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Aim of this work is the numerical calculation of the true coincidence correction factors by
means of Monte-Carlo simulation techniques. For this purpose, the Monte Carlo computer
code PENELOPE was used and the main program PENMAIN was properly modified in order to include the effect of the true coincidence phenomenon. The modified main program
that takes into consideration the true coincidence phenomenon was used for the full energy
peak efficiency determination of an XtRa Ge detector with relative efficiency 104% and the
results obtained for the 1173 keV and 1332 keV photons of 60Co were found consistent with
respective experimental ones. The true coincidence correction factors were calculated as the
ratio of the full energy peak efficiencies was determined from the original main program
PENMAIN and the modified main program PENMAIN. The developed technique was applied for 57Co, 88Y, and 134Cs and for two source-to-detector geometries. The results obtained
were compared with true coincidence correction factors calculated from the “TrueCoinc”
program and the relative bias was found to be less than 2%, 4%, and 8% for 57Co, 88Y, and
134Cs, respectively.
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INTRODUCTION
The true coincidence phenomenon is defined as
the cascade emission of two or more photons from the
same decay branch of a radionuclide and the simultaneous detection of these photons as one with energy
equal to the sum of the photon energies deposited on
the detector. Many factors affect this phenomenon that
depend on source parameters, such as the type of the
radioactive source [1, 2], the type of the decay, the cascade decay scheme, its complexity and the angular
correlation between the emitted photons [3-5]; and on
geometrical parameters, such as the geometry of the
radioactive source and the detector characteristics
[5-7]. The True Coincidence phenomenon may significantly affect the photopeak area of the corresponding
photopeaks in the spectrum, resulting to the miscalculation of either the full energy peak efficiency or the
activity concentration of an analyzed radioactive
source [8].
Since the early 1970's, many methods have been
developed for the confrontation of the True Coincidence phenomenon in gamma spectroscopic analysis.
Theoretical [9, 10], empirical [11] and semi-empirical
models have been established, as well as numerical
codes using Monte Carlo simulation techniques
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[12-16]. In all cases, the main goal was the determination of the correction factor that should be applied to
the photopeak area of the photon energy under investigation, to take into consideration of the True Coincidence effect.
The determination of the true coincidence correction (TCC) factors at the Nuclear Engineering Department of the National Technical University of Athens (NED-NTUA) is based on the use of the
“TrueCoinc” program [17], which was developed at
the Institute of Experimental Physics, Kossuth University, Hungary and is supported by the International
Atomic Energy Agency (IAEA). The program requires as input the full-energy peak efficiency and the
total-to-peak efficiency curves, which should be provided by the user and gives as output the TCC factors.
The cascade decay scheme needed for this calculation
is incorporated within the program libraries, which are
based on the ENSDF database.

METHODOLOGY

Aim of this work is the appropriate modification
of the Monte Carlo simulation code PENELOPE (version 2005), in order to take into consideration the ef-
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fect of True Coincidence. The modified code may then
be used for determination of the detector efficiency
and provide output results, which can be used for the
calculation of the respective TCC factors for specific
radionuclides. PENELOPE is a FORTRAN code consisting of a set of subroutines, which are called by a
user developed main program to tackle with the specific simulation problem [18]. A small set of user main
programs is available together with the PENELOPE
Code package. One of these is the generic main program PENMAIN that was properly modified during
this work. One of PENMAIN main features is the simulation of a photon history, which means that in every
simulation loop – called “shower” – the interactions of
a single photon and its secondary radiation are taken
into consideration. At the end of each shower all information for the simulated photon are recorded and
stacks and counters are reset. As a result, the full energy peak efficiency that may be determined using this
code completely neglects any summation effect involving more than one photon, such as true coincidence summing, pile-up, etc. This work is focused on
the modification of the main program PENMAIN to
simulate a nucleus decay, which means that every simulation loop may involve more than one photon, or
other particle, interacting with the detector. As a result,
the program output results may be used for the determination of the full energy peak efficiency, taking into
consideration the detection of more than one photon
from the same decay, which results to true summation.
True coincidence correction (tcc) factors may
then be calculated as the ratio of the full energy peak
efficiency values determined using the modified
(effmod) and the original (effori) main program
PENMAIN
tcc =

eff mod
eff ori
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the radionuclide selection. The major modifications
within the main program PENMAIN include a new
loop to simulate all photons emitted from the same decay event within the same shower. Stacks and counters,
originally reset upon the conclusion of a photon simulation history, are now reset after a decay loop is concluded.

Qualitative evaluation of
the modified code
In order to qualitatively evaluate the results of
the modified main program PENMAIN, several scenarios were simulated, for:
– an Extended Range Ge (XtRa) detector of 104%
rel.eff. and FWHM = 2.04 keV @ 1332.5 keV, and
– four point sources (60Co, 88Y, 57Co, and 134Cs) positioned on the detector endcap.
Figure 1 presents the simulation spectrum of the
60Co point source positioned on the XtRa detector endcap.
The photopeaks of the two photons emitted in cascade are
observed at the energies of 1173 keV and 1332 keV, respectively, as well as the summing photopeak at 2505 keV.
Furthermore, the backscatter peak at ~210 keV, the single
escape peak of the 1173 keV photon at 821 keV and the
two Compton edges at ~960 keV and ~1120 keV are also
observed. The small peak observed at the energy of
1994 keV is due to the summation of one of the two photons emitted by the source with the escape peak of the
other (1173 keV + 1332 keV – 511 keV). Finally, the
Compton edge observed at ~2300 keV is due to the summation of one of the photons emitted by the source with
the other photon scattered at the detector.

(1)

It must be noted that using formula (1) for the
calculation of the tcc factor, type B uncertainties introduced due to detector incomplete geometry description are significantly reduced.
Several modifications had to be made so that the
main program PENMAIN would simulate the nucleus
decay. Firstly, for each source to be simulated, a subroutine describing the decay scheme of the radionuclide
had to be developed. For complicated decay schemes,
some simplifications may be necessary. Using a random
number generator within the subroutine, the decay path
is randomly selected, taking into consideration the
emission probabilities. The subroutine output, which is
the photon or photons emitted for the specific decay, is
then fed to PENMAIN to be simulated. Therefore, one
simulation loop corresponds to one subroutine call and
one or more photons emitted by the source. In the
course of this work, subroutines were developed for
60Co, 88Y, 57Co, and 134Cs decay. A suitable variable incorporated into the main program input file is used for

Figure 1. Simulation spectrum of a 60Co point source on
the XtRa detector endcap

In a similar way, the simulated spectrum of 134Cs
source is presented in fig. 2. In this spectrum, the nine
photopeaks due to its most significant photons are observed at the energies of 475 keV, 563 keV, 569 keV,
604 keV, 795 keV, 801 keV, 1038 keV, 1167 keV, and
1365 keV, respectively. Furthermore, summation
peaks at 1079 keV, 1173 keV, 1399 keV, 1407 keV, and
1642 keV and Compton edges at ~425 keV and ~600
keV are also observed.

D. A. Chionis, et al.: Determination of True Coincidence Correction Factors ...
Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, Suppl., pp. S8-S13

S10

Figure 2. Simulation spectrum of a 134Cs point source on
the XtRa detector endcap

From the simulation results presented in figs. 1
and 2, it can be concluded that the modified
PENMAIN may reproduce with a single run the full
spectrum of a simulated radioactive source, including
True Coincidence photopeaks.
Quantitative evaluation of
the modified code
For the quantitative evaluation of the modified
code results, comparison of the full energy peak efficiency calculated using the modified code, with the
experimentally determined peak efficiency was made.
The XtRa detector geometric characteristics used for
this simulation have been previously determined using
an iterative procedure [19]. Efficiency was determined
for 1173 keV and 1332 keV photon energies (60Co)
and for a point and a volume source geometry. For the
experimental determination of the detector efficiency
two certified 60Co experimental sources were used: a
point source and a cylindrical source (Ø72 mm,
height: 69 mm), both positioned on the detector
endcap.
The comparison of the modified code results
with the respective experimental ones is presented in
tabs. 1 and 2 for the XtRa detector and for the two geometries. This comparison was based on the relative
bias and a U-test calculated as [20]
U=

Value 2 -Value1
unc12 + unc 22

(2)

where Value1 and Value2 are the individual results under comparison and unc1 and unc2 the corresponding
uncertainties at 1s level. The results are considered as
statistically different at a 95% confidence level for
U < 1.96. From the results presented in tabs. 1 and 2, it
can be concluded that the full energy peak efficiency
values obtained experimentally and via simulation are
not statistically different. Overall, the relative bias for
all source geometries was lower than 4%. It should be
noted that the uncertainties of the simulated results
given in tabs. 1 and 2 are underestimated, since they do
not include type B uncertainty due to detector geometrical characteristics, which is estimated to ~3%. However, if this uncertainty is also taken into consideration, the U-values will be even lower.
RESULTS AND DISCUSSION

For the calculation of the tcc factors using the
simulation results, the following procedure was followed for each radioactive source:
– the original main program PENMAIN was used
for the determination of the full energy peak efficiency for all photons emitted by the sources under investigation. It is implied that the code should
run separately for each photon energy,
– the modified main program PENMAIN was used
for the simulation of the decay of each source under investigation. From the simulation results the
full energy peak efficiency was calculated for all
photons emitted by the source, and
– true coincidence correction factors were calculated using formula 1.
The tcc factors were determined for two source
geometries: (1) point source at the detector endcap,
and (2) volume source Ø72 mm, height 69 mm on the
detector endcap, and four radionuclides (60Co, 88Y,
57Co, and 134Cs).
For each source-to-detector geometry and photon energy, tcc factors were also determined using the
TrueCoinc program. The full-energy peak efficiency
and the total-to-peak efficiency curves needed as input
for TrueCoinc program were determined experimentally or via simulation.

Table 1. Cobalt-60 point source positioned on the XtRa detector endcap
Energy
[keV]
1173
1332

Experiment
Efficiency ± unc. (1s)
0.051 ± 4.05%
0.046 ± 4.05%

Simulation
Efficiency ± unc. (1s)
0.0513 ± 0.51%
0.0465 ± 0.54%

Comparison
U-test
0.121
0.670

Relative bias
–0.49%
–2.74%

Table 2. Cobalt-60 volume source (Æ72 mm, height: 69 mm) positioned on the XtRa detector endcap
Energy
[keV]
1173
1332

Experiment
Efficiency ± unc. (1s)
0.0159 ± 3.02%
0.0148 ± 3.02%

Simulation
Efficiency ± unc. (1s)
0.0165 ± 1.44%
0.0151 ± 1.50%

Comparison
Relative bias
–3.71%
–2.31%

U-test
1.099
0.683

D. A. Chionis, et al.: Determination of True Coincidence Correction Factors ...
Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, Suppl., pp. S8-S13

S11

Table 3. Cobalt-60 point source on the XtRa detector endcap
Energy
[keV)]
1173
1332

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.8025 ± 1.00%
0.7904 ± 1.04%

TrueCoinc program results
tcc ± unc. (1s)
0.785 ± 2.00%
0.784 ± 2.00%

Comparison
Relative bias
U-test
–2.23%
0.992
–0.81%
0.359

Table 4. Yttrium-88 point source on the XtRa detector endcap
Energy
[keV)]
898
1836

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.732 ± 0.74%
0.725 ± 1.19%

TrueCoinc program results
tcc ± unc. (1s)
0.709 ± 2.00%
0.715 ± 2.00%

Comparison
Relative bias
U-test
–3.20%
1.497
–1.29%
0.554

Table 5. Cobalt-57 point source on the XtRa detector endcap
Energy
[keV)]
14.4
122
136

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.685 ± 0.15%
1.009 ± 0.22%
1.115 ± 0.24%

TrueCoinc program results
tcc ± unc. (1s)
0.669 ± 2.00%
0.982 ± 2.00%
1.139 ± 2.00%

Comparison
Relative bias
U-test
–2.40%
1.195
–2.72%
1.352
–2.08%
1.031

Table 6. Ceasium-134 point source on the XtRa detector endcap
Energy
[keV)]
604
795
801
1038
1167
1365

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.734 ± 0.86%
0.734 ± 1.01%
0.64 ± 1.69%
0.87 ± 3.17%
1.29 ± 2.47%
1.65 ± 2.13%

TrueCoinc program results
tcc ± unc. (1s)
0.733 ± 2.00%
0.734 ± 2.00%
0.621 ± 2.00%
0.936 ± 2.00%
1.375 ± 2.00%
1.610 ± 2.00%

Comparison
Relative bias
U-test
–0.11%
0.049
0.05%
0.021
–3.41%
1.285
6.74%
1.890
6.07%
1.984
–2.62%
0.885

Table 7. Cobalt-60 volume source (Æ72 mm, height: 69 mm) on the XtRa detector endcap
Energy
[keV)]
1173
1332

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.929 ± 1.72%
0.900 ± 1.82%

TrueCoinc program results
tcc ± unc. (1s)
0.930 ± 2.00%
0.928 ± 2.00%

Comparison
Relative bias
U-test
0.14%
0.054
–3.06%
1.147

Table 8. Yttrium-88 volume source (Æ72 mm, height: 69 mm) on the XtRa detector endcap
Energy
[keV)]
898
1836

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.97 ± 1.59%
0.89 ± 1.56%

TrueCoinc program results
tcc ± unc. (1s)
0.933 ± 2.00%
0.928 ± 2.00%

Comparison
Relative bias
U-test
–3.64%
1.407
3.96%
1.583

Table 9. Cobalt-57 volume source (Æ72 mm, height: 69 mm) on the XtRa detector endcap
Energy
[keV)]
14.4
122
136

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.87 ± 1.46%
0.959 ± 0.40%
1.043 ± 0.41%

TrueCoinc program results
tcc ± unc. (1s)
0.902 ± 2.00%
1.000 ± 2.00%
1.000 ± 2.00%

Comparison
Relative bias
U-test
3.72%
1.522
4.09%
2.099
–4.32%
2.111
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Table 10. Ceasium-134 volume source (Æ72 mm, height: 69 mm) on the XtRa detector endcap
Energy
[keV)]
604
795
801
1038
1167
1365

Efficiency ratio (PENELOPE)
Ratio ± unc. (1s)
0.94 ± 1.62%
0.95 ± 1.69%
0.88 ± 2.30%
0.89 ± 4.73%
1.03 ± 3.57%
1.10 ± 3.11%

TrueCoinc program results
tcc ± unc. (1s)
0.905 ± 2.00%
0.905 ± 2.00%
0.858 ± 2.00%
0.967 ± 2.00%
1.095 ± 2.00%
1.166 ± 2.00%

The TCC factors obtained via Monte-Carlo simulation and the TrueCoinc program are presented in
tabs. 3-6, for the case of the point source positioned on
the detector endcap and in tabs. 7-10 for the case of the
volume source (Ø72 mm, height: 69 mm).
In almost all cases, the experimental and the simulation results are statistically in agreement, with the
relative bias lower than 3% for 60Co, 4% for 88Y, 5%
for 57Co, and 8% for 134Cs, indicating that the proposed procedure can be used for the accurate determination of tcc factors. It is interesting to notice that, in
the case of 57Co volume source (tab. 9) although the
relative biases are lower than ~5%, the values of the
U-test are within the uncertainty region. This could be
attributed to the very low energy of the 14.4 keV photons involved, for which, the full energy peak efficiency and total-to-peak efficiency curves that were
fed to TrueCoinc program, were experimentally determined, with relatively high uncertainty.

K. L. Karfopoulos under the supervision of M. J.
Anangostakis. All authors analysed and discussed the
results. The manuscript was written by M. I. Savva and
reviewed by all other authors.
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ODRE\IVAWE KOREKCIONIH FAKTORA ZA DETEKTOVAWE STVARNE
KOINCIDENCIJE UPOTREBOM MONTE KARLO SIMULACIJA
Ciq ovog rada je numeri~ki prora~un korekcije detekcije stvarne koincidencije
upotrebom Monte Karlo simulacija. Za ovo je kori{}en Monte Karlo programski paket
PENELOPE tako {to je glavni program PENMAIN prilago|en kako bi se ispitao fenomen
detekcije stvarne koincidencije. Ovako prilago|en glavni program kori{}en je za utvr|ivawe
efikasnosti detekcije maksimalnog pika energije kod XtRa Ge detektora sa relativnom
efikasno{}u od 104% uz dobro slagawe dobijenih i eksperimentalnih rezultata za fotone 60Co
energija od 1173 keV i 1332 keV. Korekcioni faktori za detekciju stvarne koincidencije odre|eni
su kao odnos efikasnosti detekcije maksimalnog pika energije dobijene originalnim i
modifikovanim programom PENMAIN. Razvijena metoda primewena je na 57Co, 88Y i 134Cs, kao i na
dve geometrije izvor-detektor. Dobijeni rezultati upore|eni su sa onim dobijenim kodom
TrueCoinc i relativno odstupawe bilo je mawe od 2%, 4% i 8% za 57Co, 88Y i 134Cs, respektivno.
Kqu~ne re~i: stvarna koincidencija, Monte Karlo, PENELOPE, korekcioni faktor

