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Aim of this work is the nu mer i cal cal cu la tion of the true co in ci dence cor rec tion fac tors by
means of Monte-Carlo sim u la tion tech niques. For this pur pose, the Monte Carlo com puter
code PENELOPE was used and the main pro gram PENMAIN was prop erly mod i fied in or -
der to in clude the ef fect of the true co in ci dence phe nom e non. The mod i fied main pro gram
that takes into con sid er ation the true co in ci dence phe nom e non was used for the full en ergy
peak ef fi ciency de ter mi na tion of an XtRa Ge de tec tor with rel a tive ef fi ciency 104% and the
re sults ob tained for the 1173 keV and 1332 keV pho tons of 60Co were found con sis tent with
re spec tive ex per i men tal ones. The true co in ci dence cor rec tion fac tors were cal cu lated as the
ra tio of the full en ergy peak ef fi cien cies was de ter mined from the orig i nal main pro gram
PENMAIN and the mod i fied main pro gram PENMAIN. The de vel oped tech nique was ap -
plied for 57Co, 88Y, and 134Cs and for two source-to-de tec tor ge om e tries. The re sults ob tained
were com pared with true co in ci dence cor rec tion fac tors cal cu lated from the “TrueCoinc”
pro gram and the rel a tive bias was found to be less than 2%, 4%, and 8% for 57Co, 88Y, and
134Cs, re spec tively.
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IN TRO DUC TION

The true co in ci dence phe nom e non is de fined as
the cas cade emis sion of two or more pho tons from the
same de cay branch of a radionuclide and the si mul ta -
neous de tec tion of these pho tons as one with en ergy
equal to the sum of the pho ton en er gies de pos ited on
the de tec tor. Many fac tors af fect this phe nom e non that 
de pend on source pa ram e ters, such as the type of the
ra dio ac tive source [1, 2], the type of the de cay, the cas -
cade de cay scheme, its com plex ity and the an gu lar
cor re la tion be tween the emit ted pho tons [3-5]; and on
geo met ri cal pa ram e ters, such as the ge om e try of the
ra dio ac tive source and the de tec tor char ac ter is tics
[5-7]. The True Co in ci dence phe nom e non may sig nif -
i cantly af fect the photopeak area of the cor re spond ing
photopeaks in the spec trum, re sult ing to the mis cal cu -
la tion of ei ther the full en ergy peak ef fi ciency or the
ac tiv ity con cen tra tion of an an a lyzed ra dio ac tive
source [8]. 

Since the early 1970's, many meth ods have been
de vel oped for the con fron ta tion of the True Co in ci -
dence phe nom e non in gamma spec tro scopic anal y sis.
The o ret i cal [9, 10], em pir i cal [11] and semi-em pir i cal
mod els have been es tab lished, as well as nu mer i cal
codes us ing Monte Carlo sim u la tion tech niques

[12-16]. In all cases, the main goal was the de ter mi na -
tion of the cor rec tion fac tor that should be ap plied to
the photopeak area of the pho ton en ergy un der in ves ti -
ga tion, to take into con sid er ation of the True Co in ci -
dence ef fect.

The de ter mi na tion of the true co in ci dence cor -
rec tion (TCC) fac tors at the Nu clear En gi neer ing De -
part ment of the Na tional Tech ni cal Uni ver sity of Ath -
ens (NED-NTUA) is based on the use of the
“TrueCoinc” pro gram [17], which was de vel oped at
the In sti tute of Ex per i men tal Phys ics, Kossuth Uni -
ver sity, Hun gary and is sup ported by the In ter na tional
Atomic En ergy Agency (IAEA). The pro gram re -
quires as in put the full-en ergy peak ef fi ciency and the
to tal-to-peak ef fi ciency curves, which should be pro -
vided by the user and gives as out put the TCC fac tors.
The cas cade de cay scheme needed for this cal cu la tion
is in cor po rated within the pro gram li brar ies, which are 
based on the ENSDF da ta base.

METH OD OL OGY

Aim of this work is the ap pro pri ate mod i fi ca tion
of the Monte Carlo sim u la tion code PENELOPE (ver -
sion 2005), in or der to take into con sid er ation the ef -
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fect of True Co in ci dence. The mod i fied code may then 
be used for de ter mi na tion of the de tec tor ef fi ciency
and pro vide out put re sults, which can be used for the
cal cu la tion of the re spec tive TCC fac tors for spe cific
radionuclides. PENELOPE is a FOR TRAN code con -
sist ing of a set of sub rou tines, which are called by a
user de vel oped main pro gram to tackle with the spe -
cific sim u la tion prob lem [18]. A small set of user main
pro grams is avail able to gether with the PENELOPE
Code pack age. One of these is the ge neric main pro -
gram PENMAIN that was prop erly mod i fied dur ing
this work. One of PENMAIN main fea tures is the sim -
u la tion of a pho ton his tory, which means that in ev ery
sim u la tion loop – called “shower” – the in ter ac tions of
a sin gle pho ton and its sec ond ary ra di a tion are taken
into con sid er ation. At the end of each shower all in for -
ma tion for the sim u lated pho ton are re corded and
stacks and coun ters are re set. As a re sult, the full en -
ergy peak ef fi ciency that may be de ter mined us ing this
code com pletely ne glects any sum ma tion ef fect in -
volv ing more than one pho ton, such as true co in ci -
dence sum ming, pile-up, etc. This work is fo cused on
the mod i fi ca tion of the main pro gram PENMAIN to
sim u late a nu cleus de cay, which means that ev ery sim -
u la tion loop may in volve more than one pho ton, or
other par ti cle, in ter act ing with the de tec tor. As a re sult, 
the pro gram out put re sults may be used for the de ter -
mi na tion of the full en ergy peak ef fi ciency, tak ing into
con sid er ation the de tec tion of more than one pho ton
from the same de cay, which re sults to true sum ma tion.

True co in ci dence cor rec tion (tcc) fac tors may
then be cal cu lated as the ra tio of the full en ergy peak
ef fi ciency val ues de ter mined us ing the mod i fied
(effmod) and the orig i nal (effori) main pro gram
PENMAIN

tcc
ori

=
eff

eff
mod (1)

It must be noted that us ing for mula (1) for the
cal cu la tion of the tcc fac tor, type B un cer tain ties in tro -
duced due to de tec tor in com plete ge om e try de scrip -
tion are sig nif i cantly re duced.

Sev eral mod i fi ca tions had to be made so that the
main pro gram PENMAIN would sim u late the nu cleus
de cay. Firstly, for each source to be sim u lated, a sub rou -
tine de scrib ing the de cay scheme of the radionuclide
had to be de vel oped. For com pli cated de cay schemes,
some sim pli fi ca tions may be nec es sary. Us ing a ran dom 
num ber gen er a tor within the sub rou tine, the de cay path
is ran domly se lected, tak ing into con sid er ation the
emis sion prob a bil i ties. The sub rou tine out put, which is
the pho ton or pho tons emit ted for the spe cific de cay, is
then fed to PENMAIN to be sim u lated. There fore, one
sim u la tion loop cor re sponds to one sub rou tine call and
one or more pho tons emit ted by the source. In the
course of this work, sub rou tines were de vel oped for
60Co, 88Y, 57Co, and 134Cs de cay. A suit able vari able in -
cor po rated into the main pro gram in put file is used for

the radionuclide se lec tion. The ma jor mod i fi ca tions
within the main pro gram PENMAIN in clude a new
loop to sim u late all pho tons emit ted from the same de -
cay event within the same shower. Stacks and coun ters,
orig i nally re set upon the con clu sion of a pho ton sim u la -
tion his tory, are now re set af ter a de cay loop is con -
cluded.

Qual i ta tive eval u a tion of
the mod i fied code

In or der to qual i ta tively eval u ate the re sults of
the mod i fied main pro gram PENMAIN, sev eral sce -
nar ios were sim u lated, for:
– an Ex tended Range Ge (XtRa) de tec tor of 104%

rel.eff. and FWHM = 2.04 keV @ 1332.5 keV, and
– four point sources (60Co, 88Y, 57Co, and 134Cs) po -

si tioned on the de tec tor endcap.
Fig ure 1 pres ents the sim u la tion spec trum of the

60Co point source po si tioned on the XtRa de tec tor endcap.
The photopeaks of the two pho tons emit ted in cas cade are
ob served at the en er gies of 1173 keV and 1332 keV, re -
spec tively, as well as the sum ming photopeak at 2505 keV. 
Fur ther more, the back scat ter peak at ~210 keV, the sin gle
es cape peak of the 1173 keV pho ton at 821 keV and the
two Compton edges at ~960 keV and ~1120 keV are also
ob served.  The  small  peak  ob served  at  the  en ergy  of
1994 keV is due to the sum ma tion of one of the two pho -
tons emit ted by the source with the es cape peak of the
other (1173 keV + 1332 keV – 511 keV). Fi nally, the
Compton edge ob served at ~2300 keV is due to the sum -
ma tion of one of the pho tons emit ted by the source with
the other pho ton scat tered at the de tec tor.

In a sim i lar way, the sim u lated spec trum of 134Cs
source is pre sented in fig. 2. In this spec trum, the nine
photopeaks due to its most sig nif i cant pho tons are ob -
served at the en er gies of 475 keV, 563 keV, 569 keV,
604 keV, 795 keV, 801 keV, 1038 keV, 1167 keV, and
1365 keV, re spec tively. Fur ther more, sum ma tion
peaks at 1079 keV, 1173 keV, 1399 keV, 1407 keV, and
1642  keV and  Compton  edges  at  ~425 keV  and ~600 
keV are also ob served.
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Fig ure 1. Sim u la tion spec trum of a 60Co point source on
the XtRa de tec tor endcap



From the sim u la tion re sults pre sented in figs. 1
and 2, it can be con cluded that the mod i fied
PENMAIN may re pro duce with a sin gle run the full
spec trum of a sim u lated ra dio ac tive source, in clud ing
True Co in ci dence photopeaks.

Quan ti ta tive eval u a tion of
the mod i fied code 

For the quan ti ta tive eval u a tion of the mod i fied
code re sults, com par i son of the full en ergy peak ef fi -
ciency cal cu lated us ing the mod i fied code, with the
ex per i men tally de ter mined peak ef fi ciency was made.
The XtRa de tec tor geo met ric char ac ter is tics used for
this sim u la tion have been pre vi ously de ter mined us ing 
an it er a tive pro ce dure [19]. Ef fi ciency was de ter mined 
for 1173 keV and 1332 keV pho ton en er gies (60Co)
and for a point and a vol ume source ge om e try. For the
ex per i men tal de ter mi na tion of the de tec tor ef fi ciency
two cer ti fied 60Co ex per i men tal sources were used: a
point source and a cy lin dri cal source (Ø72 mm,
height: 69 mm), both po si tioned on the de tec tor
endcap. 

The com par i son of the mod i fied code re sults
with the re spec tive ex per i men tal ones is pre sented in
tabs. 1 and 2 for the XtRa de tec tor and for the two ge -
om e tries. This com par i son was based on the rel a tive
bias and a U-test cal cu lated as [20]

U
Value Value

unc unc
=

-

+

2 1

1
2

2
2

(2)

where  Value1 and Value2 are the in di vid ual re sults un -
der com par i son and unc1 and unc2 the cor re spond ing
un cer tain ties at 1s level. The re sults are con sid ered as
sta tis ti cally  dif fer ent  at  a  95%  con fi dence  level  for
U < 1.96. From the re sults pre sented in tabs. 1 and 2, it
can be con cluded that the full en ergy peak ef fi ciency
val ues ob tained ex per i men tally and via sim u la tion are
not sta tis ti cally dif fer ent. Over all, the rel a tive bias for
all source ge om e tries was lower than 4%. It should be
noted that the un cer tain ties of the sim u lated re sults
given in tabs. 1 and 2 are un der es ti mated, since they do 
not in clude type B un cer tainty due to de tec tor geo met -
ri cal char ac ter is tics, which is es ti mated to ~3%. How -
ever, if this un cer tainty is also taken into con sid er -
ation, the U-val ues will be even lower.

RE SULTS AND DIS CUS SION 

For the cal cu la tion of the tcc fac tors us ing the
sim u la tion re sults, the fol low ing pro ce dure was fol -
lowed for each ra dio ac tive source:
– the orig i nal main pro gram PENMAIN was used

for the de ter mi na tion of the full en ergy peak ef fi -
ciency for all pho tons emit ted by the sources un -
der in ves ti ga tion. It is im plied that the code should 
run sep a rately for each pho ton en ergy,

– the mod i fied main pro gram PENMAIN was used
for the sim u la tion of the de cay of each source un -
der in ves ti ga tion. From the sim u la tion re sults the
full en ergy peak ef fi ciency was cal cu lated for all
pho tons emit ted by the source, and

– true co in ci dence cor rec tion fac tors were cal cu -
lated us ing for mula 1.

The tcc fac tors were de ter mined for two source
ge om e tries: (1) point source at the de tec tor endcap,
and (2) vol ume source Ø72 mm, height 69 mm on the
de tec tor endcap, and four radionuclides (60Co, 88Y,
57Co, and 134Cs).

For each source-to-de tec tor ge om e try and pho -
ton en ergy, tcc fac tors were also de ter mined us ing the
TrueCoinc pro gram. The full-en ergy peak ef fi ciency
and the to tal-to-peak ef fi ciency curves needed as in put 
for TrueCoinc pro gram were de ter mined ex per i men -
tally or via sim u la tion.
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Fig ure 2. Sim u la tion spec trum of a 134Cs point source on
the XtRa de tec tor endcap

Ta ble 1. Co balt-60 point source po si tioned on the XtRa de tec tor endcap

En ergy
[keV]

Ex per i ment Sim u la tion Com par i son

Ef fi ciency ± unc. (1s) Ef fi ciency ± unc. (1s) Rel a tive 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

Ta ble 2. Co balt-60 vol ume source (Æ72 mm, height: 69 mm) po si tioned on the XtRa de tec tor endcap

En ergy
[keV]

Ex per i ment Sim u la tion Com par i son

Ef fi ciency ± unc. (1s) Ef fi ciency ± unc. (1s) Rel a tive 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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Ta ble 3. Co balt-60 point source on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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

Ta ble 4. Yt trium-88 point source on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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

Ta ble 5. Co balt-57 point source on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive bias U-test

14.4 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

Ta ble 6. Ceasium-134 point source on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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

Ta ble 7. Co balt-60 vol ume source (Æ72 mm, height: 69 mm) on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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

Ta ble 8. Yt trium-88 vol ume source (Æ72 mm, height: 69 mm) on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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

Ta ble 9. Co balt-57 vol ume source (Æ72 mm, height: 69 mm) on the XtRa de tec tor endcap

En ergy
[keV)]

Ef fi ciency ra tio (PENELOPE) TrueCoinc pro gram re sults Com par i son

Ra tio ± unc. (1s) tcc ± unc. (1s) Rel a tive 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



The TCC fac tors ob tained via Monte-Carlo sim -
u la tion and the TrueCoinc pro gram are pre sented in
tabs. 3-6, for the case of the point source po si tioned on
the de tec tor endcap and in tabs. 7-10 for the case of the
vol ume source (Ø72 mm, height: 69 mm).

In al most all cases, the ex per i men tal and the sim -
u la tion re sults are sta tis ti cally in agree ment, with the
rel a tive bias lower than 3% for 60Co, 4% for 88Y, 5%
for 57Co, and 8% for 134Cs, in di cat ing that the pro -
posed pro ce dure can be used for the ac cu rate de ter mi -
na tion of tcc fac tors. It is in ter est ing to no tice that, in
the case of 57Co vol ume source (tab. 9) al though the
rel a tive bi ases are lower than ~5%, the val ues of the
U-test are within the un cer tainty re gion. This could be
at trib uted to the very low en ergy of the 14.4 keV pho -
tons in volved, for which, the full en ergy peak ef fi -
ciency and to tal-to-peak ef fi ciency curves that were
fed to TrueCoinc pro gram, were ex per i men tally de ter -
mined, with rel a tively high un cer tainty. 

CON CLU SION

Dur ing this work the sim u la tion code PENELOPE
(ver sion 2005) was ap pro pri ately mod i fied in or der to
sim u late the de cay of a se ries of radionuclides. For this
pur pose, a sim u la tion loop in cludes all pho tons emit ted
from a sin gle nu cleus de cay. The mod i fied code is there -
fore ca pa ble of sim u lat ing the ef fect of the True Co in ci -
dence phe nom e non. For the de ter mi na tion of tcc fac tors
a pro ce dure based on the use of the mod i fied
PENELOPE code was pro posed and ap plied for sev eral
sce nar ios of real sources for which True Co in ci dence
may be a sig nif i cant prob lem. The ob tained tcc re sults
were com pared to the re spec tive ex per i men tal re sults,
show ing that de vi a tions were, in most cases, very low
and sta tis ti cally in sig nif i cant.
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Ta ble 10. Ceasium-134 vol ume source (Æ72 mm, height: 69 mm) on the XtRa de tec tor endcap
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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 pro gram PENMAIN prilago|en kako bi se ispitao fenomen
detekcije stvarne koincidencije. Ovako prilago|en glavni pro gram 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


