2). Three FEP
efficiency values were then calculated for each site using the
Monte Carlo code DETEFF.

For the simulations we adopted the same parameters of the
study case. Consequently, the input data for the simulations of
detector and source matrix were taken from Tables 1 and 2,
respectively, and the FEP efficiency values were finally corrected
dividing the calculated efficiencies by the corresponding detector-
specific correction factor. The value adopted for the photon emission
probability (g) of the 137Cs gamma energy (661.7 keV) was
0.85070.002 (Bé, 2011), and for the mass attenuation coefficients
(without coherent scattering) of soil and air we used the values
7.754�10�2 cm2 g�1 and 7.703�10�2 cm2 g�1, respectively, with
a standard uncertainty less than 2% according to Berger et al. (1999).

The FEP count rates (Cr) required to calculate the ground
deposition activity at each site, using Eq. (1), were taken from
Boson (2010) and are summarized in Table 3. The combined
standard uncertainty of the ground deposition activity was
estimated in accordance with GUM (ISO, 1995), propagating the
standard uncertainties of the parameters in expression (1). The
uncertainty in ek due to the uncertainties in soil slab thicknesses
and attenuation coefficients was estimated with DETEFF by
investigating the sensitivity of ek with respect to changes in these
parameters. The same random number seeds, i.e., the same
random number sequences, were used to obtain correlated
statistical uncertainties, and consequently a direct dependence
of the differences in the observed efficiency results regarding the
variation of the studied parameters. In order to obtain the

combined standard uncertainty of ek, the statistical uncertainty
of the simulation and the uncertainty of the detector-specific
correction factor were added. The effect of soil slab thickness
variation was not evaluated for sites A and D, for which the
corresponding standard deviations were not provided (see
Table 2).

According to Boson et al. (2009), the uncertainty introduced by
the description of the source matrix as three discrete homoge-
neous layers is about 8.7% for this case. In order to derive more
realistic results, this uncertainty value was propagated with the
uncertainty of the ground deposition activity obtained from
expression (1).

The FEP efficiency values obtained with the Monte Carlo code
DETEFF are summarized in Table 4. The number of photons
generated was large enough (E109) to achieve statistical uncer-
tainties below 5% in the FEP efficiencies. The simulation times
were between 14 and 72 min with a 3.06 GHz Celeron CPU.

The results for 137Cs ground deposition activity levels calcu-
lated with the code DETEFF for the four sites studied and the
corresponding values obtained by Boson et al. (2009) using
different approaches are summarized in Table 5. The combined
standard uncertainties of the calculated ground deposition levels
were found to be between 13% and 21%. These values are similar
to those reported by Boson et al. (2009), as one would expect
because the same sources of uncertainty were considered.

The values obtained with DETEFF are equivalent to the results
of the study case, the differences being well below the corre-
sponding uncertainties. The absolute relative deviations with
respect to the results of MCNP5 are less than 3%, this value being
below the relative statistical uncertainties of the efficiency
calculations carried out with the two codes. The underestimate
of between 5% and 9% of the ground depositions at sites C and D
could be explained by the attenuation caused by the existing
vegetation i.e. spruce forest and alder forest, respectively.

5. Conclusions

The 137Cs ground deposition levels calculated by using DETEFF
were found to be in good agreement, within the measurement
uncertainties, with the results obtained by soil sampling and
in situ measurements. According to the present results, it is
reasonable to assume that the code DETEFF could be used for
efficiency calibration of in situ gamma-ray spectrometry for the

Table 2
Soil sample results. The uncertainties are presented as one standard deviation and correspond to the mean of the 17 values obtained for each parameter. Soil composition

(in mass %) adopted for the four sites: H (1.1%), C (1.3%), O (55.8%), Al (7.1%), Si (31.5%), and Fe (3.2%).

Slabs dk (cm) rk (103 kg m�3) ak dk (cm) rk (103 kg m�3) ak

Site A (open lawn) Site B (open lawn)
1 2 1.2170.05 0.8070.16 1.3870.19 0.7470.06 0.1370.04

2 5 1.4670.06 0.1670.05 9.770.3 1.0270.04 0.8070.11

3 9.470.7 1.7270.04 0.0470.01 4.470.6 1.3970.08 0.0770.01

Site C (spruce forest) Site D (alder forest)
1 2.5070.18 0.3270.03 0.0970.01 3 0.7670.04 0.1870.03

2 5.470.3 1.0470.03 0.5970.07 10 1.0070.03 0.8070.17

3 11.170.6 1.29770.022 0.3270.04 12.270.8 1.0570.08 0.0270.01

Table 3
Full-energy peak count rates (in s�1) corresponding to the study case. The

standard uncertainties are given for a coverage factor k¼1.

Site A Site B Site C Site D

3.2370.06 3.3570.07 33.370.7 111.072.2
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determination of ground deposition activity using the uniform
slab model.

The uniform slab model should be applied with caution in
cases of significant ground roughness or the presence of trees in
the detector’s field of view, particularly in situations involving
lower energy gamma emitters. The activity deposition on tree
crowns could also require further consideration in cases of fresh
fallout.

The possibility of rapid efficiency calibrations with DETEFF may
be of considerable importance in emergency responses, in which
urgency will imply making certain simplifying assumptions.
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Vargas, M., Vasilopoulou, T., Vidmar, G., 2010. Testing efficiency transfer codes
for equivalence. Appl. Radiat. Isotopes 68, 355–359.

Table 4
Full-energy peak efficiencies obtained with the code DETEFF. The values in parentheses represent the corresponding standard deviations in % (for k¼1).

Slabs Site A Site B Site C Site D

1 2.55�10�7 (5.7) 3.21�10�7 (6.4) 3.56�10�7 (6.5) 2.40�10�7 (5.4)

2 8.90�10�8 (5.6) 9.81�10�8 (6.2) 1.44�10�7 (6.4) 6.95�10�8 (5.5)

3 1.79�10�8 (4.8) 2.69�10�8 (5.8) 1.43�10�8 (5.7) 1.70�10�8 (5.5)

Table 5
Ground deposition levels obtained using different efficiency calibration methods. Standard uncertainties are presented with a coverage factor of k¼1. The relative

differences between the values calculated with DETEFF and the published results are added in parentheses for clarification.

Method Ground deposition levels (kBq m�2)

Site A Site B Site C Site D

In situ—Monte Carlo (DETEFF) 6.1871.29 11.571.9 115.5715.4 471780

Soil samplesa 6.3770.85 (�3.0%) 11.3970.95 (1%) 121.378.9 (�4.8%) 519776 (�9.4%)

In situ—semi empa 5.7670.97 (7.3%) 11.171.7 (3.6%) 109722 (6.0%) 420780 (11.9%)

In situ—Monte Carloa 6.0570.95 (2.1%) 11.871.7 (�2.5%) 112721 (3.0%) 464785 (1.3%)

a Boson et al. (2009).
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Influence of chemical composition of soil samples in environmental gamma-ray spectrometry

J. Carrazana Gonzáleza, N. Cornejo Díaza, M. Jurado Vargasb, E. Capote Ferreraa

aCentre for Radiological Protection and Hygiene P.O. Box 6195, Habana, Cuba

bPhysics Department , University of Extremadura  06071 Badajoz, Spain

CONCLUSIONS
 The use of Monte Carlo simulation for the efficiency calibration in gamma-ray 

spectrometry is becoming ever more common. Monte Carlo simulation offers the 
possibility of precise self-absorption corrections whenever the elementary 
chemical composition of the analyzed samples is well known.    

 Providing the elemental chemical composition of samples is an issue that needs 
to be considered by the organizers of intercomparison exercises and proficiency 
tests. The present work has shown that “Not Acceptable” trueness can be 
obtained by participant laboratories just from the fact of considering different 
types of soils for self-absorption corrections.  In this sense, it would be very 
difficult to identify the origin of the deviations of participant laboratories if they 
randomly selected the type of soil for self-attenuation corrections. 

 The production of new reference materials for low-energy gamma emitting 
radionuclides, could be of considerable help for analytical laboratories using 
gamma-ray spectrometry if these materials are accompanied by precise 
information on their chemical composition.  

RESULTS
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INTRODUCTION
To quantify low energy radionuclides in environmental samples by gamma-ray spectrometry it is necessary to estimate the relevant self-attenuation corrections. In 
intercomparison exercises and proficiency tests, information on the elementary chemical composition of samples is often not provided. As a consequence, participating 
laboratories using Monte Carlo codes for efficiency calibration and considering different elementary chemical compositions of samples might show different performances, 
particularly for energies below 60 keV. To study the influence of the source's chemical composition on the self-attenuation corrections during the activity quantification of 
low-energy gamma-ray emitters in soil samples, we conducted a Monte Carlo-based hypothetical proficiency test in which different analytical laboratories analyze a soil 
sample, assuming the same density but a different chemical composition. 

HYPOTHETICAL PROFICIENCY TEST
The task for each laboratory was to estimate the activity concentration of 109Cd (24.9 keV), 210Pb (46.5 keV), and 241Am (59.5 keV) in a soil sample. Each laboratory 

adopted one of the soil compositions given in Table 1. It was assumed that the only difference between laboratories was the soil composition used for the aforementioned 
correction. 
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Efficiency calculations with Monte Carlo code DETEFF [4]
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V
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

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Simulated HPGe detector

refV : Reference value for activity concentration

labV : Activity concentration reported by the lab

U : Standard combined uncertainty

Trueness

Precision

Soil density = 1.6 g.cm-3

Adopted values

Evaluation criteria

Simulated Sample 
Cylindrical (110mL)

Diameter = 51cm, Height = 5.4cm
(Polyethylene walls) 

Efficiency values as a function of energy for different laboratories 
Relative statistical standard deviation < 1%

Results of the hypothetical proficiency test 

LAP: limit of acceptable precision

MAP: maximum acceptable bias 
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Use of Monte Carlo simulation for effective utilization of gamma-spectrometry 

systems in environmental applications 

 

Jorge A. Carrazana González; Isis M. Fernández Gómez; Eduardo A. Capote Ferrera 
 

Centre for Radiological Protection and Hygiene, P.O. Box 6195, Habana, Cuba 
 

 
1. Introduction 

 
High-resolution gamma-ray spectrometry with germanium detectors is one of the most 
widely used procedures to determine the concentrations of radionuclides in 
environmental samples and in the environment (“in situ” application). Gamma-ray 
spectrometry is a non-destructive technique which has the advantage of not requiring 
laborious sample preparation. However, in order to obtain activity concentration values 
in the analyzed samples or the environment, prior knowledge of the full-energy peak 
efficiency (at each photon energy) for given measurement conditions is required. 
 
Usually the efficiency calibration of the gamma-ray spectrometric systems is based on 
the use of standard radioactive sources of very similar geometrical dimensions, density, 
and chemical composition to the sample under study. Actually, it is not difficult to 
reproduce a given sample geometry, so that this aspect is not a significant problem. On 
the contrary, photon attenuation within the sample itself can be very different for the 
sample of interest and for the calibration source.  
To have a calibration source similar to the sample implies conditions that cannot be 
fulfilled in many cases. In addition, standard radioactive sources, even if available, are 
costly and would need to be renewed, especially when the radionuclides have short half-
lives. The permanent availability of standard radioactivity sources can be a problem, 
mainly in developing countries where limited resources exist. 
 
One effective procedure to overcome these above mentioned difficulties is the use of 
Monte Carlo simulation, which allows the peak efficiencies to be calculated taking into 
account the detailed characteristics of the detector and sample. A clear advantage of 
Monte Carlo codes is that they allow one to quickly calculate new efficiency values for 
changes in the measurement conditions (geometry, chemical composition and density). 
The simulation procedures must however be precisely checked in order to guarantee 
accurate values for the simulated efficiencies. 
 
When Monte Carlo simulation is applied for efficiency calibration of gamma-ray 
spectrometric systems, it is important to realize that significant discrepancies between 
calculated and experimental efficiency values can be found when a direct computation 
is made using the geometrical data for the detector given by the manufacturer. However, 
these deviations are greatly reduced when a relative computation is performed using the 
efficiency transfer method.  
Since 1997 the Environmental Radiological Surveillance Laboratory (LVRA) from the 
Centre of Radiation Protection and Hygiene (CPHR) has been accredited (by the 
National Accreditation Body in Cuba) for the determination of radionuclides in 
environmental test items by gamma-ray spectrometry.  At the beginning, the 
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accreditation was according to the ISO/IEC 25, later we have been accredited in 
correspondence to the ISO/IEC 17025.  
  
In 2010 the LVRA from CPHR was accredited (by the National Accreditation Body in 
Cuba) for the application of Monte Carlo simulation (through the use of the code 
DETEFF, designed and created at CPHR) to the determination of radionuclides in 
environmental samples. In this sense, it was recognized that Monte Carlo simulation 
(DETEFF) is a feasible, reliable and traceable method for efficiency calibration of 
gamma-ray spectrometric systems.  
 
This work shows the methodology for carrying out traceable efficiency calibrations of 
gamma-ray spectrometric systems using the code DETEFF and the efficiency transfer 
method. As a demonstration of the reliability of Monte Carlo simulation for the 
determination of radionuclides in environmental samples, the results of a recent IAEA 
intercomparison exercise, where the efficiency calibration was completely carried out 
with DETEFF, are presented. In order to prove the effectiveness of the efficiency 
transfer methodology carried out using DETEFF, the results of an IAEA 
intercomparison of efficiency transfer codes (evaluating the performance of DETEFF 
and the most important Monte Carlo codes used for this purpose) are analyzed. Two 
different examples on how Monte Carlo simulation (DETEFF) can contribute to the 
effective utilization of gamma-ray spectrometric systems are presented. The first 
example is related to self absorption corrections in the measurement of environmental 
samples (laboratory application). The second example is a work still in progress linked 
to the applicability of the Monte Carlo code DETEFF for efficiency calibration of 
detectors for “in situ” determination of activity ground deposition levels by gamma-ray 
spectrometry.  With this purpose, it was designed a methodology for using DETEFF to 
this specific application. Preliminary results indicate that the use of DETEFF has the 
potential advantage of requiring a much more reduced simulation time than other Monte 
Carlo codes, which is essential for in situ gamma-ray spectrometry, where the detector 
arrangement results in very low detection efficiency.  In the same way, the possibility of 
rapid efficiency calibrations with DETEFF may be of considerable importance in 
emergency response, where one might simply make some assumption about the source 
distribution.  
 
2. Monte Carlo simulation (DETEFF) helping to the effective use of gamma-ray 

spectrometric systems in environmental applications 

 
2.1. Main features of the code DETEFF 
 
DETEFF is a Monte Carlo code programmed in Object Pascal for detector-efficiency 
calculations in gamma-ray spectrometric systems with coaxial detectors, which can be 
scintillators (NaI or CsI) or semiconductor detectors (Ge(Li), HpGe or Si(Li)). The code 
accepts gamma-ray energies from 10.0 keV to 2.0 MeV. The sample configurations are 
cylindrical, rectangular, and Marinelli beakers, thus including the cases of point and 
disk sources as degenerate cylindrical geometries. The samples are considered to be 
axially centred with respect to the detector, so that the source position is defined by the 
source-to-detector distance. DETEFF has a user-friendly Interface that facilitates de 
access to the code options. This software runs under Windows platform.  
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DETEFF uses the Mersenne Twister random number generator (Cornejo et al., 2010b), 
which pass most of the empirical statistical tests and has a huge period of   (219937 - 1). It 
should be noted that in almost all the situations modelled with DETEFF, 108 random 
numbers are enough to obtain standard deviations less than 0.2% for the efficiency. 
 
The initial state of each photon is given by its starting point, direction vector, energy, 
and a statistical weight (initially equal to unity). The simulation begins with the 
sampling of the starting position for the emission of each photon inside the sample. This 
starting position is randomly sampled according to a uniform distribution throughout the 
interior of the source volume, i.e. assuming a homogeneous source-activity distribution. 
Once the starting point is determined, the direction vector is randomly sampled 
according to an isotropic distribution. 
 
For Marinelli geometries, the direction vector is sampled in 4π sr, while for rectangular 
and cylindrical sources (located above the detector) it is sampled only towards the 
detector semi-space (i.e. within a solid angle of 2π sr). 
 
In order to save computation time, DETEFF does not follow the secondary charged 
particles and assumes that their kinetic energy is totally deposited at the collision point. 
However, two procedures have been incorporated to correct the values of energy 
deposited by charged particles, considering the escape of electrons and bremsstrahlung 
radiation. 
 
The energy cut-off for photons is 10 keV, thus photons bellow 10 keV are considered to 
be absorbed at the point where they originated. This assumption saves computation time 
and is considered to be acceptable in the context of the simulations performed, because 
the absorption probability for 10 keV photons is considerably higher than the scattering 
probability. 
 
2.2. The efficiency transfer method in Monte Carlo simulation 

One of the main factors that limit the accuracy of the Monte Carlo codes for efficiency 
calibration is the inaccuracy in the parameters associated with the detector’s geometrical 
characteristics (Korun et al., 1997), because significant deviations in the efficiency can 
occur from only slight changes in some of these geometrical parameters. Therefore, the 
detector physical dimensions provided by the suppliers are usually insufficient for 
accurate efficiency computations, and it is necessary to compare computed with 
experimental efficiencies for different sample configurations to optimize the detector 
geometry parameters.  
As expressed by Vidmar et al. (2010), even since its introduction by Moens et al. (1981), 
efficiency transfer (ET) has been a popular method of calculating full-energy peak 
efficiencies (FEPE) of a sample of interest on the basis of an experimental efficiency 
curve measured on the same detector, but with a calibrated sample of different size, 
geometry, density or composition. The procedure saves time and resources, since 
sample specific experimental calibration is avoided. It has proven especially useful in 
environmental measurements (Gilmore, 2008), where on the one hand ultimate 
precision in calibration necessary in metrological applications is usually not required 
and on the other a variety of different sources might be measured by a laboratory 
carrying out environmental measurements. 
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The method works by calculating a ratio of the efficiencies for the sample of interest 
and for the calibration sample and by multiplying it with the measured FEPE of the 
latter. A great advantage of the method, as pointed out and verified by its founders, is 
that in the calculated ratio many inaccuracies in the detector model can be expected to 
cancel out to a large degree, making it possible to work directly with non-optimized 
detector data supplied by the manufacturer. The cancellation of differences also applies 
to the interaction cross-section data that different implementations of the ET method 
may use and to their physical models of particle interaction and tracking. 
 
In the ET method carried out by Monte Carlo simulation (DETEFF), the efficiency for a 

given energy in the geometry of interest εi is calculated from the following relationship. 
 

   
i r

i rS S

ε ε
=                                                                                                            (1) 

 
where Si and Sr denote the computed efficiencies for the geometry of interest and for the 

reference geometry, respectively, and εr is the known experimental efficiency for the 
reference geometry. 
 
2.3. Traceability of efficiency calibrations when the ET method is used 

 
 The traceability of efficiency calibration, when the ET method is used in Monte Carlo 
simulation (DETEFF), is guaranteed through the use of certified calibration standards 
traceable to the International System of Units (SI) for obtaining the experimental 

efficiency of the reference geometry (εr). The efficiency for the geometry of interest (εi) 
is obtained by multiplying εr by constant factors (ratio of computed efficiencies), in this 
way the traceability chain does not break.  
 

i
i r

r

S

S
ε = ⋅ε                                                                                                          (2) 

 
2.4. Is DETEFF reliable for efficiency transfer? Intercomparison of efficiency 

transfer codes based on Monte Carlo simulation 

 
As referred in our previous work (Vidmar et al., 2010), although the ET method 
featured prominently and did well in an intercomparison of various calculation 
approaches to the efficiency determination in gamma-ray spectrometry, organized by 
Lepy et al. (2001), no study had ever been done into how compatible the different ET 
codes were with each other. In this sense, an intercomparison exercise on efficiency 
transfer (ET) codes was carried out, with the aim of establishing their equivalence 
and/or quantifying the differences between them. The users of different codes were thus 
asked to perform calculations of the ET factor for a set of well-defined sample and 
detector parameters. The exercise was supposed to bring to light the sources of potential 
differences between the codes and help establish general guidelines for stating the part 
of the uncertainty attributable to this sort of calculation method stemming from the 
inherent differences between its various implementations. 
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2.4.1. Method 

 
The different ET codes considered were confronted with each other without any 
reference to experimental data and without any intention of eventually favouring one 
over the other. Rather, the potential differences between them were simply supposed to 
shed light on the problems in the field that may not have been apparent until now and 
give a "feeling" of how reliable such calculations are in ideal circumstances. 
 
The intercomparison was partially spurred by a similar study on the use of Monte Carlo 
codes in gamma-ray spectrometry for direct calculation of the FEPE and total 
efficiencies (Vidmar et al., 2008). The crucial difference, though, is that the ET method, 
as explained above, uses ratios of calculated efficiencies, not their directly computed 
values. 
 
The codes featuring in the intercomparison fell into two categories: specialised codes 
written specifically for efficiency calculations in gamma-ray spectrometry and general 
Monte Carlo simulation tools adapted to the task at hand. From the first group, the 
codes GESPECOR (Sima and Arnold, 2002), ETNA (Piton et al., 2000), DETEFF 
(Cornejo Díaz and Jurado Vargas, 2008), ANGLE (Jovanović et al., 1997) and 
EFFTRAN (Vidmar, 2005) were tested. The representatives of the second group were 
GEANT 3.21 (Brun et al., 1987), MCNP (Briesmeister, 2000; X-5 Monte Carlo Team, 
2003), PENELOPE (Salvat et al., 2003; Salvat et al., 2008) and EGS4 (Nelson et al., 
1985). 
 
A p-type and an n-type detector model were considered, along with a set of well defined 
sample geometries. In all the cases, a complete cylindrical symmetry of the sample-
detector geometry was presumed. The parameters of the two HPGe detectors used in the 
study are given in Table 1 and a sketch of the p-type detector is also provided (Figure 1). 
The two detectors are identical, except for the thickness of the dead layer and the 
material and thickness of the front window. The sources are described in Table 2 and 
the characteristics of various materials used in the constructions of the detector and 
sample models are given in Table 3. Each source was embedded in a tightly fitting 
container and in the calculations the sources were all placed directly onto the detector 
window, except for the point source. For each of the possible detector-sample 
combinations, ET factors were computed for the following set of energies: 20, 45, 60, 
80, 120, 200, 500, 1000 and 2000 keV. The lowest energy was only considered with the 
n-type detector. The participants were asked to keep the relative statistical uncertainty 
of all the reported results below 1%.  
 
The ET factor was defined as the ratio of the calculated efficiencies for the sample 
geometry and the reference geometry. The reference geometry was in all cases that of 
the Ф60x20 mm water solution. The transfer from this Reference source to the Soil and 
Filter geometries can quite realistically be expected to be carried out in practice, 
although the deviation of the latter geometries from the reference source is rather 
pronounced. On the other hand, the ET to the Point configuration was only included as a 
demanding test of the codes and would not be recommended in practice.  
 
The efficiencies calculated by the codes to arrive at the ET factors could be either full-
energy ones or total efficiencies, depending on the way a given code works. In the latter 
case, the validity of the theorem on the independence of the virtual total-to-peak ratio 
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was invoked, as explained above. Table 4 shows the codes, their basic characteristics 
and the ways in which they were applied. 
 

Table 1: Detector parameters. All dimensions are given in millimetres (mm). The 
housing diameter is in all cases the same as the window diameter. 
 
Parameter Detector A Detector B 

Crystal type p n 

Crystal material Ge Ge 

Crystal diameter (including the side dead layer) 60 60 
Crystal length (including the top dead layer) 60 60 
Dead layer thickness (top and side) 1 0.0003 
Hole diameter 10 10 
Hole depth 40 40 
Window diameter 80 80 
Window thickness 1 0.5 
Window material Al Be 
Crystal-to-window distance 5 5 
Housing length 80 80 
Housing thickness 1 1 
Housing material Al Al 
 
 
Table 2: Sample parameters. All dimensions are given in millimetres (mm). The 
container is in all cases, except for the point source, a plastic vessel of 1 mm thickness, 
tightly encasing the sample on all sides. The point source has no container. 
 
Parameter Reference Point Soil Filter 
Sample diameter (including the container) 60 0.0 90 80 
Sample height (including the container) 20 0.0 40 3 
Sample material Water - Quartz Cellulose 
Container-to-detector-window distance 0.0 1.0 0.0 0.0 
 
 
Table 3: Characteristics of various detector and sample materials. All densities are given 
in g/cm3.  
 
Material Density Chemical formula 
Ge 5.323 Ge 
Al 2.700 Al 
Be 1.848 Be 
Water 1.000 H2O 
Quartz 1.400 SiO2 
Cellulose 0.200 C6H12O6 
Plastics (polystyrene) 1.050 C8H9 
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Table 4: The various combinations of the codes, their types and the ET implementations 
considered in the study 
 

ET Implementation Code Type Computer Code 
FEPE TE Specialized General 

ANGLE  x x  
DETEFF 4.2 x x x  
EFFTRAN  x x  
ETNA  x x  
EGS4 x   x 
GEANT 3.21 x x  x 
GESPECOR 4.2 x  x  
MCNP4C x   x 
MCNP5 x   x 
MCNPX x   x 
PENELOPE 2003 x   x 
PENELOPE 2008 x   x 
PENELOPE PENCYL x   x 
 
 

 
 

Figure 1: A schematic presentation of the setup for the case of the soil sample and the p-
type detector model.  
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2.4.2. Results and discussion 
 

For each detector-sample configuration and energy the mean of the ET factors was first 
calculated over all the sixteen data sets (Table 5). 
 
Table 5: The mean value of the ET factors for each energy and sample type calculated 
by averaging over all the data sets submitted by the participants. 
 

Energy Point A Point B Soil A Soil B Filter A Filter B 

20  3.6744  0.0866  2.0699 

45 1.7188 2.3361 0.2831 0.3129 0.9254 1.3695 

60 1.8967 2.2857 0.3535 0.3787 1.0141 1.3373 

80 2.0879 2.2789 0.3978 0.4166 1.1102 1.3242 

120 2.2535 2.3018 0.4379 0.4473 1.2054 1.317 

200 2.2647 2.2811 0.4756 0.4775 1.2556 1.3131 

500 2.149 2.1642 0.5189 0.5187 1.2562 1.2904 

1000 2.063 2.0818 0.5446 0.5435 1.2472 1.2712 

2000 1.9979 2.0089 0.5675 0.5642 1.2368 1.2561 
 

Table 6 shows the obtained results using DETEFF and Table 7 presents the relative 
differences of DETEFF respect to the mean values.  
 
Table 6: ET factors calculated using DETEFF 
 

DETEFF (FEP) 
Energy Point A Point B Soil A Soil B Filter A Filter B 

20  3.6972  0.0875  2.0803 

45 1.7134 2.3367 0.2817 0.3123 0.9172 1.3670 

60 1.8913 2.2870 0.3505 0.3784 1.0027 1.3380 

80 2.0913 2.2821 0.3988 0.4173 1.1087 1.3258 

120 2.2625 2.3093 0.4376 0.4469 1.2000 1.3168 

200 2.2665 2.2930 0.4725 0.4771 1.2464 1.3096 

500 2.1563 2.1810 0.5202 0.5202 1.2486 1.2855 

1000 2.0758 2.0940 0.5446 0.5444 1.2429 1.2634 

2000 2.0121 2.0264 0.5691 0.5668 1.2313 1.2540 
 
 
 
 
 
 
 
 
 
 
 
 

carrazana
Texto escrito a máquina
147



Table 7: Relative deviations of DETEFF respect to the mean values 
 

Relative deviations of DETEFF [%] (FEP) 
Energy Point A Point B Soil A Soil B Filter A Filter B 

20  0.62  0.98  0.50 

45 -0.31 0.03 -0.48 -0.19 -0.88 -0.19 

60 -0.28 0.06 -0.86 -0.07 -1.13 0.06 

80 0.16 0.14 0.25 0.17 -0.14 0.12 

120 0.40 0.32 -0.06 -0.10 -0.45 -0.01 

200 0.08 0.52 -0.66 -0.09 -0.73 -0.27 

500 0.34 0.77 0.25 0.29 -0.60 -0.38 

1000 0.62 0.59 0.00 0.16 -0.34 -0.62 

2000 0.71 0.87 0.28 0.46 -0.44 -0.17 

 
As can be seen, in all the studied cases, the relative deviations of the ET factors 
calculated by DETEFF were below 1.2% respect to the mean values. This result is very 
satisfactory and indicates a very good performance of DETEFF in this intercomparison 
exercise. In this sense, DETEFF is a reliable Monte Carlo code for carrying out 
efficiency transfer in gamma-ray spectrometry.   
 

Regarding the performance of the other Monte Carlo codes in this exercise, Table 8 
shows the standard deviation of the population of the ET factors, as percent of its mean. 
The value exceeding 2% is marked in bold. The averaging and the standard deviation 
calculation were done over all the data sets. 
 
The results of the different codes agree with each other within their respective statistical 
uncertainties. It is true that for the lowest energy considered, especially with the n-type 
detector model, the mean difference reaches 2.5%. However, on the one hand, one can 
safely argue that the ET factor for the energy of 20 keV is rarely required in 
environmental measurements. On the other hand, the agreement between the codes at 
higher energies points to proper and equivalent treatments of the mechanisms of particle 
tracking (FEPE calculations) and integration (virtual TE computations).  
 
Table 8: Standard deviation of the population of the ET factors, as percent of its mean. 
 
Energy Point A Point B Soil A Soil B Filter A Filter B 
20  1.4  2.5  1.2 
45 0.5 0.9 0.9 0.5 0.9 0.8 
60 0.6 0.5 0.9 0.9 1.0 0.5 
80 0.6 0.4 0.9 0.7 0.8 0.5 
120 0.5 0.4 0.7 0.5 0.6 0.6 
200 0.7 0.7 0.6 0.6 0.6 0.8 
500 0.8 0.9 0.8 0.3 0.6 0.9 
1000 0.7 1.1 0.5 0.5 0.8 0.9 
2000 0.7 1.0 0.7 0.6 0.8 0.8 
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2.4.3. Conclusion 

 

It has been demonstrated that for the purpose of environmental measurements, DETEFF 
and the most widely used general MC packages and the specialized software for 
efficiency calculations can all be considered equivalent when used to realise the ET 
method. Within the statistical uncertainties of the results (1%), no systematic difference 
was found between the codes that base the ET calculation on full-energy peak efficiency 
(FEPE) and those that utilize (virtual) total efficiencies. These findings can give the user 
confidence in the method itself and in its different implementations. 
 
2.5. IAEA-CRP1471-01 Proficiency Test on Determination of Radionuclides in 

Sediment Sample 
 

The Radiometrics Laboratory of the International Atomic Energy Agency's Marine 
Environment Laboratories has been providing quality products for the last 40 years 
which include the organization of intercomparison exercises, proficiency tests, 
production of Reference Materials and Certified Reference Materials, and training. 
More than 40 Reference Materials have been produced, which include a wide range of 
marine sample matrices and radionuclide concentrations. 
 

The Radiometrics Laboratory of the International Atomic Energy Agency's Marine 
Environment Laboratories organised a PT for the Coordinated Research Programme 
(CRP1471) “Benchmarking Calibration for Low-Level Gamma Spectrometric 
Measurements of Environmental Samples” to test the analytical performance for 
radionuclides on a sediment sample of participating laboratories. Laboratories agreed 
that, after the completion of the exercise, an IAEA report describing the results of the 
proficiency test would be issued, including their identities. 
 

2.5.1. Proficiency test objectives 

 
In 2009-2010, on request from the Coordinated Research Programme (CRP1471) 
“Benmarking Calibration for Low-Level Gamma Spectrometric Measurements of 
Environmental Samples”, a PT on the determination of radionuclides in a marine 
sediment sample was organised by IAEA-MEL. The IAEA Certified Reference Material 
IAEA-385 “Radionuclides in Irish Sea sediment” was used in this exercise, the identity 
of this sample remaining undisclosed to the participants during the exercise. The results 
of this exercise are meant to allow the participating laboratories to evaluate their 
performance in the analysis of the radionuclides in this sample and the comparability of 
their corresponding monitoring data. 
 
Participants 

 
A total of 10 laboratories from 8 countries have participated in the exercise.  
 

Material distribution and reporting requirements 

 
Each participant received 100g of sediment sample, with massic activities known by the 
organiser (IAEA-MEL), but kept unknown to the participants throughout the exercise. 
The material composition and its characterisation were determined and described in 
Pham et al. (2005) and Pham et al. (2008). The participants were asked to determine as 
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many radionuclides as possible by gamma-ray spectrometry. For each radionuclide 
analysed, the following information was requested: 
 
- Average weight of sample used. 
- Number of analyses. 
- Massic activity calculated as net values (i.e. corrected background) and expressed 
in Bq kg-1 dry weight. 
- Estimate of the combined uncertainty. 
- Description of counting equipment. 
- Reference standard solutions used. 
- Counting time, half-life used. 
 

2.5.2. Performance criteria 

 
The methodology adopted for this PT is the one used in previous IAEA PTs organised 
by the Unit of the Physics, Chemistry and Instrumentation Laboratory in Seibersdorf 
and by the Radiometric Laboratory in Monaco, described in detail in Shakhashiro et al. 
(2006). The scoring system takes into account the trueness and the precision of the 
reported data and includes in the evaluation both the combined standard uncertainty of 
the target value and the combined standard uncertainty reported by the participating 
laboratories. A result must pass both criteria for accuracy and precision to be assigned 
the status “Acceptable”, otherwise it will acquire the status “Warning” or “Not 
Acceptable”. 
 
A description of the criteria for evaluating trueness and precision is given in 2.6.1.2.  
 

2.5.3. Results using DETEFF for efficiency calibration 

 
In this Proficiency Test, we use the efficiency calibration generated by DETEFF.  We 
applied the ET method employing, as reference sources, certified calibration standards 
of 110 mL volume (traceable to SI, Czech Metrology Institute).  
 
Tables 9 to 15 presents the performance evaluation sorted by radionuclide. According to 
this Proficiency Test, the code assigned to our laboratory was 7. 
 
Table 9: Evaluation results for 40K in IAEA-385 (Target value: 607 ± 18 Bq kg-1) 

 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 516 18 3.6 15 -1.5 3.5 failed passed Warning 

2 566 40 7.1 6.8 -0.7 0.9 passed passed Acceptable 

3(P) 585 72 12.3 3.6 -0.4 0.3 passed passed Acceptable 

3(M) 591 64 10.8 2.6 -0.3 0.2 passed passed Acceptable 

4 460 15 3.3 24.2 -2.4 6.3 failed passed 
Not 

Acceptable 

5 609 24 3.9 -0.3 0.03 -0.07 passed passed Acceptable 

6 625 160 25.6 -3 0.3 -0.1 passed failed Warning 

7 600 34 5.7 1.2 -0.1 0.2 passed passed Acceptable 

8 620 100 16.1 -2.1 0.2 -0.1 passed failed Warning 

9 545 22 4.0 10.2 -1.0 2.2 passed passed Acceptable 

10 612 100 16.3 -0.8 0.1 0.0 passed failed Warning 
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Table 10: Evaluation results for 137Cs in IAEA-385 (Target value: 25.0 ± 1.7 Bq kg-1) 

 
 

Table 11: Evaluation results for 214Bi in IAEA-385 (Target value: 19.6 ± 2.2 Bq kg-1) 

 

 
Table 12: Evaluation results for 214Pb in IAEA-385 (Target value: 21.6 ± 2.4 Bq kg-1) 

 
 
 
 
 
 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 23.1 1.0 4.3 7.6 -0.8 0.9 passed passed Acceptable 

2 24.6 2 8.1 1.6 -0.2 0.2 passed passed Acceptable 

3 25 2 8.0 0.04 0.0 0.0 passed passed Acceptable 

4 14.4 1.6 11.1 43 -4.3 4.5 failed passed 
Not 

Acceptable 

5 25.3 1.3 5.1 -1.2 0.1 -0.1 passed passed Acceptable 

6 14 5.3 38 44 -4.4 2 passed failed 
Not 

Acceptable 

7 25.1 1.4 5.6 -0.4 0.04 -0.04 passed passed Acceptable 

8 27 4 14.8 -8 0.8 -0.5 passed failed Warning 

9 23.1 0.9 4.0 7.5 -0.8 0.9 passed passed Acceptable 

10 25 6 24 0.0 0.0 0.0 passed failed Warning 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 19 0.85 4.5 3.1 -0.3 0.3 passed passed Acceptable 

2 - - - - - - - - - 

3(P) 22 1 4.5 -12.2 1.2 -0.99 passed passed Acceptable 

3(M) 21 1 4.8 -7.1 0.7 -0.58 passed passed Acceptable 

4 - - - - - - - - - 

5 - - - - - - - - - 

6 - - - - - - - - - 

7 21.6 1.2 5.6 -10.2 1.02 -0.80 passed passed Acceptable 

8 - - - - - - - - - 

9 18.6 1.5 8.1 5.1 -0.5 0.4 passed passed Acceptable 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 19 0.8 4.5 3.1 -0.3 0.3 passed passed Acceptable 

2 - - - - - - - - - 

3(P&
M) 

20 1 5.0 7.4 -0.7 0.6 passed passed Acceptable 

4 - - - - - - - - - 

5 - - - - - - - - - 

6 24 6.5 27.1 -11.1 1.1 -0.3 passed failed Warning 

7 21.6 1.2 5.6 -10.2 1.0 -0.8 passed passed Acceptable 

8 - - - - - - - - - 

9 21 1.7 8.1 2.8 -0.3 0.2 passed passed Acceptable 
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Table 13: Evaluation results for 226Ra in IAEA-385 (Target value: 21.9 ± 0.9 Bq kg-1) 

 
Table 14: Evaluation results for 228Ac in IAEA-385 (Target value: 34 ± 3 Bq kg-1) 

 
Table 15: Evaluation results for 232Th in IAEA-385 (Target value: 33.7 ± 1.1 Bq kg-1) 

 
 

 

 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 - - - - - - - - - 

2 21.4 1.8 8.4 2.3 -0.2 0.3 passed passed Acceptable 

3 21 1 4.8 4.1 -0.4 0.7 passed passed Acceptable 

4 22.5 2.3 10.2 -2.7 0.3 -0.24 passed passed Acceptable 

5 21.9 1.2 5.5 0.0 0.0 0.0 passed passed Acceptable 

6 - - - - - - - - - 

7 21.6 1.2 5.6 1.4 -0.1 0.2 passed passed Acceptable 

8 29 6 21 -32 3.2 -1.2 passed failed 
Not 

Acceptable 

9 41 17 42 -87 8.7 -1.1 passed failed 
Not 

Acceptable 

10 21 4 19 4.1 -0.4 0.2 passed failed Warning 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 34.3 4.6 13.4 -8.9 0.9 -0.5 passed failed Warning 

2 - - - - - - - - - 

3 34 3 8.8 -7.9 0.8 -0.6 passed passed Acceptable 

4 - - - - - - - - - 

5 - - - - - - - - - 

6 39 10 25.6 -23.8 2.4 -0.7 passed failed 
Not 

Acceptable 

7 33.1 1.9 5.7 -5.1 0.5 -0.5 passed passed Acceptable 

8 - - - - - - - - - 

9 32.4 1.6 4.9 -2.9 0.3 -0.3 passed passed Acceptable 

Lab 
Code 

Lab 
Value 
[Bq 

kg-1 

d.w.] 

Lab 
Unc. 
[Bq kg-

1 d.w.] 

Unc
. 

(%) 
Rel. Bias Z-Score U-Test Trueness Precision Final Score 

1 - - - - - - - - - 

2 - - - - - - - - - 

3(P) - - - - - - - - - 

3(M) - - - - - - - - - 

4 - - - - - - - - - 

5 - - - - - - - - - 

6 - - - - - - - - - 

7 33.1 1.9 5.7 1.8 -0.2 0.3 passed passed Acceptable 

8 - - - - - - - - - 

9 - - - - - - - - - 

10 35 8 23 -3.9 0.4 -0.2 passed failed Warning 
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2.5.4. Performance evaluation table sorted by Laboratory code 

Table 16 shows the performance evaluation table corresponding to our analytical 
laboratory. 
 

Table 16: Performance of  Laboratory No7, Centre of Radiation Protection and Hygiene 
(CPHR), La Habana, Cuba.  

 

2.6. Examples on how Monte Carlo simulation (DETEFF) can contribute to the 

effective utilization of gamma-ray spectrometric systems in environmental 

applications 

 
2.6.1. Study on the effect of source chemical composition on the self-attenuation corrections 

for low-energy gamma-rays in environmental samples 

 

2.6.1.1 Introduction 

 

As expressed in our previous work (Carrazana et al., 2010), to quantify low energy 
radionuclides in environmental samples by gamma-ray spectrometry it is necessary to 
estimate the relevant self-attenuation corrections. There are two main possibilities for 
performing these estimations: using an experimental design based on collimated point 
sources, or simulating the absolute full energy peak efficiency by Monte Carlo 
simulation. In the latter case, the accuracy is strongly dependent on adequate knowledge 
of the elementary chemical composition of the source matrix. 
 
In intercomparison exercises and proficiency tests, information on the elementary 
chemical composition of samples is often not provided. As a consequence, participating 
laboratories using Monte Carlo codes for efficiency calibration and considering 
different elementary chemical compositions of samples might show different 
performances, particularly for energies below 60 keV.  In this sense, it is known that for 
this energy range the assumption of sample mass attenuation coefficients similar to 
those of water (for self-absorption corrections in environmental samples) is not correct. 
A previous work by Jurado et al. (2002) found that, for photon energies greater than 
about 80 keV and materials with Z < 20, the mass attenuation coefficients are almost 
independent of the effective atomic number Zeff of the material. Below about 60 keV, 
however, the photon attenuation correction for most environmental samples depends 
greatly on their elementary chemical composition. 
 
To study the influence of the soil's chemical composition on the estimation of activity 
concentrations of low-energy radionuclides by gamma-ray spectrometry, we carried out 
a theoretical exercise evaluating the performance in a hypothetical proficiency test (or 
intercomparison exercise) in which four different analytical laboratories analyze a soil 
sample, assuming the same density but a different chemical composition during Monte 

Analyte 

IAEA 

Value 

[Bq kg-

1 d.w.] 

IAEA 

Unc. 

[Bq kg-

1 d.w.] 

Lab. 

Value 

[Bq kg-

1 d.w.] 

Lab. 

Unc. 

[Bq kg-

1 d.w.] 

Rel. 

Bias 

(%) 

u- Test Trueness Precision Final Score 

40K 607 18 600 34 1.2 0.2 passed passed Acceptable 

137Cs 25.0 1.7 25.1 1.4 -0.4 0.0 passed passed Acceptable 

214Pb 21.6 2.4 21.6 1.2 0.0 0.0 passed passed Acceptable 

226Ra 21.9 0.9 21.6 1.2 1.4 0.2 passed passed Acceptable 

228Ac 31.5 2.8 33.1 1.9 -5.1 -0.5 passed passed Acceptable 

232Th 33.7 1.1 33.1 1.9 1.8 0.3 passed passed Acceptable 
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Carlo calculation of the self-attenuation corrections. In this exercise, it was supposed 
that all participant laboratories had good analytical capabilities. 
   
2.6.1.2. Hypothetical proficiency test 

The task for each laboratory was to estimate the activity concentration of 109Cd (24.9 
keV), 210Pb (46.5 keV), and 241Am (59.5 keV) in a soil sample. Five different 
compositions of soil, published by the International Commission on Radiation Units and 
Measurements (ICRU) ([ICRU, 1994], were considered (see Table 17).  A given 
chemical composition was assumed for the reference soil, whereas other compositions 
from soil 1 to soil 4 were assigned to each of the four laboratories for Monte Carlo 
calculation of the absolute full energy peak (FEP) efficiency corresponding to each 
energy value. It should be stressed that the corrections for self-attenuation in the soil 
matrix are included in the calculated FEP efficiency values. It was assumed that the 
only difference between laboratories was the soil composition used for the 
aforementioned correction.  

 
The performance evaluation of the participant laboratories was carried out following the 
approach used by the International Atomic Energy Agency (IAEA) in recent 
intercomparison exercises and proficiency tests (Shakhashiro et al., 2006).  
For the trueness evaluation, the results are considered “Acceptable” if: 
 

                               1 2A A≤                                                                                 (3)      

 where                     1 ref labA V V= −                                                                    (4)                                                                         

 and                         2 2
2 ref labA 2.58 U U= ⋅ +                                                       (5) 

with Vref  being the reference value for activity concentration, Vlab the activity 
concentration result reported by the participant laboratory, and  Uref and Ulab the 
standard combined uncertainties associated with Vref  and Vlab, respectively.  
 

For the precision evaluation, the estimator P needs to be calculated according to 
the formula:   

                               
2 2
ref lab
2 2

ref lab

U U
P 100%

V V
= + ×                                                  (6) 

 
 
The participant’s results are considered “Acceptable” for precision if the following 
condition is satisfied: 
 
                                P LAP≤                                                                                 (7) 
 
where LAP denotes the limit of acceptable precision, which is set for each analyte as a 
function of its concentration level and the difficulty of determination. 
 

A result must obtain an “Acceptable” score in both criteria (trueness and precision) to 
be assigned the final score “Acceptable”. In cases where either precision or trueness is 
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“Not Acceptable”, the relative deviation from the reference value (Rd = A1/Vref) must 
be compared with the maximum acceptable bias (MAB). When Rd ≤ MAB the result is 
considered as a “Warning”, otherwise when Rd > MAB the result is evaluated as “Not 
Acceptable”. 
 

In the framework of this theoretical exercise, the relative standard uncertainties Uref/Vref 

and Ulab/Vlab were considered as those established for the reference values during the 
ALMERA proficiency test (IAEA, 2007) for the determination of low energy 
radionuclides in soil samples, being 5% for 109Cd and 210Pb, and 2.5% for 241Am. The 
LAP and MAB values established in (IAEA, 2007) were also adopted, and are listed in 
Table 18. One notes that the values of P calculated with equation (4) are lower than the 
corresponding LAP values, i.e., the test of precision is “Acceptable” for all laboratories 
and our exercise hence focuses on the test of trueness.  
 

2.6.1.3. Efficiency calculations  

 
Considering that the only different factor between laboratories is the soil composition 
assumed during the Monte Carlo calculation of the self-attenuation factor, the 
relationship between the reference value and the value reported by any laboratory can 
be calculated, for a given energy, as follows:  
 

                               
lab ref

ref lab

V

V

ε
=

ε
                                                                         (8) 

 

where refε and labε denote the FEP efficiencies calculated for the reference soil and for 

the soil composition adopted by the laboratory, respectively.  
 
The values of the FEP efficiencies, for the selected gamma-ray energies in each type of 
soil, were determined using the Monte Carlo code DETEFF (Cornejo and Jurado, 2008).  
The information concerning the properties of the HpGe (n-type) detector used is 
summarized in Table 19. The measurement geometry (cylindrical of 110 mL, with 
diameter = 5.1cm and height = 5.4 cm) was selected considering 100 g of soil, which is 
usually the mass sent to participant laboratories during proficiency tests and 
intercomparison exercises organized by the IAEA. The source container (made of 
polyethylene with wall thickness = 0.1 cm) was placed at 1 mm from the surface of the 
detector entrance window. The assumed density of the soil was 1.6 g.cm-3. 
 
Mass attenuation coefficients corresponding to different soil compositions and energy 
values were calculated using the XCOM database (Berger et al., 1999). Table 20 shows 
significant differences between these coefficients, especially for the lowest energy value. 
 
2.6.1.4. Results and discussion 

 

Using the detector model and source geometry described previously, FEP efficiencies 
were obtained by Monte Carlo simulation for each type of soil.  Figure 2 shows the 
plots of these efficiency values as a function of energy. The number of simulated 
photons was adjusted in each case to achieve relative statistical uncertainties 
(corresponding to one standard deviation) lower than 1%. 
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The results obtained by laboratories 1 to 4 during our hypothetical proficiency test, 
according to the IAEA performance evaluation criteria (Shakhashiro et al., 2006), are 
presented in Table 21. In order to facilitate the analysis, the results were normalized 
with the reference values Vref. As was noted above, it was assumed that the laboratories 
reported the results with the same precision as the reference laboratory, i.e., the relative 
uncertainties reported by the participant laboratories were considered equal to the 
relative uncertainties associated with the reference values.  
 
The results obtained by Laboratories 1 and 2 show similar scores (“Acceptable”) for all 
the analyzed radionuclides except 109Cd, for which Laboratory 1 failed the test of 
trueness and got a “Warning” final score. This is because, for this determination, the 
trueness test failed and Rd ≤ MAB. In general, the chemical composition of the 
reference soil and Soils 1 and 2 are quite similar, as can be noted from Table 1. 
However, it has been demonstrated that just slight differences in chemical composition 
can affect the activity concentration measurement of radionuclides with energies below 
25 keV. 
 
When the chemical composition of the soil differs significantly from that of the 
reference, marked relative deviations (about 70 % or more) can arise in the 
quantification of low-energy gamma-emitting radionuclides. Laboratories 3 and 4 
obtained “Not Acceptable” and “Warning” final scores for all the analytical 
determinations. The most problematic nuclides were 109Cd and 210Pb with “Not 
Acceptable” final scores in the determinations carried out by both laboratories.  In the 
analysis of these radionuclides, the trueness test failed and the condition Rd ≤ MAB was 
not satisfied. 241Am, with higher gamma-ray energy, shared “Acceptable” and 
“Warning” final scores. As was expected, the self-absorption correction was more 
significant as the gamma-ray energy decreases. 
 
Although Laboratories 1 and 2 obtained “Acceptable” and “Warning” results as final 
scores in all the analytical determinations, their assumed random selection of the type of 
soil indicates the fortuitous character of their results. The same is the case for 
Laboratories 3 and 4. Likewise, the final scores for the participant laboratories might be 
very different taking a different type of soil as reference. For example, if Soil 3 had 
been taken as the reference soil, all participant laboratories would have obtained “Not 
Acceptable” final scores for 109Cd and 210Pb. As in the former case, 241Am would have 
shared “Acceptable” and “Warning” final scores. 
 
Furthermore, in a real exercise, the distribution of results would have to be wider 
because of the influence of other factors on the overall uncertainty. The assumption 
considered in this work, that only the self-absorption correction is responsible for the 
observed bias, is very conservative and is just an indicator of the isolated contribution of 
this parameter and its significant weight during the performance evaluation of a 
laboratory in a proficiency test or intercomparison exercise.     
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Table 17 

 

Elementary chemical composition (in % of mass) of soil types used for the test. 
 

Element 
Ref. 
soil 

Soil 1 Soil 2 Soil 3 Soil 4 

H 2.2 2.2 1.1 10.0 --- 

C --- --- 1.2 11.4 --- 

O 57.5 58.2 55.8 78.0 45.2 

N --- --- --- 0.4 --- 

Mg --- --- --- --- 2.5 

Al 8.5 10.6 7.2 --- 8.3 

Si 26.2 26.2 31.6 --- 25.0 

S --- --- --- 0.2 --- 

K --- --- --- --- 1.8 

Ca --- --- --- --- 4.1 

Ti --- --- --- --- 0.7 

Mn --- --- --- --- 0.2 

Fe 5.6 2.8 3.1 --- 12.2 

 

 

Table 18 

 

Acceptable limits for LAP and MAB corresponding  to the soil sample. 
 

Radionuclide LAP 
(%) 

MAB  

109Cd 25 0.25 
210Pb 30 0.30 
241Am 25 0.25 
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Table 19 

 

Characteristics of the n-type HpGe detector used for the proficiency test simulation. 
 

Characteristic Value [mm] 

Crystal diameter 56 

Crystal length 60 

Core diameter 10 

Core height 42 

Frontal dead layer thickness  5E-04 

Lateral dead layer thickness  5E-04 

Be window to crystal distance 5 

Entrance Be window diameter 66 

Entrance Be window thickness 1 

External diameter of Al cover 74 

Frontal Al cover thickness 1 

Lateral Al cover thickness 1 

 
 
Table 20 

 
Mass attenuation coefficients (µ/ρ) for soils defined by ICRU [2]. 

 
(µ/ρ) [cm2.g-1] 

Radionuclide 
Energy 
(keV) Ref. 

soil 
Soil 1 Soil 2 Soil 3 Soil 4 

109Cd 24.9 1.755 1.423 1.507 0.434 3.039 
210Pb 46.5 0.396 0.343 0.354 0.212 0.591 
241Am 59.5 0.268 0.243 0.247 0.190 0.357 
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Table 21 

 

Normalized values for each laboratory and the corresponding proficiency test results. 
 

Laboratory Radionuclide Vlab/Vref Ulab/Vref A1/Vref A2/Vref Trueness1 
Final2 
Score 

109Cd 0.824 0.041 0.176 0.167 N W 
210Pb 0.913 0.046 0.087 0.175 A A 1 (Soil 1) 
241Am 0.945 0.024 0.055 0.089 A A 
109Cd 0.871 0.044 0.129 0.172 A A 
210Pb 0.933 0.046 0.067 0.175 A A 2 (Soil 2) 
241Am 0.958 0.024 0.042 0.089 A A 
109Cd 0.300 0.015 0.700 0.135 N N 
210Pb 0.696 0.035 0.304 0.157 N N 3 (Soil 3) 
241Am 0.836 0.021 0.164 0.084 N W 
109Cd 1.691 0.085 0.691 0.254 N N 
210Pb 1.357 0.068 0.357 0.218 N N 4 (Soil 4) 
241Am 1.201 0.030 0.201 0.101 N W 

1
 N means Not Acceptable, and A means Acceptable.   

2
 The Final Score assumes that the test of precision was Acceptable for all laboratories. W 

means “warning”. 

 
 
Fig. 2: Values of FEP efficiencies calculated for the five types of soil used 
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2.6.1.5. Conclusions    

 
The use of Monte Carlo simulation for the efficiency calibration in gamma-ray 
spectrometry is becoming ever more common, with increasing numbers of laboratories 
trusting this calibration method whose use is being promoted by recognized 
organizations such as the IAEA in the framework of international projects [IAEA 
CRP1471]. Monte Carlo simulation offers the possibility of precise self-absorption 
corrections whenever the elementary chemical composition of the analyzed samples is 
well known.  

    
The present work has shown that “Not Acceptable” results can be obtained by 
laboratories just from the fact of considering different types of soils for self-absorption 
corrections.  In order to limit the bias of laboratories in real analytical problems, the 
conclusion has to be that collecting the detailed chemical composition of the samples is 
essential issue to be considered by analytical laboratories that use the Monte Carlo 
method for the calculation of self-attenuation corrections. 
 
 

2.6.2. Application of the Monte Carlo code DETEFF to the efficiency calibrations for 

“in situ” gamma-ray spectrometry 
 

2.6.2.1. Introduction 

 
There are two recognized methodologies for the determination of radionuclide ground 
deposition levels in the environment: the soil sampling and the in situ gamma ray 
spectrometry using high-purity germanium (HPGe) detectors. 
 
The soil sampling can provide information about the horizontal and vertical distribution 
of the radionuclide of interest. However, this approach is time consuming and numerous 
samples are usually required in order to obtain consistent mean values for the ground 
deposition levels in large areas. 
 
In situ gamma-ray spectrometry, on the other hand, is considered a quick and reliable 
method for the determination of radionuclides in the environment. In the case of 
ground-level gamma-ray spectrometry, the detector is usually located at a height of 1 m 
above ground and the spectrum of the ambient gamma radiation is collected. The power 
of such measurements lies in the fact that the detector, positioned over the ground 
surface, measures the gamma radiation originated in an area of several hundred square 
meters. This integration of the photon fluence over all the measured area permits that 
more reliable mean values of ground depositions are obtained.   
 
In order to obtain a value for the ground deposition level in a specific area, an efficiency 
calibration of the detector is necessary. To perform this task, knowledge or assumptions 
about both the radionuclide depth distribution and soil density are required. These data 
are obtained by means of the soil sampling, being the number of samples a trade off 
between the required uncertainty and the costs of the sampling and of the sampling 
evaluation processes.  
 
Experimental efficiency calibration of detectors for in situ gamma-ray spectrometry is a 
difficult and time consuming task, because a large number of standards and 
measurements would be required to cover the range of experimental settings 
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encountered in the field. In order to overcome these difficulties, several semi-empirical 
methods (e.g. ICRU, 1994; Boson et al, 2006) and Monte Carlo procedures (e.g. Gering, 
et al., 1998; Likar, et al., 2004; Boson, et al., 2009) have been suggested for calculating 
in situ measurement calibration factors. In this sense, the Monte Carlo method seems to 
be the more cost-effective and flexible option, facilitating the assessment of calibration 
factors for a much wider variety of source distributions and measurement geometries. 
However, no reliable results can be obtained without the comprehensive validation of 
the Monte Carlo model. 
 
As referred previously in this work, the Monte Carlo code DETEFF (Cornejo Díaz and 
Jurado Vargas, 2008, 2010a) was designed for the calculation of the full-energy peak 
(FEP) efficiency in typical coaxial gamma-ray detectors: NaI, CsI, Ge(Li), HPGe, and 
Si(Li). The sample configurations considered by the code DETEFF are cylindrical, 
rectangular, or Marinelli beakers, thus including the cases of point and disk sources as 
degenerate cylindrical geometries. The samples are considered to be axially centred 
with respect to the detector, so that the source position is defined by the source-to-
detector distance. Although the program has been thoroughly validated for relatively 
small sources, measured close to detector, i.e. in “efficient” counting geometries used in 
analytical laboratories (Jurado Vargas, et al., 2002, 2003; Cornejo Díaz and Jurado 
Vargas, 2010a; Vidmar et al., 2010), no validation exercise have been carried out so far 
for in situ measurements, where large area radiation sources situated far away from 
detectors need to be simulated. In these conditions, the code DETEFF can be a suitable 
tool, because of its reduced simulation time compared with other Monte Carlo programs. 
 
In this work we analyze the applicability of the Monte Carlo code DETEFF for 
efficiency calibration of detectors for in situ determination of activity ground deposition 
levels by gamma-ray spectrometry.  For this purpose we designed the methodology to 
be applied for the determination of 137Cs activity ground deposition.   
 
2.6.2.2. Use of DETEFF for in situ gamma-ray spectrometry 

 
DETEFF assumes a homogeneous distribution of the radioactive material inside the 
source volume. For this reason, the uniform slab model proposed by Boson et al. (2006) 
has been adopted to describe the activity depth distribution used for the calculation of 
the in situ measurement calibration factors. In our model, the source consists of 
different cylindrical slabs, where each slab has a defined individual thickness, 
homogeneous density and a fraction of the total activity homogeneously distributed. 
The schematic description of the model is presented in Fig. 3.  
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Fig.3. Model used with the code DETEFF for the calculation of calibration factors for 

in situ measurements, where dk, ka , kρ  denote the thickness, the activity fraction and the 

density of the slab k, respectively. H denotes the height of the centre of the active 

detector volume above the ground and R the radius of the cylindrical slabs. 

 
The FEP efficiency calculations must be carried out then for each slab in a given site. 
According to Fig.3, the slabs can be simulated as cylindrical sources with radius R and 
thickness dk. The corresponding calibration factor for the in situ measurement of the 
ground deposition activity is given by the right-hand side in the expression:  
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r k

A
S a

C
γ ε

−

=

 
= ⋅ ⋅ ⋅ 
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∑                                                   (9) 

 

with SA being the ground deposition activity per unit area [Bq.m-2], rC  the FEP count 

rate [s-1], γ  the photon emission probability (yield) for a particular energy, S the 

surface of the measured area, i.e. the surface of the front side of the cylindrical slabs 

[m2], kε the FEP efficiency corresponding to the slab k for a particular energy, and 

ka the fraction of the total radionuclide inventory contained in the slab k. The 

summation occurs over the N layers or slabs of the model.  
 
The program DETEFF allows the possibility of considering the photon attenuation 
caused by any material placed between the source and detector. Therefore, during the 
simulations for the slab k = n (1 < n ≤ N) the attenuation caused by the slabs above 
(from k = 1 to k = n-1) and the air can be considered by defining a hypothetical filter, 
with an effective linear attenuation coefficient given by the following expression: 
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where m
kµ , kρ  and kd denote the mass attenuation coefficient (without coherent 

scattering), the density and the thickness corresponding to the kth soil slab, 

respectively.
m
airµ , airρ and aird denote the same parameters for the layer of air between 

the bottom of detector and the ground surface. The thickness of so constructed 

hypothetical filter is:

1

1

n

air k

k

d d

−

=

+∑ . 

This uniform slab model (Boson et al. 2006) to be used with the code DETEFF does not 
consider the effects caused by the ground curvature and the presence of trees in the 
evaluated sites. The effects of ground curvature and the attenuation of photons caused 
by trees in the field of view of the detector were studied by Boson (2008b) for 661.7 
keV. The author found that these effects were comparable to the combined uncertainty 
of in situ measurements on a plane surface. Similar results were obtained by 
Laedermann et al. (1998) for the attenuation in vegetation, being the reported value 
about 5% for 660 keV.  It must be noted that the proposed uniform slab model is not 
intended however for fresh fallout, in those cases where the activity deposition on tree 
crowns could be significant. 

 
According to a previous work (Cornejo Díaz et al., 2010b), the Mersenne Twister 
random number generator, incorporated to the code DETEFF, seems to be adequate for 
the simulations of the “less efficient” measurement setups encountered during in situ 
gamma-ray spectrometry.  
 
2.6.2.3. Conclusions 
 
DETEFF has a potential application for efficiency calibration of gamma-ray 
spectrometric systems in “in situ” application. A new methodology was established with 
this purpose. This is a work in progress and we are working for the validation of this 
methodology with experimental measurements. A comparison with other Monte Carlo 
code used with this purpose (MCNP) will be also carried out. 
  
The possibility of rapid efficiency calibrations with DETEFF may be of considerable 
importance in emergency response, where one might simply make some assumption 
about the source distribution.  
 
3. Conclusions 

 
Monte Carlo simulation (DETEFF) is a feasible, reliable and traceable method that 
makes possible to carry out traceable efficiency calibration of gamma-ray spectrometric 
systems for the determination of radionuclides in environmental samples (laboratory 
application).  
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Monte Carlo simulation (DETEFF) has a potential application for efficiency calibration 
of gamma-ray spectrometric systems in “in situ” application. In this sense, it can 
contribute significantly to the effective utilization of gamma-ray spectrometric systems 
in laboratory and “in situ” application. A clear advantage can be the possibility of 
effecting rapid efficiency calibrations, this may be of considerable importance in 
emergency response, where one might simply make some assumption about the source 
distribution   
 
The use of Monte Carlo simulation (DETEFF) represents a real and effective option for 
developing countries for the effective utilization of gamma-ray spectrometric systems in 
environmental applications. It is known that in our countries (developing countries) is 
not always possible to guarantee the constant availability of standard calibration sources 
to analytical laboratories carrying out gamma-ray spectrometry.  
 
Note:  

 
It is important to realize that the distribution of the Monte Carlo code DETEFF is 
completely free. Once the authors receive a personal or e-mail request of the code, they 
prepare a personalized copy of it for the interested persons.   
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RESUMEN 
 
La simulación MonteCarlo, a través del uso del programa DETEFF diseñado y elaborado en el Centro de 
Protección e Higiene de las Radiaciones (CPHR) de Cuba es empleada por el Laboratorio de Vigilancia 
Radiológica Ambiental (LVRA) de esta institución, como método de calibración en eficiencias asociado al 
ensayo de determinación de radionúclidos en muestras ambientales y alimentos por espectrometría gamma con 
detectores de Germanio Hiperpuro (HPGe). Durante el proceso de acreditación de este ensayo ante el Órgano 
Nacional de Acreditación de la República de Cuba (ONARC) por la norma ISO/IEC 17025:2005, se pudo 
comprobar la validez de este método y el cumplimiento de los requisitos de la norma internacional, así como de 
las políticas del ONARC. El presente trabajo refiere cómo se establece la trazabilidad de las determinaciones 
analíticas empleando este método de calibración. Se destacan las ventajas que ofrece la simulación Monte Carlo 
para la aplicación de correcciones por diferencias en la composición química, densidad y altura de las muestras 
analizadas. Igualmente, se presentan los resultados obtenidos por el LVRA en dos ejercicios organizados por el 
Organismo Internacional de Energía Atómica (OIEA). En estos ejercicios (una intercomparación y un ensayo de 
aptitud) todos los resultados analíticos reportados se obtuvieron en base a calibraciones en eficiencia por 
simulación Monte Carlo empleando el programa DETEFF.  
 
 

1. INTRODUCCIÓN 
 
El laboratorio de Vigilancia Radiológica Ambiental (LVRA) del Centro de Protección e 
Higiene de las Radiaciones (CPHR) tiene a su cargo la determinación de radionúclidos, por 
espectrometría gamma de alta resolución con detectores de Germanio Hiperpuro (HPGe), en 
muestras ambientales y alimentos.  
 
La trazabilidad de las determinaciones analíticas por espectrometría gamma de alta 
resolución se ha establecido, a lo largo de los años, a través del uso de patrones de calibración 
y materiales de referencia certificados (MRC) trazables al Sistema Internacional de Unidades 
(SIU) en la magnitud que corresponde a estas determinaciones: Actividad (Bq). 
 
En el año 2010 el LVRA del CPHR acreditó ante el Órgano Nacional de Acreditación de la 
República de Cuba (ONARC) la simulación Monte Carlo,  a través del uso del programa 
DETEFF (diseñado y creado en el CPHR) como método de calibración en eficiencias 
asociado al ensayo de determinación de radionúclidos en muestras ambientales y alimentos 
por espectrometría gamma con detectores de Germanio Hiperpuro (HPGe). En este sentido, la 
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demostración de la trazabilidad de las calibraciones obtenidas usando este método constituyó 
un aspecto de vital importancia. 
  
La simulación Monte Carlo es un método reconocido internacionalmente para la calibración 
en eficiencias de sistemas de espectrometría gamma basados en el uso de diferentes tipos de 
detectores, entre ellos los detectores de Germanio Hiperpuro (HPGe). La principal ventaja del 
uso de la simulación Monte Carlo es que, una vez definidos y ajustados los parámetros del 
detector y la muestra, resulta posible efectuar calibraciones en eficiencia para matrices con 
una gran variedad de geometrías de medición, composición química y densidad. Como es 
conocido, es muy difícil que los laboratorios analíticos de espectrometría gamma cuenten con 
patrones que se adapten (en cuanto a geometría, composición química y densidad) a la 
variedad de matrices de las muestras ambientales y alimentos que se miden comúnmente en 
el laboratorio. En este sentido, con el empleo de la simulación Monte Carlo se elimina la 
necesidad de contar con un patrón experimental (trazable) con las mismas características de 
cada tipo de muestra a medir. Este aspecto reviste una gran importancia cuando se tienen que  
realizar correcciones a las curvas de eficiencias por cambio de geometría (por ejemplo altura) 
y autoabsorción en las muestras.  Trabajos previos [1] demuestran que en muestras de suelo 
la no correcta aplicación de las correcciones por autoabsorción a la curvas de calibración en 
eficiencias puede conducir a resultados no satisfactorios en intercomparaciones y ensayos de 
aptitud cuando se determinan radionúclidos de baja energía. 
 
Para realizar calibraciones en eficiencia de sistemas de espectrometría gamma empleando 
simulación Monte Carlo, existen códigos de propósito general (como GEANT3, PENELOPE, 
MCNP y EGS4) y códigos específicos como DETEFF.  Es de destacar que con ambos tipos 
de códigos se obtienen precisiones similares en las calibraciones en eficiencia. Sin embargo, 
la principal ventaja de DETEFF, sobre los códigos de propósito general, es que es un 
programa muy amigable (fácil de utilizar) y requiere de tiempos de simulación mucho 
menores que los empleados por dichos códigos, lo que facilita la obtención de las curvas de 
calibración en eficiencias en pocos minutos. 
 
El presente trabajo refiere cómo se establece la trazabilidad de las determinaciones analíticas 
empleando como método de calibración en eficiencias la simulación Monte Carlo (DETEFF) 
en el LVRA del CPHR. Se destacan las ventajas que ofrece la simulación Monte Carlo para la 
aplicación de correcciones por diferencias en la composición química, densidad y altura de 
las muestras analizadas. Igualmente, se presentan los resultados obtenidos por el LVRA en 
dos ejercicios organizados por el Organismo Internacional de Energía Atómica (OIEA). En 
estos ejercicios (una intercomparación y un ensayo de aptitud)  todos los resultados analíticos 
reportados se obtuvieron en base a calibraciones en eficiencia por simulación Monte Carlo 
empleando el programa DETEFF. 
 
 

2. MATERIALES Y MÉTODOS 
 

2.1.  Programa de Simulación Monte Carlo DETEFF 

 
El código DETEFF [2] de simulación Monte Carlo, diseñado y creado en el CPHR, permite 
el cálculo de las eficiencias en sistemas de espectrometría gamma con detectores coaxiales. 
Los detectores pueden ser centellantes (NaI or CsI)  o semiconductores (Ge(Li), HpGe or 
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Si(Li)). DETEFF trabaja con energías gamma en el rango 10 – 2000 keV. Las 
configuraciones de las muestras pueden ser cilíndricas, rectangulares y Marinelli. Los casos 
de fuente puntual y disco son incluidos en la geometría cilíndrica. Se considera que las 
muestras están centradas axialmente respecto al detector, de tal modo que la posición de la 
muestra queda definida por la distancia muestra-detector. 
 
DETEFF es programa que ha sido ampliamente validado [3] con determinaciones 
experimentales y a través de su comparación con otros códigos de simulación Monte Carlo 
reconocidos internacionalmente empleados para el mismo propósito. 
 
2.2.  Uso del Método de Transferencia de Eficiencias para las Calibraciones con 
DETEFF 
 
En el laboratorio analítico de espectrometría gamma, comúnmente se analizan muestras en 
una amplia variedad de geometrías de medición, composición química y densidad. 
Idealmente, los patrones de calibración experimentales deberían ajustarse a las matrices de 
las muestras medidas en todos estos aspectos. Sin embargo, es muy difícil que un laboratorio 
posea tal variedad de patrones de calibración. 
  
Una de las alternativas empleadas a nivel internacional, para enfrentar el problema de las 
diferencias entre los patrones de calibración y las muestras medidas rutinariamente, la 
constituye el método de transferencia de eficiencias [4]. El método de transferencia de 
eficiencias con DETEFF se aplica cuando se miden patrones de calibración con geometrías 
de medición, composición química y densidad diferentes a la de la muestra analizada. La 
eficiencia experimental determinada, en base al patrón de calibración medido, se utiliza para 
estimar la eficiencia que corresponde a las características propias de la muestra objeto de 
análisis (transferencia de eficiencias). Una ventaja importante del método de transferencia de 
eficiencias es que permite trabajar con parámetros no optimizados del detector. Al utilizar los 
cocientes de las eficiencias, todas las imprecisiones relacionadas con los parámetros del 
detector se cancelan mutuamente. 
   
La aplicación del método de transferencia de eficiencias con DETEFF  se basa en la siguiente 
ecuación: 
 
                                                                                                                                                 (1) 
 
 
donde las eficiencias de los picos de absorción total son denotadas por ε y  las eficiencias 
totales virtuales por  η.  El subíndice “referencia” corresponde al patrón de calibración y el 
subíndice “muestra” a la muestra objeto de análisis. Las eficiencias totales virtuales son 
calculadas a través de la simulación Monte Carlo con DETEFF. Las eficiencias en el pico de 
absorción total (para las energías correspondientes del patrón de calibración) tienen que ser 
determinadas experimentalmente. 
 
2.3.  Uso de Factores de Corrección para las Calibraciones con DETEFF 
 
DETEFF puede emplearse también para la calibración en eficiencias a partir solamente de  
las eficiencias en los picos de absorción total (no considerando las eficiencias virtuales 
totales). Una vez introducidos en el programa los parámetros del detector (de acuerdo a las 
especificaciones del fabricante), los mismos pueden ser optimizados usando para ello un 
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conjunto de fuentes puntuales certificadas (diferentes energías) colocadas a diferentes 
distancias y posiciones respecto a la superficie del detector.  
 
Cuando no sea posible o factible optimizar más los parámetros del detector (hasta el nivel de 
precisión deseado) a través del ajuste experimental de los mismos, se pueden determinar 
factores de corrección (en función de la energía) que consideren y corrijan las diferencias que 
existan entre las calibraciones experimentales y las calibraciones por simulación Monte 
Carlo. Para el cálculo de los factores de corrección en función de la energía, se utilizan 
patrones certificados (trazables al SIU) en geometría de fuente puntual u otra geometría 
diferente. Los factores de corrección se determinan por medio de la siguiente expresión: 
 
                                                                                                                                                 (2) 
    
 

donde                     es la   eficiencia   en   el   pico   de   absorción   total  que  es  calculada 
experimentalmente usando un patrón de calibración certificado (trazable al SIU), y                
es esta misma eficiencia obtenida por simulación Monte Carlo usando el programa DETEFF. 
Los factores de corrección, calculados de esta forma,  son aplicables a cualquier geometría de 
la muestra objeto de análisis. 
 

Una vez calculados los factores de corrección en función de la energía, la eficiencia estimada  
en el pico de absorción total (para la geometría de la muestra objeto de análisis) se calcula de 
acuerdo a la ecuación siguiente: 
 

                                                                                                                                                 (3) 
 
2.4. Trazabilidad de las Calibraciones en Eficiencia con DETEFF 
 
Como se ha podido apreciar, las calibraciones en eficiencia que realiza el LVRA del CPHR,  
usando el código de simulación Monte Carlo DETEFF, son siempre relativas. Tanto en el 
método de transferencia de eficiencias, como cuando se calculan directamente factores de 
corrección en función de la energía, se tienen que determinar eficiencias experimentales  
usando patrones de calibración certificados trazables al SIU en la magnitud Actividad (Bq). 
El empleo de estos patrones es lo que establece la cadena ininterrumpida de trazabilidad al 
SIU de las calibraciones en eficiencia con DETEFF. En este sentido, las eficiencias 
experimentales calculadas (trazables al SIU) se multiplican por constantes específicas para 
estimar las eficiencias en la muestra objeto de análisis. Esta operación no rompe la cadena de 
trazabilidad. 
 
 

3.   RESULTADOS 
 

3.1. Ejercicio de Intercomparación del OIEA de Códigos Monte Carlo de  
Transferencia de Eficiencias 

 
El objetivo del ejercicio de intercomparación de códigos de transferencia de eficiencias, 
organizado por el OIEA en el marco del Proyecto de Investigación Coordinado 1471 [5], fue 
evaluar el desempeño de diferentes códigos Monte Carlo (de propósito general y específico) 
para efectuar transferencia de eficiencias. En este ejercicio, los códigos de propósito general 
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que participaron fueron GEANT3, PENELOPE, MCNP y EGS4. Como códigos específicos 
fueron evaluados los programas DETEFF, ANGLE, GESPECOR, ETNA y EFFTRAN. Aquí 
se presentan solamente los resultados obtenidos por DETEFF. La evaluación del desempeño 
del resto de los códigos participantes se puede ver en [6]. 
 
La equivalencia de todos los códigos Monte Carlo fue analizada aplicando estos códigos para 
el cálculo de los factores de transferencia de eficiencia para un conjunto de parámetros bien 
definidos de la muestra y el detector, y energías típicamente encontradas en las 
determinaciones de radiactividad ambiental.  Se modelaron dos tipos de detectores HPGe 
(Detector A = tipo N y Detector B = tipo P) y tres tipos de muestras (puntual, filtro y suelo).  
Las características específicas de los detectores y las muestras aparecen en [6]. 
  

La Tabla 1 muestra los valores de referencia contra los cuales fue evaluado el desempeño de 
cada código de simulación Monte Carlo. La Tabla 2 presenta los resultados de las eficiencias, 
en el pico de absorción total, obtenidos con DETEFF. En la Tabla 3 se observan las 
desviaciones relativas (respecto a los valores de referencia) de los resultados obtenidos con 
DETEFF. Se aprecia que los resultados obtenidos con DETEFF fueron satisfactorios, con 
diferencias relativas que no exceden el 1,2 %. 

 

Tabla 1. Valores de referencia del ejercicio de intercomparación de transferencia de 
eficiencias. 

 
Energía 
(keV) 

Puntual A Puntual  B Suelo A Suelo B Filtro A Filtro B 

20  3.6744  0.0866  2.0699 
45 1.7188 2.3361 0.2831 0.3129 0.9254 1.3695 
60 1.8967 2.2857 0.3535 0.3787 1.0141 1.3373 
80 2.0879 2.2789 0.3978 0.4166 1.1102 1.3242 
120 2.2535 2.3018 0.4379 0.4473 1.2054 1.317 
200 2.2647 2.2811 0.4756 0.4775 1.2556 1.3131 
500 2.149 2.1642 0.5189 0.5187 1.2562 1.2904 
1000 2.063 2.0818 0.5446 0.5435 1.2472 1.2712 
2000 1.9979 2.0089 0.5675 0.5642 1.2368 1.2561 
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Tabla 2. Valores de los factores de transferencia de eficiencias obtenidos con DETEFF 

 

DETEFF  
Energía 
(keV) 

Puntual A Puntual  B Suelo A Suelo B Filtro A Filtro B 

20  3.6972  0.0875  2.0803 
45 1.7134 2.3367 0.2817 0.3123 0.9172 1.3670 
60 1.8913 2.2870 0.3505 0.3784 1.0027 1.3380 
80 2.0913 2.2821 0.3988 0.4173 1.1087 1.3258 
120 2.2625 2.3093 0.4376 0.4469 1.2000 1.3168 
200 2.2665 2.2930 0.4725 0.4771 1.2464 1.3096 
500 2.1563 2.1810 0.5202 0.5202 1.2486 1.2855 
1000 2.0758 2.0940 0.5446 0.5444 1.2429 1.2634 
2000 2.0121 2.0264 0.5691 0.5668 1.2313 1.2540 

 
 
 

Tabla 3. Desviaciones relativas de los valores obtenidos con DETEFF respecto a los 
valores de referencia 

 

Desviaciones relativas de DETEFF [%] 
Energía 
(keV) 

Puntual A Puntual  B Suelo A Suelo B Filtro A Filtro B 

20  0.62  0.98  0.50 
45 -0.31 0.03 -0.48 -0.19 -0.88 -0.19 
60 -0.28 0.06 -0.86 -0.07 -1.13 0.06 
80 0.16 0.14 0.25 0.17 -0.14 0.12 
120 0.40 0.32 -0.06 -0.10 -0.45 -0.01 
200 0.08 0.52 -0.66 -0.09 -0.73 -0.27 
500 0.34 0.77 0.25 0.29 -0.60 -0.38 
1000 0.62 0.59 0.00 0.16 -0.34 -0.62 
2000 0.71 0.87 0.28 0.46 -0.44 -0.17 

 
 

3.2. Ensayo de Aptitud del OIEA sobre determinación de radionúclidos en sedimento 

 
La Tabla 4 muestra los resultados obtenidos por el LVRA del CPHR en un ensayo de aptitud 
del OIEA [7] donde se determinaron radionúclidos en una muestra de sedimento. En este 
ensayo de aptitud, se empleó DETEFF para la calibración en eficiencia y se aplicaron los 
factores de corrección en función de la energía previamente calculados utilizando fuentes 
puntuales certificadas (de diferentes energías) trazables al SIU. El reporte completo de los 
resultados aparece en [7]. 
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Tabla 4. Evaluación de los resultados del LVRA en el ensayo de aptitud del OIEA 
 

Radionúclido 
Valor de referencia 

del OIEA (Bq) 
Valor determinado 
por el LVRA (Bq) 

Evaluación de los 
resultados del 

LVRA 
K-40 607 ± 18 600 ± 34 SATISFACTORIO 

Cs-137 25.0 ± 1.7 25.1 ± 1.4 SATISFACTORIO 
Bi-214 19.6 ± 2.2 21.6 ± 1.2 SATISFACTORIO 
Pb-214 21.6 ± 2.4 21.6 ± 1.2 SATISFACTORIO 
Ra-226 21.9 ± 0.9 21.6 ± 1.2 SATISFACTORIO 
Ac-228 31.5 ± 2.8 33.1 ± 1.9 SATISFACTORIO 
Th-232 33.7 ± 1.1 33.1 ± 1.9 SATISFACTORIO 

 
 
Como se aprecia el 100 % de las determinaciones analíticas de radionúclidos en la muestra de 
sedimento, realizadas por el LVRA del CPHR,  fueron satisfactorias. 
 

 
4. CONCLUSIONES  

 
La trazabilidad al SIU de las calibraciones en eficiencia que realiza el LVRA del CPHR 
empleando simulación Monte Carlo (DETEFF) puede ser establecida cuando se aplica el 
método de transferencia de eficiencias y los factores de corrección en función de la energía. 
Las calibraciones en eficiencia, usando estos métodos, son siempre relativas a calibraciones 
experimentales realizadas con patrones certificados trazables al SIU en la magnitud Actividad 
(Bq). 
 
Los resultados satisfactorios obtenidos en dos recientes ejercicios del OIEA (una 
intercomparación y un ensayo de aptitud) muestran que la simulación Monte Carlo 
(DETEFF) constituye una alternativa factible y fiable para realizar calibraciones en eficiencia 
cuando existen diferencias en geometría y autoabsorción entre el patrón de calibración y la 
muestra objeto de análisis. 
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