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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 or-
der 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 °Co 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 ap-
plied for 57Co, 83Y, 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, %8Y, 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 simulta-
neous 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 cas-
cade 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 signif-
icantly affect the photopeak area of the corresponding
photopeaks in the spectrum, resulting to the miscalcu-
lation 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 Coinci-
dence 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

* Corresponding author; e-mail: msavva@nuclear.ntua.gr

[12-16]. In all cases, the main goal was the determina-
tion of the correction factor that should be applied to
the photopeak area of the photon energy under investi-
gation, to take into consideration of the True Coinci-
dence effect.

The determination of the true coincidence cor-
rection (TCC) factors at the Nuclear Engineering De-
partment of the National Technical University of Ath-
ens (NED-NTUA) is based on the use of the
“TrueCoinc” program [17], which was developed at
the Institute of Experimental Physics, Kossuth Uni-
versity, Hungary and is supported by the International
Atomic Energy Agency (IAEA). The program re-
quires as input the full-energy peak efficiency and the
total-to-peak efficiency curves, which should be pro-
vided 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 (ver-
sion 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 con-
sisting of a set of subroutines, which are called by a
user developed main program to tackle with the spe-
cific 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 pro-
gram PENMAIN that was properly modified during
this work. One of PENMAIN main features is the sim-
ulation 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 infor-
mation for the simulated photon are recorded and
stacks and counters are reset. As a result, the full en-
ergy peak efficiency that may be determined using this
code completely neglects any summation effect in-
volving more than one photon, such as true coinci-
dence 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 sim-
ulation loop may involve more than one photon, or
other particle, interacting with the detector. As aresult,
the program output results may be used for the deter-
mination 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
(effmoq) and the original (eff,;) main program
PENMAIN

— eﬁ mod
e/?ori

It must be noted that using formula (1) for the
calculation of the tcc factor, type B uncertainties intro-
duced due to detector incomplete geometry descrip-
tion 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 subrou-
tine 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
0Co, 8Y, 7Co, and '**Cs decay. A suitable variable in-
corporated into the main program input file is used for

tce
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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 de-
cay event within the same shower. Stacks and counters,
originally reset upon the conclusion of a photon simula-
tion history, are now reset after a decay loop is con-
cluded.

Qualitative evaluation of
the modified code

In order to qualitatively evaluate the results of
the modified main program PENMAIN, several sce-
narios were simulated, for:

— an Extended Range Ge (XtRa) detector of 104%
rel.eff. and FWHM =2.04 keV @ 1332.5keV, and

—  four point sources (*’Co, ®Y, *’Co, and **Cs) po-
sitioned on the detector endcap.

Figure 1 presents the simulation spectrum of the
%Co 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, re-
spectively, 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 pho-
tons 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 sum-
mation of one of the photons emitted by the source with
the other photon scattered at the detector.
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Figure 1. Simulation spectrum of a ®’Co point source on
the XtRa detector endcap

In a similar way, the simulated spectrum of 1**Cs
source is presented in fig. 2. In this spectrum, the nine
photopeaks due to its most significant photons are ob-
served 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
peaksat 1079 keV, 1173 keV, 1399 keV, 1407 keV, and
1642 keV and Compton edges at ~425 keV and ~600
keV are also observed.
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Figure 2. Simulation spectrum of a **Cs 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 effi-
ciency 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 (°Co)
and for a point and a volume source geometry. For the
experimental determination of the detector efficiency
two certified ®°Co experimental sources were used: a
point source and a cylindrical source (@72 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 ge-
ometries. This comparison was based on the relative
bias and a U-test calculated as [20]

B ‘Value2 —Value, ‘
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noted that the uncertainties of the simulated results
given intabs. 1 and 2 are underestimated, since they do
not include type B uncertainty due to detector geomet-
rical characteristics, which is estimated to ~3%. How-
ever, if this uncertainty is also taken into consider-
ation, 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 fol-
lowed for each radioactive source:

— the original main program PENMAIN was used
for the determination of the full energy peak effi-
ciency for all photons emitted by the sources un-
der 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 un-
der 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 calcu-
lated using formula 1.

The tcc factors were determined for two source
geometries: (1) point source at the detector endcap,
and (2) volume source @72 mm, height 69 mm on the
detector endcap, and four radionuclides (°°Co, ®%Y,
57Co, and 34Cs).

For each source-to-detector geometry and pho-
ton 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 experimen-
tally or via simulation.

Table 1. Cobalt-60 point source positioned on the XtRa detector endcap

Energy Experiment Simulation Comparison

[keV] Efficiency + unc. (o) | Efficiency + unc. (1o) Relative bias U-test

1173 0.051 £4.05% 0.0513 £ 0.51% -0.49% 0.121

1332 0.046 + 4.05% 0.0465 + 0.54% —2.74% 0.670
Table 2. Cobalt-60 volume source (<72 mm, height: 69 mm) positioned on the XtRa detector endcap
Energy Experiment Simulation Comparison

[keV] Efficiency + unc. (o) | Efficiency + unc. (1o) Relative bias U-test

1173 0.0159 +3.02% 0.0165 + 1.44% -3.71% 1.099

1332 0.0148 +3.02% 0.0151 + 1.50% —2.31% 0.683
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Table 3. Cobalt-60 point source on the XtRa detector endcap

Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (15) tec + unc. (1o) Relative bias U-test
1173 0.8025 + 1.00% 0.785 +2.00% —2.23% 0.992
1332 0.7904 £ 1.04% 0.784 £2.00% —0.81% 0.359
Table 4. Yttrium-88 point source on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (15) tec + unc. (1o) Relative bias U-test
898 0.732 £ 0.74% 0.709 +2.00% -3.20% 1.497
1836 0.725 £ 1.19% 0.715 £2.00% -1.29% 0.554
Table 5. Cobalt-57 point source on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (lo) tcc + unc. (lo) Relative bias U-test
144 0.685 +0.15% 0.669 £ 2.00% —2.40% 1.195
122 1.009 £ 0.22% 0.982 £ 2.00% —2.72% 1.352
136 1.115 £ 0.24% 1.139 £2.00% —2.08% 1.031
Table 6. Ceasium-134 point source on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (1o) tce + unc. (1) Relative bias U-test
604 0.734 £ 0.86% 0.733 £2.00% —0.11% 0.049
795 0.734 £1.01% 0.734 £2.00% 0.05% 0.021
801 0.64 £ 1.69% 0.621 +2.00% —3.41% 1.285
1038 0.87£3.17% 0.936 £2.00% 6.74% 1.890
1167 1.29 £2.47% 1.375 £2.00% 6.07% 1.984
1365 1.65+£2.13% 1.610 £ 2.00% —2.62% 0.885
Table 7. Cobalt-60 volume source (<72 mm, height: 69 mm) on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio * unc. (1o) tcc £ unc. (1o) Relative bias U-test
1173 0.929 + 1.72% 0.930 +2.00% 0.14% 0.054
1332 0.900 + 1.82% 0.928 £2.00% -3.06% 1.147
Table 8. Yttrium-88 volume source (J72 mm, height: 69 mm) on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (1) tec + unc. (1) Relative bias U-test
898 0.97 + 1.59% 0.933 +2.00% —-3.64% 1.407
1836 0.89 £ 1.56% 0.928 £2.00% 3.96% 1.583
Table 9. Cobalt-57 volume source (72 mm, height: 69 mm) on the XtRa detector endcap
Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison
[keV)] Ratio + unc. (10) tce + unc. (1o) Relative bias U-test
14.4 0.87 £ 1.46% 0.902 £ 2.00% 3.72% 1.522
122 0.959 + 0.40% 1.000 £ 2.00% 4.09% 2.099
136 1.043 £0.41% 1.000 £ 2.00% —4.32% 2.111
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Table 10. Ceasium-134 volume source (72 mm, height: 69 mm) on the XtRa detector endcap

Energy Efficiency ratio (PENELOPE) TrueCoinc program results Comparison

[keV)] Ratio # unc. (15) tce + unc. (1o) Relative bias U-test
604 0.94 £ 1.62% 0.905 £ 2.00% -3.98% 1.521
795 0.95 £1.69% 0.905 +2.00% —4.56% 1.711
801 0.88 £2.30% 0.858 £2.00% -2.60% 0.842
1038 0.89 £4.73% 0.967 +2.00% 8.02% 1.674
1167 1.03 £3.57% 1.095 £2.00% 6.33% 1.625
1365 1.10£3.11% 1.166 £ 2.00% 5.40% 1.519

The TCC factors obtained via Monte-Carlo sim-
ulation 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 (@72 mm, height: 69 mm).

In almost all cases, the experimental and the sim-
ulation results are statistically in agreement, with the
relative bias lower than 3% for ®°Co, 4% for %Y, 5%
for 3’Co, and 8% for '3*Cs, indicating that the pro-
posed procedure can be used for the accurate determi-
nation of tcc factors. It is interesting to notice that, in
the case of >’Co 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 pho-
tons involved, for which, the full energy peak effi-
ciency and total-to-peak efficiency curves that were
fed to TrueCoinc program, were experimentally deter-
mined, with relatively high uncertainty.

CONCLUSION

During this work the simulation code PENELOPE
(version 2005) was appropriately modified in order to
simulate the decay of a series of radionuclides. For this
purpose, a simulation loop includes all photons emitted
from a single nucleus decay. The modified code is there-
fore capable of simulating the effect of the True Coinci-
dence phenomenon. For the determination of tcc factors
a procedure based on the use of the modified
PENELOPE code was proposed and applied for several
scenarios of real sources for which True Coincidence
may be a significant problem. The obtained tcc results
were compared to the respective experimental results,
showing that deviations were, in most cases, very low
and statistically insignificant.
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Huonucnoc A. KWOHUC, Mapunna . CABA,
Koncratunoc JI. KAP®OITYJIOC, Mapunoc J. AHATHOCTAKHNC

OJPEBUBAIBE KOPEKIIMOHUX ®AKTOPA 3A NETEKTOBAILE CTBAPHE
KOMHIMIAEHIINMIE YIIOTPEBOM MOHTE KAPJIO CUMYJAILINJA

IIwb oBor paga je HyMEpHUUYKH IpOpadyyH KOpeKlyje AeTeKLyje CTBapHe KOUHIUACHLNjE
ynorpedbom Monte Kapmo cmmynamumja. 3a oBo je Kopumrhen MonTte Kapmo mporpamMckm makeT
PENELOPE Ttako mro je rnasau nporpaMm PENMAIN npunarobeH Kako 6u ce MCOUTA0 (PEHOMEH
fleTeKIje cTBapHe KonHnuaeHnyje. OBako npuiarobeH riaaBHU NporpaM KopuirheH je 3a yTBpbuBame
e(UKacHOCTH J[eTeKlUje MakcumalHor nuka eHepruje kop XtRa Ge pgerexkTopa ca pejaTHBHOM
edukacnomrhy of 104% y3 1o6po cnarame 100HjeHIX U eKCepuMeHTanHuX pesynraTa 3a ¢gortone “Co
enepryuja o 1173 keV u 1332 ke V. Kopekunonu pakTopu 3a IeTeKIM]jy cTBapHe KOMHIMACHIH]je ofpehenn
Cy Kao OfHOC e(HUKACHOCTH JETEeKIWje MAaKCUMAaJHOI IHKa EHEpruje AOoOHjeHEe OpHUTHHAIHUM WU
monudukoBanum nporpamom PENMAIN. Passujena meToa npuMemsena je Ha >’Co, Y u 134Cs, kao n na
lBE reoMmeTpuje m3Bop-meTekTop. [lobujeHn pesynrtatu ynopeheH:m cy ca OHUM JOOWjEHHM KOJOM
TrueCoinc 1 peTaTHBHO OJICTYName G1IIO je Make off 2%, 4% u 8% 3a 3Co, 38Y u 13*Cs, pecnexrusHo.

Kmwyune peuu: citisapra kouryuoenyuja, Monitie Kapao, PENELOPE, kopexyuonu ¢axitiop



