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1. Abstract

Monte Carlo efficiency transfer method was used to determine the full energy peak
efficiency of a coaxial n-type HPGe detector. The efficiencies calibration curves for three
Certificate Reference Materials were determined by efficiency transfer using a *°Eu
reference source. The efficiency values obtained after efficiency transfer were used to
calculate the activity concentration of the radionuclides detected in the three materials,
which were measured in a low-background gamma spectrometry system. Reported and
calculated activity concentration show a good agreement with mean deviations of 5%,

which is satisfactory for environmental samples measurement.

Keywords: HPGe detector, Monte Carlo, efficiency transfer, low-background gamma

spectrometry
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The low-background gamma spectrometry with high purity germanium detectors (HPGe) is
one of the most widely used procedures to determine the activity concentrations of
radionuclides in environmental samples (Pérez-Moreno et al., 2002; Alonso-Hernandez et
al., 2006; Krmar et al., 2009), because it is a high-resolution and nondestructive technique,
that does not require laborious sample preparation. However, it needs prior knowledge of
the full energy peak efficiency (FEPE) at each photon energy for the given measurement
conditions, which must be obtained by an efficiency calibration using standard radioactive
sources of very similar geometrical dimensions, density, and chemical composition,
compared to the measured sample. These conditions are not always easy to achieve in

many laboratories.

At present, the use of Monte Carlo (MC) simulation is an alternative or complement to
experimental efficiency calibrations. However, many authors have reported discrepancies
superior to 20% between efficiency values obtained experimentally and by MC simulations
based on nominal values of the parameters supplied by the manufacturer (Boson et al.,
2008; Budjaz et al., 2009). These differences are mainly due to the inaccuracies of the
geometric characteristics of the detector. One effective procedure to overcome these
difficulties is to use an efficiency transfer function from a reference geometry to other
source configurations, using MC calculations. This procedure consists of calculating the
FEPE by mean of an energy dependent transfer factor, which is derived by comparing the
direct calculated FEPEs using the manufacturer's detector parameters with the source
experimental values at a reference position. In the literature, different authors have
reported differences below 10% after using the transfer function (Boson et al., 2008;
Jurado Vargas et al., 2003; Liye et al., 2006; Padilla Cabal et al., 2010).

In this paper, we use the MC code MCNPX 2.6 to build an n-type HPGe detector model
based on manufacturer supplied data and apply the efficiency transfer method to
reproduce reported activity for the radionuclides in three different Certified Reference
Materials (CRM). We determine the efficiencies calibration curves for each of these CRM
by efficiency transfer and then, we calculate the activity concentrations using the values of
these curves. The aim of this work is to show that the MC efficiency transfer method offers

a reliable and simple tool to estimate the natural radioactive levels in samples of different
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compositions and different geometries, so this method can be implemented to improve the

efficiency calibration in the laboratory.

3. Experiments and method

3.1. Detector

The HPGe detector considered in this paper is a coaxial n-type detector with an epoxy
carbon window; model NGC 3019 from Detector System GmbH (DSG Detector Systems
GmbH). The detector has 31.5% of relative efficiency in relation to a Nal(TI) detector with
an active area of 3x3 inches, a resolution (FWHM) of 0.90 keV at 122 keV and 1.84 keV at
1332 keV®Co. It was coupled to an electronic chain, including a multichannel analyzer
(MCA) type TMCA. The spectrum is analyzed using Winner 6.0 software. This detector is
surrounded by a cylindrical low-background chamber made with the following elements:
240 mm of steel, 37 mm of lead, 1 mm of aluminum and 1 mm of copper from outside to
the inner region. This spectrometric system is used in the Environmental Study Centre of
Cienfuegos (CEAC), Cuba to determine the activity concentrations of radionuclides in
environmental samples. The dimensions and materials of the detector provided by
manufacturers are shown in Fig. 1. These characteristics were used to model the detector
in the simulation process. Monte Carlo software for HPGe detectors efficiency calculation
was MCNPX 2.6.

3.2. Monte Carlo efficiency transfer method

In order to correct differences between efficiency values obtained experimentally and by
MC simulations based on nominal values of the parameters supplied by the manufacturer,
we use an energy-dependent transfer factor. It is founded on the assumption that the
transfer factors between Monte Carlo computed FEPESs using the initial detector data and
measurement values are dependent on photon energy only, independent of geometry
configurations (Lépy et al., 2001; Piton et al., 2000). The efficiency for a particular

geometry ¢, is then given by

gMc
Ex = Eref EM?> (D
re
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where &,..; is the experimental efficiency for a reference case, and s%fc and £M¢ are

calculated efficiencies (via Monte Carlo) for the reference case and the geometry of
interest, respectively. All these values are referred to a given energy.

For the reference geometry, we measured a standard source of **Eu with 42.83 kBq of
activity. It was placed at 32 cm from the Al front end cap of the detector in order to avoid
summing effects and minimize the dead time. The standard was a silicone resin (V = 196.0
+ 1.96 cm® and p=0.98 + 0.01 g/cm®) with a composition of the matrix: C — 0.324, H —
0.0816, O — 0.216 and Si — 0.379 (mass ratio) and 42.83 kBq of activity. It was included in
a cylindrical container of polystyrene of 1 mm thickness with an internal diameter of 50 mm
and filling height of 98 mm. The standard of *>’Eu covers the energy range 40 — 1408 keV

and the values are given for the reference date 15 July 2010.

Applying the equation (1), we computed the efficiency values for three samples-to-detector
configurations: 70 g of the Certified Uranium-Thorium Reference Ore DL-1a contained in a
polystyrene capsule (1.8 mm thickness and 72 mm of internal diameter) with an estimated
density of p = 1.22 + 0.09 g/cm?®, 70 g of the Certified Reference Material (CRM) soil IAEA-
375 contained in a similar capsule with an estimated density of p = 1.59 + 0.12 g/cm® and
25 g of the Certified Reference Material, Uranium Ore IAEA-RGU-1 contained in a
polystyrene capsule (1.2 mm thickness and 56.6 mm of internal diameter) with an
estimated density of p= 1.22 + 0.09 g/cm?®. In order to implement the matrices of DL-1a
and IAEA-RGU-1 during the MC simulation processes, we used the chemical composition
reported for DL-1a (Steger and Bowman, 1980). A standard soil was used for the IAEA-
375 material (Wielopolski et al., 2005).

3.3. Experimental measurements

Before analysis the samples were sealed and kept for three weeks approximately, to
ensure that secular equilibrium between ?*°Ra and radon daughters had been achieved.
The three samples were measured in the low-background system described above;
placing the samples over the front end cap of the detector. The activity concentrations Ay

of the radionuclides detected in the three CRM were calculated by the equation
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T.
Ay = i (2)
VExMy

where T, is the experimental counts rate (s), y is the gamma decay probability, m,, is the
sample mass (g), 4 is the decay constant, t is the time elapsed between the reference
date and the measurement date, and ¢, is the efficiency after transfer function application,

given by the equation (1).

2°Ra activity of the samples was determined via its daughters ***Pb and #*Bi. The ?*?Th
activity was determined from the activity of *?Bi, ?*?Pb and ?*®Ac. In both cases the activity
concentration computed for each line individually were quite similar. The routine quality
control in our laboratory has shown us that the activity values of ?°Ra and %**Th, reported
for the CRM used in this study, are reproducible when we use the efficiency curve
obtained in this work. Therefore, we decided not to take into account the summing effect

for the used geometries.

The ?*Th and #*®U activities were determined from the activity of Tl (583.2 keV) and
234Th (63.3 keV), respectively. Finally, to determine *°K, *'Cs and #'°Pb activities, the well-

known 1460.75, 661.7 and 46.54 keV lines were used, respectively.

Relatives uncertainties (u) were calculated using the law of uncertainty propagation taking

into account all the variables involved in the equation (1) and (2).

u(4,) = Ju(Ty) + u2(e,) + u2(y) + u?(my) 3)
u(e,) = \/uz(sref) + u? (eﬁ”efc) + u2 (M) (4)
u(gref) = \/uz(Tref) + uz(Aref) + uzo,) + uz(mref) (5)

Where T,.r, m..; and A,. are the experimental counts rate, the sample mass, and the

activity of ">’Eu reference source, respectively.

4. Results and discussion
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Fig. 2 shows the comparisons between the measured peak efficiencies and the direct MC
calculated efficiencies using manufacturer's data for *>’Eu reference source; as well as the
efficiency curves for the three CRM after transfer calculation. The discrepancies observed
between the experimental and calculated efficiencies for the reference source even
exceed the 50%. As has been reported by numerous authors (Elanique et al., 2012;
Laborie et al., 2000; Rddenas et al., 2003), this disagreement is usual when detector
manufacturer data are used directly, because significant deviations in the efficiency can
occur from only slight changes in some of the detector geometrical parameters. An
improved performance can be obtained after application the efficiency transfer method.
This method corrects the geometric differences and also includes a correction for the
intrinsic detector efficiency, thus, is not necessary to make corrections in the low energy
ranges because the self-absorption is taken into account in the MC simulation of the

sample of interest.

The results obtained by performing the efficiency transfer from the reference geometry to
the three CRM (solid lines in Fig. 2) were used to calculate the activity concentrations of
the radionuclides detected in these matrices. Table 1 gives the comparison between
reported and calculated activity concentration. Results show a good agreement for all the
radionuclides, which are distributed throughout the energy range we studied here. The
mean deviation between reported and calculated activity concentration is 5% and the
biggest deviation are observed for >®U and **°Ra in the CRM IAEA-375 and for #°Pb in
the CRM Dl-1a.

The environmental samples measurement requires an accurate efficiency calibration in the
energy range of interest; therefore it is necessary to have standard radioactive sources
that cover the energy range of study. The reference source used in this work (**’Eu) for
efficiency transfer has the majority of analytical lines above 100 keV, and we use only the
analytical line of 45.5 keV in the low energy region, which may result in an interpolation
quality decreased in this region. For example, the results for the activity concentration of
238y and ?*°Pb in the CRM DI-1a shows a difference of 16 % and 5 % respect to the
reported value, respectively. However, these all these results obtained here do not show

significant differences with the reported values if we take in to account the measurement
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uncertainties (Linsinger, 2005). To use standard point radioactive sources covering the
whole energy range under study, can be an alternative when the Monte Carlo efficiency
transfer method is applied (Jurado Vargas et al., 2003; Padilla Cabal et al., 2010).

As we can see, the application of the MC efficiency transfer method gives reliable results
when complex matrices such as environmental samples are studied. Then, this method
can be used in the laboratory as an excellent tool in the efficiency calibrations processes,
mainly when we do not have standard radioactive sources of similar density and chemical

composition to the studied sample.

5. Conclusions

The application of the Monte Carlo efficiency transfer method for efficiency calibration of
an n-type HPGe detector, allowed us to determine activities in environmental samples.
The peak efficiency calculated by direct Monte Carlo calculation using the manufacturer’s
detector parameters showed significant discrepancies with respect to the experimental
values. However, after applications of efficiency transfer method we found a good
agreement between calculated and reported activity concentrations for three Certified
Reference Materials with mean deviations of 5%. Therefore, this method can be used in
the laboratory to improve the efficiency calibrations of the HPGe detector. Now, we have a
simple and effective method for routine measurement purpose in our laboratory, based on
the Monte Carlo simulation with nominal parameters of the detector supplied by the

manufacturer.
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Table

Table 1. Comparisons between reported activity concentrations for
radionuclides detected in three Certified Reference Materials and calculated
activity concentration with efficiency transfer function.

Ratio between
Calculated after calculated and

Sample Isotopes Reported® transfer® reported value
DL-1a ?Pp  1.40+0.01 1.47+0.06 1.05
(Balg) “Ra  1.40+0.02 1.41+0.04 1,01

0K 424 + 8 430 + 20 1,01

¥Cs  5280+80 5224 +160 0.99

IAEA-375  °Ra 20 £ 2 229+2.0 115
(Barkg) 228Th 21+4 22.3+2.0 1.06
*2Th  205%1.4 20.7+1.7 1.01

28y 24454 20.4+7.0 0.84

IAEA-RGU-1 ~°Pb  4940+30 4886 + 231 0.99
(Barkg) “Ra 4940+30 5081 + 162 1,03

4All uncertainties are reported with 95% confidence level.
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Fig. 1.Cross-section of the detector with the dimensions and materials provided by
the manufacturers.



Figure

100 5
] o-- Measured (*Eu)
O-- Direct-MC simulation (“*’Eu)
Efficiency transfer (DL-1a)
10 X Efficiency transfer (IAEA-375)
1. % Efficiency transfer (IAEA-RGU-1)
X \
X\\\
Rgkg
< T R—g .
S 1 e
> ]
o
c
Q
Q2
=
L
0.1 A
e - -8
%,’@\ Q.. ‘%'\%Eﬁ.»\\
® g =
TEmE g g
&-@-0 - _gg._
0.01 5 el
T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400
Energy (keV)

Fig. 2.Measured and computed (MCNPX) photo-peak efficiency. The dotted lines
correspond to the experimental efficiency for the reference source and the
calculated efficiency by direct MC simulation using the nominal parameters of the
detector. The solid lines represent the efficiency after application the efficiency
transfer.



