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Abstract. The true coincidence correction plays an important role in the overall accuracy of the y ray
spectrometry especially in the case of present-day high volume detectors. The calculation of true coincidence
corrections needs detailed nuclear structure information. Recently these data are available in computerized form
from the Nuclear Data Centers through the Internet or on a CD-ROM of the Table of Isotopes. The aim has been
to develop software for this calculation, using available databases for the levels data. The user has to supply only
the parameters of the detector to be used. The new computer program runs under the Windows 95/98 operating
system. In the framework of the project a new formula was prepared for calculating the summing out correction
and calculation of the intensity of alias lines (sum peaks). The file converter for reading the ENDSF-2 type files
was completed. Reading and converting the original ENDSF was added to the program. A computer accessible
database of the X rays energies and intensities was created. The X ray emissions were taken in account in the
"summing out" calculation. Calculation of the true coincidence "summing in" correction was done. The output
was arranged to show independently two types of corrections and to calculate the final correction as
multiplication of the two. A minimal intensity threshold can be set to show the final list only for the strongest
lines. The calculation takes into account all the transitions, independently of the threshold. The program
calculates the intensity of X rays (K, L lines). The true coincidence corrections for X rays were calculated. The
intensities of the alias y lines were calculated.

Introduction

Whenever radioactive nucleus decays through beta-, positron-, alpha decay or electron captures
process, the daughter nucleus remains in a short live excited state. The states may decay by emission
of a gamma ray or a cascade of gamma rays as shown on Fig. 1. Most of these photon emission
processes proceed on a time scale, which are too short for the semiconductor detector and its
electronic device to distinguish the individual processes. The detector measure the full deposited
energy produced by several gamma lines. This is called "true coincidence" and it complicates the
quantitative evaluation of the spectra. The effects of the "true coincidence" depend on the
characteristic of the detector, the geometry of the measurement and the decay scheme of the
radioactive isotope. The complications are more pronounced in close geometry and high efficiency
detectors. Using low-energy detectors, additional coincidence summing effect due to the X rays
produced through the electron shells of the daughter nucleus.

Parent
4

Y41

3

2\

1 i

743

t

732

r 1

r

721

r

742

Daughter
Fig. 1. Decay schema a radioactive nucleus.
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Three type of effect result from "true coincidence", usually referred as summing out (peak
intensity loss), summing in (peak intensity increase), and coincidence or alias lines (new lines in the
spectrum). The detection process of a gamma photon can be multi step process including photo effect,
Compton scattering, pair production, etc. When the full energy of the photon deposited in the
sensitive volume of the detector the electronic produces pules to the full energy peak, which is usually
used in the evaluation of the spectra. The detection probability of the photon in the full energy peak is
called the full energy peak-efficiency of the detector. If the photon deposits energy by any process to
the detector then it contributes to the spectrum (not necessary the full energy of the gamma ray
deposited). The detection probability of the photon in any way is called the total efficiency of the
detector. The total efficiency of the detector (eT) is always higher than the full energy peak of
efficiency (sp) of it at a given photon energy. The sT/ sp ratio depends on the energy and it can be a
large value at higher energy (i.e. it can be about 5-6 at 600 keV).

Summing out

The summing out is the most important from the three type of coincidence summing effect. If
more photons are emitted during the time resolution of the detector and electronics then all photon
could deposit energy in the detector and the final signal will be the sum of the individual contribution.
When one of the photon deposited its full energy into the detector, a pulse into the full energy peak
will be produced only the other photons have not detected by the detector. If any other photon has also
detected, then the pulse would have been counted, but because of the existence of the other photons,
the pulse moved out from the full energy peak.

While in this case the detection of the other photons is depend on their total efficiencies, which
can be manifold of its full energy efficiency, the effect can be even large. The Fig. 2 shows the full
energy peak efficiency curve of a low energy detector at large distance when the summing effect is
negligible. The gamma and X ray lines from the different calibration source are fitted well on a
calibration curve. Using the same detector, but measuring in a close geometry, the measured
efficiency data are depicted on Fig. 3. It can be seen that the measured raw efficiency data show a
large spread, indicating the necessity of the true coincidence corrections. The deviations exceed the
error limits of the measurements. The summing out effect could be take into account for all gamma
lines of the nuclide depicted on Fig. 1, except y41.
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Fig. 2. Full energy peak efficiency data with negligible coincidence summing effect.
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Fig. 3. Full energy peak efficiency data with coincidence summing effect.

Summing in

When the coincident count is also a full energy event, the signal will be counted as a sum peak
event. If the energy of this sum peak equal to energy of other gamma line from the cascade, its
intensity will be increased. E.g. 743 and 732 summing could increase the intensity of the 742 in the case
of the nuclide on Fig. 1. This effect proportional with the full energy peak-efficiencies therefore it is
smaller than the summing out effect. It could be important (in the case of the example) if the
branching ratio from level 4 to level 2 is much smaller than it is through the level 4-3-2 cascade.

Alias lines

The summing in effect could not only be increasing the intensity of the gamma line but it can
produce new peaks in the spectrum. E.g. There is a cascade, containing 743 and 721 lines therefore they
can produce a sum peak at the energy E=E(743)+E(72i) but there is not level energy difference, which
would be equal with it. Similarly, the gamma lines with coincidence with X rays will also produce
new peaks in the spectrum. An example is shown in Fig. 4 where the marked peaks are new lines
produced by the coincidence summing. Some other effect also produce new line in the spectrum, such
type of peaks are the escape peaks connected to the low energy X rays and the escape peaks connected
to pair production and the (3+ annihilation peak at 511 keV. These alias lines could disturb the
evaluation of the data mainly when the measured sample contains many radioactive isotopes with
complicated spectrum. Such cases alias lines could unexpectedly overlapped the analyzed peak and
falsify the results.

Methods of calculation of true coincidence correction

The calculation of the effect of the true coincidence on the measured intensity is relatively
simple in the case of the few cascading gamma lines [1,2]. Debertin and Schotzig [1] have
investigated the problem of the large volume samples too. Their detailed calculation was based on the
calculation model of McCallum and Coote [2] and Andreev et al. [3,4]. (The total efficiency plays an
important role in the calculations. The method of the determination of it is also presented in [1].)
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Fig.4. Alias gamma lines are marked in a Ba spectrum.

Recursive method

An algorithm for the calculation of the true coincidence effect was developed by Andreev et al.
for alpha, negatron (but not for positron) decay. McCallum and Coote extended the calculation model
for positron emitters too. The calculations usually do not take into account the angular correlation
between gamma rays, except in Ref. 2 for a special case of three levels decay schema. The observed
full energy peak intensity (Sjk) for the gamma line emitted from the level / to level j is:

(1)
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The Nt , Xij, ctij, Sy and s\= are the relative intensity of population the level / (intrinsically by

the decay of the parents nucleus), total branching ratio (i.e. y ray plus conversion) and internal
conversion coefficients, full energy peak efficiency and total efficiency, respectively. The Nj gives the
population of the level / intrinsically and through gamma cascades without detecting the gamma rays
in the cascade. The A& gives the probability of detection of the full energy difference by detecting the
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Yij and through the summing of the cascades between the level i,j. The Mk gives the probability that
the cascade gamma rays will not be detected during the de-excitation from level k to the ground state
(level 0). McCallum and Coote [2] extended this formalism to calculate the corrected intensity for
positron emitters. In the case of the positron emitters, the annihilation gamma rays (2*51 lkeV) also
could cause summing out effect. They have introduced a fictive level above each level, which is
populated by positrons. The energy of the level is above the original level by 511 keV and the fictive
conversion factor of-0.5 is introduced to simulate the two annihilation-quanta.

Matrix formalism

Another version of the calculation algorithm is presented Semkow et al. [5] using a matrix
formalism to calculate the intensity of the gamma rays in the case of the coincidence summing. The
observed full-energy peak intensities (S&) for the gamma line emitted from the level i to level j are
treated as lower triangle elements of the S matrix. The intrinsic feeding of the levels from the decay of
the parents is marked by the f vector and the total branching fraction from the levels are arranged into
the lower triangle of the x matrix. The elements of f and x must satisfy the conditions:

n i-1

£ / * = ! 2 > * = 1 i = l,.~.,n, (8a,b)
*=0 4=0

Other matrices c, a, e and b are defined below and their elements are functions of xji as well as

of the peak efficiencies s?, the total efficiencies e\j, and the total y ray conversion coefficients OJ;:

X
=TT— aji=cjisl>eji=cji£'ji bji=xji-eji (9a,b,c,d)

where j > i = 0,...n — 1.

To take into account the all possible decay paths and coincidences to other matrices, A and B,
are introduces.

b* (10a,b)
k=l k=l

where E is a unit matrix. In addition, two diagonal matrices N and M are functions of B:

N=diag([fB]i) M=diag(Bi0)

The measured y ray peak intensities, described by the S matrix is:

S=RNAM (12)

The scalar quantity R is the source disintegration rate. This matrix formula gives the same
result as the recursive formula of Andreev et al. [3,4]. Semkow et al. [5] have checked it for n=4 only
by expanding the matrices and comparing expressions by the Andreev recursive formula. This
formalism was extended for taking into account the contribution of the K X rays emitted during the
electron capture and conversion by Korun and Matincic [6]. They have introduced new fictive levels
like in the case of positron emitters.
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Combinatorial method

The third approach, presented here, is based on [7], work for calculation the summing out effect
in the case of pure gamma emission cascades. The measured count rate /y in the peak of the 70 line is

(13)

where R, X'n, £^, Ktc, Kother are the parent isotope disintegration rate, emission rate of the 70 line,

the full energy peak efficiency of the detector for the 70 line, true coincidence correction factor, other
correction factors (self absorption, etc.), respectively. The true-coincidence correction factor can be

written as factors of the summing out Ktcj and summing in ^tcg corrections (Ktc — ̂ lC!^icg )• To

calculate the summing out correction for the 70 transition, the decay of the parent isotope have to be
separated into independent cascade chains (paths) which contain the investigated 70 line. A cascade
chain contributes to the counts to y0 line if the y0 is detected by depositing the full energy, but the
other gamma lines have not detected from the chain in any way. (E.g. a cascade chain is shown on
Fig. 5. If the gamma line y2i is selected as yo than j2i can be detected, while y43 and j32 are not
detected.)
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Fig. 5. A cascade chain from decay schema presented on Fig. 1.

Marking with Pi for populating the i-th cascade chain directly by the parent decay and ry- the
branching ratio, the contribution of the i-th cascade chain to the count rate of y0 line is

The total intensity of the yo line can be got by summing for the all cascade chains.

(14)
r=l

The intensity of the y0 line with without "summing out" can be get by substituting zero for the
total efficiencies in expression 14.

<0 flry.
1=1

The summing out correction factor can be written as
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Ktcl — '
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tA rtv-'=1
(15)

while ryo , ^ and R have been eliminated. The eq. (14) is equivalent with the NjMk part of the eq.

(1), when Oik are zero (i.e. there is not internal conversion). The correction was extended for positron
emission in [7] by introducing a PiS* term in the numerator of eq. (15), where S; equal 1 for alpha,
negatron and electron capture while (l-2*st5iu<ev) when positron feeding the chain.

This model was extended in the framework of this project to take into account the K,L X rays
produced during the electron capture and gamma conversion (Fig. 6.). A similar formula that is
equivalent with A* in eq. (1) was introduced.

The transition from level i to j , in general case, can produce a gamma ray, or electrons by
internal conversion. The produced electrons usually can not reach the sensitive volume of the
detector. Therefore, they do not cause the coincidence summing. The electron emitted from the atomic
level of the atom and a vacancy is produced on the K, L or M level of the atom. The vacancy is filled
in by electron from a higher level and the energy difference is given to an X ray, or other electron.
The process is repeated until the outer vacancy is filled by a free electron. In point of view of the
coincidence correction, the transition goes through gamma ray emission, electrons and X rays starting
from the K levels, and/or LI, L2, L3 levels (Fig. 5.), and/or M, N, ... levels. The emitted X ray
spectrum depend on where the first vacancy is created. In the case of the higher Z number isotope, the
number of the different energy of the X rays can be even ca. 20. Therefore, the earlier applied method,
extending the decay schema with fictive levels, seemed to might produce very large matrices which
are difficult to handle. This version of formulation of the problem can be extended simpler way.

L1,L2,L3

Fig. 6. Decomposition of the transition into path to take into account the electron conversion.

The transition between the level i to j can be divided into different path going through gamma
emission, producing vacancy on the K, LI, L2, L3 M, N atomic levels. Filling the vacancy produce
partly X rays which could cause coincidence-summing loss. While the transition always go through
only one path in one case, there is no coincidence summing between these paths. Therefore the

I"y(l - s'y ) should be substitute in eq. (15) with

(16)

where
is the conversion ratio of the j-th transition trough creating vacancy on the k-th atomic
shell (K,L1, L2...) in the i-th cascade chain,
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cok

s'i

is the fluorescence yield of the k-th atomic shell (K,L1, L2...),
is the emission ratio of 1-th x -ray from the k-th atomic shell (K,L1, L2...),
is the product of the total detection efficiency and the self absorption for the energy of
the 1-th x ray X= (s[* £sa)i.

The electron capture can handle similar way to the positron emission, introducing new path,
including X rays and electron emission. It means that the fiiSi should be substitute with

where

Aft is the branching ratio of the EC transition through generating vacancy on the k-th
atomic shell (K,L1, L2...),while populating the i-th cascade chain.

After combining the expression above, the final formula for the summing out correction will be:

Ktcl =
«0

y

( 1 — £

"/
/? TT

t \T^

ij

+ Yr
k

ijk v A

where

n0

Pi

cok

is the number of cascade chains containing the y0 transition,
is the number of the cascade gamma transitions in the i-th cascade chain (i=l,2,...,n0)
is the branching ratio of the p" (or P+, EC, a) transition populating the i-th cascade
chain,
is the branching ratio of the j-th gamma transition in the i-th cascade chain,
is the conversion ratio of the j-th transition trough creating vacancy on the k-th atomic
shell (K,L1, L2...) in the i-th cascade chain,
is the fluorescence yield of the k-th atomic shell (K,L 1, L2...),
is the emission ratio of 1-th x -ray from the k-th atomic shell (K,L 1, L2...),
is the product of the total detection efficiency and the self absorption for the energy of
the 1-th x ray A.= (st* ssa)i,
is the product of the total detection efficiency and the self absorption for the energy of
the j-th gamma transition in the i-th cascade chain S;J= (st* ssa)ij , (use Sjj=O for the yo
transition)
Si=l for p or a decay; and Si=[l-2*( s'* ssa)5nkev] for P+ decay while for EC {.

Ait is the branching ratio of the EC transition through generating vacancy on the k-th
atomic shell (K,L1, L2...),while populating the i-th cascade chain.

The calculation of the true coincidence summing in correction can be done similar manner than
in the case of the summing out correction. The measured intensity will be proportional with the sum

of the original *-y^ \YQ) and the contribution of the paths between the selected level. The intesity

gain is proportional with the full energy peak efficiency of the transitions.
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i=\ 7=1

This gives the same result as Ay in eq. 1 after expanding the sum. Thus the coincidence
summing in correction factor will be:

«=1 7 = 1

The intensity of the alias line can be get as

^alias ja,b = Z j A l l *V
i=l >1

p p sp(Ea)sp(Eb)

where Rx is the branching ratio of the x type of transition to the total transition between the selected
level. The calculation is performed only two coinciding lines.

The "TrueCoinc" program

The aim of the "TrueCoinc" program is to calculate the true-coincidence correction factors for
gamma spectrometry using existing database for the input level schema. This calculation is not
difficult, but it would need a lot of data preparation. The earlier programs have used own database
therefore, the users have to collect and prepare the input data. This program uses available free and
commercial databases for the calculation and exempts the user from the time consuming data
preparation and calculation. The user has to prepare only the detector efficiencies for the calculation.

Hardware, software requirements

The "TrueCoinc" program runs under the Windows-95/98 operation system on a IBM PC
compatible computer, which have enough hardware resource to use the Windows-95/98. The
computer should have additional 3-3 0Mb free space on hard disk, CD drive (optional) for Table of
Isotopes CD-ROM, Internet connection (optional).

The program can use the following database of the levels:

• The CD-ROM version of the Tables of Isotopes (TOI). The CD-ROM contains in the
Pcensdf/Pensdf2 directory the parent isotopes files of the ENSDF library in ENSDF-2 format. The
files are grouped in subdirectories by mass number 20. The program always try to find the
appropriate data file (.enx) in same type of directory structure.

Q Single ENSDF-2 file of the selected parent isotope. The file has to be selected during the database
selection, but it can be any directory on a disk. Some samples are attached to the program.

• Property form of the TrueCoinc program based on the IAEA file format. A selection of the most
important isotopes is supplied with the program.
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a An ENDSF file of the selected isotope. The original ENSDF file for any isotopes can be
downloaded from the Nuclear Data Centers, i.e. National Nuclear Data Center, Brookhaven
National Laboratory, http://www.nndc.bnl.gov/~burrows/ensdf/. This would give the possibility to
use the latest evaluated data for the calculation.

The user should have one of the above-mentioned database.

For calculation of the true coincidence corrections, the knowledge of the total efficiency and full-
energy peak efficiency of the used detector, as function of the gamma ray energy, is necessary. The
program use the efficiency curves as analytical functions, therefore the measured efficiencies data has
to be fitted to an accepted form of the "TrueCoinc" program. It uses the same function as
implemented in the GANAAS program

The method of calculation is based on the combinatorial formalism with the following
approximations: Gamma-gamma angular correlation is neglected; the effect of the X ray from the M
atomic level and bremsstalung are negligible; the positron-annihilation gamma rays are anti-correlated
and originated from the same distance as the other gamma rays.

UsingUsing "TrueCoinc" program consist the following steps: Selecting the database, giving the
detector parameters, selecting the isotope (A, Z, Symbol, Decay mode, Half-life), starting calculation.

An example for the output of the results is shown on Fig. 7.

The result is arranged in increasing order of the energy or the intensity (selectable) of the emitted
gamma rays. The headlines contain:

Total efficiency: The identifier of the total efficiency curve
Full-energy peak efficiency: The identifier of the full-energy peak efficiency
Parent radioactive isotope, decay mode and half-life:

The data in the columns are the following:
No. Number of the gamma/X ray line
E[keV] The energy of gamma/X ray line in keV

Total efficiency: Detector 6 Juelich
Full energy peak efficiency: Negativ power series
Parent radioactive isotope, decay mode and half-life

152
Eu B- 13.537 Y

No

1
2
3
4
5
6
7
8
9
10
11

" I

E[keV]

344.2
778.9
411.1
1089.7
1299.1
42.996
42.309
367.7
678.6
586.2
48.695

F« Help, press Fl

Rel.lnt

26.56
12.96
2.23
1.73
1.62
1.58
0.88
0.86
0.47
0.45
0.31

err[%]

1.0
1.0
1.0
1.1
1.1
2.1
2.2
1.2
1.4
1.5
2.0

TrueCc

0.942
0.902
0.850
0.910
0.902
0.932
0.932
0.814
0.815
0.867
0.932

Eff

2.50E-2
1.18E-2
2.12E-2
8.73E-3
7.49E-3
0.00
0.00
2.35E-2
1.34E-2
1.53E-2
0.00

TotEff

0.10
7.41 E-2
9.62E-2
6.59 E-2
6.24E-2
0.00
0.00
0.10
7.81 E-2
8.28E-2
0.00

TrueCI "

0.942
0.899
0.850
0.899
0.899
0.932
0.932
0.814
0.815
0.863
0.932

"rueCg

.000

.003
1.000
.012

1.003
.000
.000

1.000
.000

1.005
1.000

152Eug
152Eug
152Eug
152Eug
152Eug
Gd XKa1
Gd XKa2
152Eug
152Eug
152Eug
GdXKbi

t - •
~, "n\

iT

Fig. 7. The output of the "TrueCoinc " program.
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Rel.Int. Intensity of the gamma/X rays. Number of the gamma/X rays emitted
for 100 decay of the parent isotope

Err[%] Relative error of the intensity of gamma ray
TrueCc True coincidence correction factor. It is the ratio of the measured

intensity to the real intensity taking account coincidence corrections.
Eff. The calculated full-energy peak efficiency for the given energy.
TotEff The calculated total efficiency for the given energy.
TrueCl True coincidence loss correction factor. It is always <=1.0
TrueCg True coincidence gain correction factor. It is always >=1.0

Identifier of the parent of gamma/Xray

The result presented on the screen, can be printed, or write into text file on the disk for further
processing by computer programs, or copy the output to the Windows Clipboard, to paste it into other
application (e.g. spreadsheets). The options include sorting the output data (energy, intensity),
application of intensity limit, taking into account or not the X rays' contribution. Special data library
format exists in the IAEA proposed ASCII data format. The program has the capability to read and
write data into this text format. This text file can be edited by any text editor to modify the input data
without understanding the ENDSF formats. The input data for isotopes used in the energy calibration
is attached to the program in this property format.

As an example of the results of the calculation, the data presented on Fig. 3 is shown after
application the correction on Fig. 8. The large spread of the data shown on Fig.3 has been removed by
the applied correction. The largest applied correction was 35%.
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Fig. 8. The corrected efficiency data of Fig. 3.
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Conclusion

The developed "TrueCoinc" program calculates the coincidence correction factors with
minimal user effort. The input data for the level parameters and X ray emission are collected from
existing databases of the levels. The program is supported with Help and a User Guide
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