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Abstract. The routine operation and maintenance of nuclear facilities generate quantities of
radioactive material in many different matrices that are packed in many different sized containers.
The waste is often packaged in large containers, such as 220 l drums, because process operators find
drums more economical to handle than small containers. Based on regulations, the radioactivity and
the radionuclide composition of the waste should be characterized before moving, shipping offsite,
burying, or placing in a storage area. The most important step of the characterization process,
establishing radionuclide content, is often achieved by nondestructive assay (NDA). In this work
calculation techniques useful for the calibration and evaluation of measurements of radioactive waste
drums by gamma-ray spectrometry were developed. To this end, a simulation program based on
GEANT 3.21 toolkit was developed to simulate the response function of ISOCART gamma-ray
spectrometry system for a geometry measurement with the drum volume divided in 40 volume
elements. The Monte Carlo method was applied to obtain the expected spectra in the energy range
from 50 to 2000 keV, the full energy peak efficiencies and the total efficiencies for sources uniformly
distributed in each of the volume elements defined within the drum as well as for the source
uniformly distributed in the entire drum.
Key words: gamma-ray spectrometry, HPGe detectors, GEANT 3.21, detection efficiency, waste drums.

1. INTRODUCTION
Regulatory agencies governing the disposal of nuclear waste require that the
waste be appropriately characterized prior to disposal. Based on regulations, the
radioactivity and the nuclide composition of the waste should be identified before
moving, shipping offsite, burying, or placing in a storage area. The most important
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step of the characterization process establishing radionuclide content is often
achieved by nondestructive assay (NDA). Current methods for the NDA of
radioactive waste in 220 l drums rely on the assumption that both the drum matrix
and the activity are homogeneously distributed within the drum. When this
condition is not met and the matrix is non-homogeneous, large assay errors can
result. A number of researchers have studied the calibration techniques of gamma
spectrometry for the radioactive waste drums [1-13]. Several techniques based on
gamma-ray measurements are commonly available and of great utility in this area,
which specifically provide simple and cost-effective solutions to these gamma-ray
measurement problems. For example ORTEC developed the following techniques:
ISOCART, QED, SGS and TGS [14]. Among them, the ISOCART method for
waste assay is the most versatile in its ability to measure a wide range of waste
containers including large containers and objects that can only be measured in situ.
For health physics, engineering, industry and environmental measurements,
an HPGe detector is one of the most fundamental instruments among all the
radiation detection systems used. The knowledge of the detection efficiency which
varies strongly with the source to detector distance, due to the geometry and
absorption factors, is essential for operating these systems. The experimental
efficiency calibration by the use of a specific standard source provides by far the
most accurate calibration in any measurement configuration [15]. However,
sometimes it can be difficult or even impossible to apply experimental calibration
in the case of volume samples because the calibration source should be physically
and chemically similar to the measured samples and should have similar activity
distribution. Furthermore, volume calibration sources are expensive (especially if
different sources are used for each configuration that should be calibrated), the
calibration process is time consuming, and safety problems may arise in connection
with source manipulation and storage. Therefore computational methods for
efficiency calibration are most valuable especially in the case of assessment of
volume sources.
Monte Carlo simulation is nowadays a powerful method for solving problems
concerning radiation transport. Its application for the computation of detection
efficiency has dramatically increased in the last period. The method is powerful
and flexible, as it can be applied to any germanium detector, to sources of arbitrary
geometry and matrix. On the other hand, a lack of precise input data can yield
significant errors in the detector efficiency calibration [1, 16-18], because the
values of the efficiency obtained by direct Monte Carlo computation are very
sensitive to several parameters of the detector, to the cross section data, and to
specific approximations implemented in the Monte Carlo model [18, 19]. In spite
of the widespread application of Monte Carlo simulation for efficiency calibration
of HPGe detectors for measurements of samples with the volume up to several
dm3, realistic computations by Monte Carlo methods were not previously reported
for the measurement of big volume samples like 220 l waste drums.
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In this paper we developed a calculation technique based on realistic Monte
Carlo simulation useful for the calibration and the evaluation of measurements of
radioactive waste with drum counting systems. Specifically a simulation program
based on GEANT 3.21 toolkit was developed to simulate the response function of
ISOCART gamma-ray spectrometry system for a geometry measurement with the
drum volume divided in 40 volume elements. The Monte Carlo method was
applied to obtain the expected spectra in the energy range from 50 to 2000 keV, the
full energy peak efficiencies and the total efficiencies for sources uniformly
distributed in each of the volume elements defined within the drum as well as for
the source uniformly distributed in the entire drum.
2. THE SYSTEM DESCRIPTION
According to the Ortec online documentation [14] the ISOCART method for
waste assay is the most versatile in its ability to measure a wide range of waste
containers including large containers and objects that can only be measured in situ.
It is also the gamma-ray assay system with the lowest instrument cost. At the same
time, the ISOCART method may be the least precise with the largest errors, due to
many assumptions that must be made, if the sample is highly inhomogeneous, or
has low level of activity.
The ISOCART system (Fig. 1) used in this study is based on a coaxial p-type
(GEM25P4) detector, reprocessed in 2007 by Ortec. The performance
specifications of the detector are: relative efficiency is 25%; resolution at 1332 keV
(60Co) is 1.85 keV and at 122 keV (57Co) is 0.82 keV. The diameter of the
germanium crystal is 57.4 mm and the length 52.2 mm. The thickness of the dead
layer is 0.7 mm on top and sides. A central hole is drilled into the back side of the
crystal with 34 mm length and 9 mm diameter. The crystal is encased in aluminum
housing with thickness equal to 1.27 mm on top and sides. The distance from end
cap to crystal is 3 mm. In the measurement of waste drums this detector is shielded
with a lead collimator of 203 mm length, 16 mm thickness and 110 mm inner
diameter. The distance from the front of the collimator to the front of the detector is
the depth dimension of 20 mm. The radioactive source considered was a 220 l
cylindrical waste container with dimensions of 880 mm length and 570 mm
diameter, encased in an iron container with walls having the thickness of 1.25 mm.
The source matrix considered is concrete with standard composition. The axis of
the detector (horizontal) is perpendicular on the axis of the cylinder (vertical); the
center of the drum is located at the intersection of the two axes. The distance from
the center of the coordinate system associated to the detector to the center of the
cylinder is 500 mm.
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3. THE GEANT 3.21 SIMULATION SETUP
The process applied in this work is based on the method similar with the
tomography procedure. In view of investigating the effect of various radioactive
source distributions within the drum, we considered the drum volume divided into
many volume elements which are each independently submitted to simulations, so
we carried out a lot of Monte Carlo simulations.

Fig. 1 – The ISOCART measurement geometry representation (from the ISOTOPIC
Program for Radioactive Waste Characterization).

The volume elements were defined by applying two divisions of the volume
of the drum. The first division, (a), comprising 8 cylindrical segments of 110 mm
length each and radius equal to the radius R of the drum, is obtained by sectioning
the drum with equidistant horizontal planes perpendicular on the drum axis. The
segments are indexed from one base to the other of the drum as S1 to S8. The
second division, (b), comprising an inner cylinder and four tubes, concentric with
the drum axis, is obtained by defining equidistant cylindrical surfaces of radii
Rk = k×R/5, k = 1 to 5, as boundaries of the domains; each domain has the length
equal to the length of the drum. In this division the domains are indexed as V1 (the
inner cylinder) to V5 (the outermost tube).
The simulation of a particular system by GEANT 3.21 [21] is achieved by
defining the problem of interest with the help of several user routines. In our case,
first the geometry of the experimental setup was defined by specifying the detector
structure (shape and dimensions, including the dead layer, the detector holder, and
the end cap), the shield and the collimator, the drum (including the walls) and the
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relative position of all the volumes. Then for each volume the material data were
given. These input data were implemented into the geometry and material user
routines of GEANT. In each run the task of the program was to evaluate the energy
deposited in the sensitive volume of the detector. The complete definition of each
run required also the specification of the volume element from the drum in which
the radioactive source was distributed, the energy and the number of source
photons to be traced. For each volume element the simulations were done for 11
photon energies: 59.54 keV (241Am), 661.66 keV (137Cs), 1173.24 and 1332.50 keV
(60Co) and 121.78, 344.28, 778.90, 964.08, 1085.84, 1112.08 and 1408.01 keV
(152Eu). For each energy 1.2 1010 photons were traced in total for the 40 volume
elements, that is 1.32 1011 photons in total for all energies.
Basically the simulation proceeded as follows. One of the domains S1, ... S8,
or V1, ...V5 was selected for the current computation. A random emission point
was sampled in the selected domain, considering that the radioactivity is uniformly
distributed in that domain. Of course, the volume elements S1, ... S8, V1, ...V5
were used only for the definition of the radioactive source, from the point of view
of the photon interactions always the complete drum was considered. The direction
of the emitted photon was randomly selected from an isotropic distribution. The
transport of the source photon, as well as of each secondary photon and electron
resulting from interactions in the drum, detector and the other media traversed by
the radiations was followed by a realistic simulation of all the relevant interactions.
In the case of photons, photoelectric, Compton scattering, coherent (Rayleigh)
scattering and pair production were specifically simulated. The lower energy cut
off was 10 keV. In the case of electrons ionization, delta electron production,
bremsstrahlung emission, multiple scattering, energy loss straggling were
described; in the case of positrons besides the same features of course annihilation
was included. Electron low energy cut off was 10 keV. Any particle was traced
until its energy became low enough for it to be considered locally absorbed, or it
escaped from the space region of interest. In the case when the initial source
photon or any of the secondary radiations that were produced did interact within
the sensitive volume of the detector, the energy deposition in the detector due to all
these radiations was evaluated, with the purpose of collecting the ideal energy
spectrum of the detector. Then the deposited energy was distorted according to a
gaussian distribution closely matching detector resolution in view of constructing
the realistic energy spectrum of the detector. The procedure was repeated by
selecting a new emission point and following the transport of the photon and of the
associated secondary radiations by as many times as specified in the input file. In
fact, due to the long computer time required, instead of making a single
computation for 1.2 1010 source photons for each energy, several runs for a smaller
number of source photons were carried out in each case and finally the partial
results were combined in a single file.
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In the end the ideal and the realistic spectra were obtained for each energy
and for each source domain. Also, the full energy peak efficiencies and the total
efficiencies were evaluated in the same cases. It is important to mention that the
realistic spectra, obtained by applying an appropriate energy resolution and a
typical number of channels, are similar to the experimental data and consequently
may be processed with the same software as the measured spectra. Realistic spectra
obtained by simulation are also useful for the analysis of specific features of the
spectra, e.g. for the appropriate evaluation of the contribution of small angle
Compton scattering to the background under the peaks, which is especially
important for volume sources and low energy photons.
4. RESULTS AND DISCUSSIONS
In this work the response function of the ISOCART gamma-ray spectrometry
system was studied. The Monte Carlo based GEANT 3.21 code was used for the
computation of the efficiency and for the simulation of the spectra.
From the simulations the results (spectra, efficiencies) were obtained
independently for 40 different source domains (the sub-domains obtained by both
divisions of the drum, the eight segments and the five concentric domains – the
inner cylinder and the four tubes). In this paper only the results corresponding to
the complete domains S1, ... S8 and V1, ... V5 will be presented. They were
computed by combining the results corresponding to the sub-domains included in
the domain of interest. For example, in the case of the inner cylinder V1 the values
corresponding to the sub-domains defined by the part of the segments S1 to S8
included in the V1 volume were combined together.
In Table 1 the values of the peak efficiency for the cylinder and the four tubes
are presented.
Table1
The peak efficiency values for the cylinder and the four tubes
Energy
(keV)
59.54
121.78
344.28
661.66
778.90
964.08
1085.84
1112.08
1173.24
1332.50
1408.01

Cylinder
0.00E+00
6.45E-08
1.29E-06
3.55E-06
4.44E-06
6.94E-06
8.31E-06
9.36E-06
7.84E-06
1.05E-05
1.08E-05

Tube1
0.00E+00
4.03E-07
3.00E-06
6.50E-06
7.75E-06
9.55E-06
1.07E-05
1.19E-05
1.15E-05
1.35E-05
1.42E-05

Peak efficiency
Tube 2
0.00E+00
2.49E-06
9.86E-06
1.38E-05
1.55E-05
1.82E-05
1.93E-05
1.96E-05
2.07E-05
2.32E-05
2.39E-05

Tube 3
2.61E-07
1.77E-05
3.13E-05
3.73E-05
3.53E-05
3.76E-05
3.93E-05
3.93E-05
4.00E-05
4.26E-05
4.36E-05

Tube 4
1.69E-05
1.28E-04
1.04E-04
9.09E-05
9.32E-05
9.76E-05
9.88E-05
9.83E-05
9.96E-05
1.01E-04
1.02E-04
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In Fig. 2 the peak and total efficiency curves for the cylinder and the four
tubes are presented.
The total efficiency curves for the cylinder and the four rings

The peak efficiency curves for the cylinder and the four rings
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Fig. 2 – The peak (left) and total (right) efficiency curves for the cylinder and the four tubes.

As it can be seen in Fig. 2 the efficiencies are smaller for the inner cylinder
and greater for the outer tube. The systematic increase of the efficiency when the
source is distributed in volume elements closer and closer to the surface of the
drum (from the inner cylinder to the outer tube) is easily explained by the increase
of the mean solid angle and the decrease in the attenuation in the drum. Concerning
the energy dependence of the efficiency curve for a given source distribution, this
is the result of the energy dependence of the attenuation in the drum and of the
energy dependence of the intrinsic efficiency curve of the detector. The attenuation
in the drum is constantly decreasing with increasing energy of the photons,
consequently more and more photons can escape from the drum as the energy
increases, potentially contributing to the detector signal. The relative effect is more
pronounced in the case of sources distributed far from the surface of the drum than
in the case of sources distributed closer to the surface of the drum (e.g. the
outermost tube V5); indeed, in the latter case an important fraction of the detected
photons come from emission points located close to the surface and for these
photons the path length through the drum is short and the attenuation is less
important. The intrinsic efficiency curve for a p-type detector increase first with the
energy, reaching a maximum at 100 – 200 keV [15], then decreases slowly. The
initial increase is the result of a smaller attenuation in the Ge dead layer, in the end
cap etc. as the energy increases, while at these energies the photons that succeed to
penetrate to the sensitive volume of the detector are fully absorbed with a high
probability. At higher energies the attenuation in the Ge dead layer and in the end
cap is negligible, but the probability of full absorption of the photons in the
sensitive volume of the detector decreases with increasing energy. The final energy
dependence of the efficiency for the sources considered in this work results from
the balance of the two factors. In the case of the inner cylinder and of the inner
tubes the attenuation in the drum is always the dominating factor and the efficiency
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increases constantly with photon energy, which is atypical for efficiency curves. In
the case of the outermost tube the contribution of the emission points located close
to the surface of the drum is less affected by attenuation in the drum; therefore the
energy dependence of the intrinsic efficiency shows up in the final full energy peak
efficiency curve, by the initial increase and then the decrease of the efficiency up to
about 600 keV.
In Table 2 the values of peak efficiency for the eight segments are presented.
Table 2
The peak efficiency values for the eight segments
Energy
(keV)
59.54
121.78
344.28
661.66
778.90
964.08
1085.84
1112.08
1173.24
1332.50
1408.01

1
0.00E+00
0.00E+00
6.51E-08
2.45E-06
3.62E-06
4.85E-06
5.47E-06
5.82E-06
6.01E-06
6.97E-06
7.33E-06

2
0.00E+00
0.00E+00
5.56E-08
3.38E-06
5.21E-06
7.12E-06
8.30E-06
8.48E-06
8.78E-06
1.06E-05
1.07E-05

3
1.79E-09
3.18E-07
1.21E-06
9.17E-06
7.98E-06
1.13E-05
1.29E-05
1.39E-05
1.40E-05
1.65E-05
1.68E-05

Peak efficiency
Segment
4
5
8.55E-06 8.56E-06
7.46E-05 7.37E-05
7.34E-05 7.34E-05
6.25E-05 6.31E-05
6.17E-05 6.13E-05
6.11E-05 6.16E-05
6.19E-05 6.10E-05
6.16E-05 6.03E-05
6.10E-05 6.08E-05
6.18E-05 6.20E-05
6.16E-05 6.21E-05

6
2.30E-09
3.12E-07
1.15E-06
5.41E-06
7.89E-06
1.15E-05
1.31E-05
1.41E-05
1.38E-05
1.64E-05
1.74E-05

7
0.00E+00
0.00E+00
5.20E-08
3.51E-06
4.96E-06
7.48E-06
8.15E-06
8.59E-06
8.94E-06
1.01E-05
1.09E-05

8
0.00E+00
0.00E+00
7.27E-08
2.48E-06
3.51E-06
4.94E-06
5.52E-06
5.76E-06
6.24E-06
6.80E-06
7.24E-06

In Fig. 3 the peak and total efficiency curves for the eight segments are
presented.
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Fig. 3 – The peak (left) and total (right) efficiency curves for the eight segments.

In Fig. 4 the corresponding peak efficiency curves and the total efficiency
curves simulated for the entire drum are presented.
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Fig. 4 – The peak (left) and total (right) efficiency curves for the drum .

Qualitatively the results displayed in Fig. 2 and Fig. 3 can be explained with
similar arguments as the results displayed in Fig. 1. The segments S4 and S5 are
located in front of the detector and the behavior of the efficiency curve is similar to
the case of the V5 outermost cylinder. The segments S1 and S8 are farthest from
the detector; the photons should come towards the detector on inclined trajectories,
that are longer in average and consequently the attenuation in the drum is more
important. In addition, the solid angle considerations explain the smaller values of
the efficiency for the segments S1 and S8. The case of the entire drum is closer to
the case of the source distributed in the V5 tube. The more important increase in
the efficiency as the energy increases in the case of the entire drum than in the case
of V5 is a consequence of an increase with energy of the effective volume of the
active source, defined as the volume from where the emitted photons can
contribute significantly to the peak efficiency.
The uncertainty obtained for the simulated efficiencies are in the range
0.13÷4.0% for peak efficiencies and 0.03÷1% for total efficiencies.
5. CONCLUSIONS
In this study the spectra and the peak and total efficiencies for several
distributions of the radioactive source in a waste drum container were obtained by
realistic Monte Carlo simulation. The code used was GEANT 3.21. The
simulations were done for 11 photon energies and for sources distributed in 8
cylindrical segments and 5 concentric domains defined within the drum. The
magnitude of the full energy peak efficiency and the energy dependence of the
efficiency curves were displayed and discussed. The procedure will be used in
future studies for the interpretation of the results obtained concerning the
dispersion of the activity in the drum.
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