
Nuclear Instruments and Methods in Physics Research B 396 (2017) 43–49
Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /n imb
Simulation of decay processes and radiation transport times
in radioactivity measurements
http://dx.doi.org/10.1016/j.nimb.2017.02.002
0168-583X/� 2017 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: e.garciatorano@ciemat.es (E. García-Toraño). 1 Physics Reference Manual, version Geant4 10.3 (9 December, 2016).
E. García-Toraño a,⇑, V. Peyres a, M.-M. Bé b, C. Dulieu b, M.-C. Lépy b, F. Salvat c

a Laboratorio de Metrología de Radiaciones Ionizantes, CIEMAT, Avda. Complutense 22, 28040 Madrid, Spain
bCEA, LIST, Laboratoire National Henri Becquerel (LNE-LNHB), Bldg 602, PC111, 91191 Gif-sur-Yvette Cedex, France
c Facultat de Física (FQA and ICC), Universitat de Barcelona, Diagonal 647, 08028 Barcelona, Spain

a r t i c l e i n f o a b s t r a c t
Article history:
Received 7 October 2016
Received in revised form 31 January 2017
Accepted 1 February 2017
Available online 20 February 2017

Keywords:
Nuclear decay
Radioactive sources
Monte Carlo radiation transport
Radiation detection
The Fortran subroutine package PENNUC, which simulates random decay pathways of radioactive nuclides,
is described. The decay scheme of the active nuclide is obtained from the NUCLEIDE database, whose web
application has been complemented with the option of exporting nuclear decay data (possible nuclear
transitions, branching ratios, type and energy of emitted particles) in a format that is readable by the sim-
ulation subroutines. In the case of beta emitters, the initial energy of the electron or positron is sampled
from the theoretical Fermi spectrum. De-excitation of the atomic electron cloud following electron cap-
ture and internal conversion is described using transition probabilities from the LLNL Evaluated Atomic
Data Library and empirical or calculated energies of released X rays and Auger electrons. The time evo-
lution of radiation showers is determined by considering the lifetimes of nuclear and atomic levels, as
well as radiation propagation times. Although PENNUC is designed to operate independently, here it is used
in conjunction with the electron-photon transport code PENELOPE, and both together allow the simulation
of experiments with radioactive sources in complex material structures consisting of homogeneous bod-
ies limited by quadric surfaces. The reliability of these simulation tools is demonstrated through compar-
isons of simulated and measured energy spectra from radionuclides with complex multi-gamma spectra,
nuclides with metastable levels in their decay pathways, nuclides with two daughters, and beta plus
emitters.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Practical situations involving radioactive sources are found in
such diverse fields as nuclear spectroscopy, activity standardiza-
tion, ionizing radiation metrology, radiation dosimetry, radiation
protection, brachitherapy and nuclear medicine. Monte Carlo sim-
ulation methods are frequently used for quantitative studies in
these fields, as well as for education and training. The simulation
of experimental set-ups with radioisotopes that emit multiple pho-
tons and/or electrons of various energies, usually correlated in
time, require specific procedures for sampling random decay path-
ways and accounting for the time evolution of particle histories.
Even for nuclides with simple decay schemes, such as 60Co, mea-
sured energy spectra may show sum peaks and other structures
that result from time-correlated emissions. In addition, time corre-
lations have a direct influence on coincidence measurements.
Modern Monte Carlo codes may offer the option of considering
radioactive sources, either as a generic component of the original
code or in the form of user-developed modules. Thus, Geant41

[1,2], includes a radioactive decay module based on data from the
Evaluated Nuclear Structure Data File [3], which has been validated
and refactored in [4,5]. To describe radioactive sources with codes
where such a module is either unavailable or inconvenient, the user
must define the decay scheme of the active nuclide and provide a
dedicated subroutine that generates random decay pathways. The
present article describes a systematic procedure for simulating the
decay of radioactive nuclei, and its implementation within the For-
tran Monte Carlo code PENELOPE [6], which performs simulations of
coupled transport of photons and electrons (and positrons) in com-
plex material structures consisting of homogeneous bodies limited
by quadric surfaces [7–9]. The tools described here have evolved
from previous works where the decay scheme of the active nuclide
was defined manually [10]; and they are now tailored to facilitate
simulations of nuclear spectroscopy measurements.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2017.02.002&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2017.02.002
mailto:e.garciatorano@ciemat.es
http://dx.doi.org/10.1016/j.nimb.2017.02.002
http://www.sciencedirect.com/science/journal/0168583X
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We have written a Fortran subroutine package named PENNUC

which simulates nuclear decay paths, and outputs the energies
and directions of the emitted photons, electrons and positrons;
alpha particles are not followed. These subroutines can be directly
linked to the PENELOPE steering main program penmain and allow
the simulation of experiments with radioactive sources containing
a single active nuclide. Multiple radionuclides are not considered
because results from measurements involving several nuclides
can usually be modeled additively.

The decay scheme of the nuclide is obtained from the NUCLEIDE

[11] database developed at the Laboratoire Nationale Henri Bec-
querel which includes data on 220 radioactive nuclides. The web
application has been recently complemented with the option of
exporting the nuclear decay characteristics (possible nuclear tran-
sitions, branching ratios, type and energy of emitted particles) in a
text (ASCII) file with a format adapted to the PENNUC subroutines.
These subroutines simulate the decay of the active nucleus as a
random sequence of transitions; each transition involves either
the release of electrons or photons with prescribed energies (beta
and gamma transitions) or the production of a vacancy in an inner
subshell of the active atom (internal conversion and electron cap-
ture). In the latter cases, subsequent relaxation of the atomic elec-
tron cloud is simulated by using transition probabilities and
energies from the PENELOPE database [6]. The mean lifetimes of
nuclear and electronic excited states are used to determine the
emission time sequence. In spectroscopy simulations, excited
levels with lifetimes longer than the resolution time of the detec-
tor, a parameter defined by the user, are considered as metastable
levels. When the decay path includes a metastable level, the set of
transitions prior to that level is considered as an independent
emission event (in which several particles may be released). The
emitted particles are fed to PENELOPE, which then simulates the cou-
pled transport of photons and electrons (and positrons) in the
material system. Optionally PENELOPE can keep track of the particle
age (i.e., the time elapsed since the start of the nuclear decay).

Although the PENNUC subroutines are tailored to be linked to

PENELOPE, the package contains all necessary components (except
the random number generator) to be used with any Monte Carlo
radiation transport code. Thus, for the sake of portability, PENNUC

contains a duplicate of the PENELOPE subroutines that describe the
electronic de-excitation of atoms with vacancies in inner electron
sub-shells. The PENNUC subroutines read relaxation parameters
directly from a database file, which is part of the distribution pack-
age, and operate independently of their PENELOPE counterparts.

The present article is structured as follows. In Section 2 we
briefly describe the models and methods implemented in the PEN-

NUC subroutines for generating random nuclear decay pathways,
including the sampling of the initial energy of beta particles as well
as X rays and Auger electrons resulting from atomic de-excitation.
Furthermore, the sampling of the lifetime of excited states and
evaluation of the age of particles are described. In Section 3 we pre-
sent comparisons of simulation results and measurements with
various detectors of energy spectra from radioactive sources hav-
ing non-trivial decay schemes. These comparisons evidence the
reliability of the simulation models and code. Finally, concluding
comments are provided in Section 4.
2. Methods

PENNUC delivers the initial-state variables of all particles released
in the course of the decay process. These variables are: particle
type (electron, photon, or positron), initial position coordinates
ðx; y; zÞ (those of the active nucleus), direction cosines of the initial
direction ðu;v ;wÞ, and energy (kinetic energy in the case of elec-
trons and positrons). The position of the active nucleus is deter-
mined by PENELOPE according to the geometrical characteristics of
the radioactive source. The initial direction of each particle is sam-
pled randomly from the isotropic distribution, that is, possible
angular correlations are disregarded. As already mentioned, in
the case of alpha emitters, the alpha particle is not followed.

2.1. The NUCLEIDE database

As indicated above, the decay schemes of radionuclides are
obtained from the NUCLEIDE database. This database contains evalu-
ated data for about 220 radionuclides of practical interest in
nuclear safety studies, environmental surveys, nuclear medicine,
and a variety of other fields. The evaluation process is carried out
within the framework of the Decay Data Evaluation Project (DDEP),
an international cooperation project between different laborato-
ries, which both discuss and agree on the evaluation methodology,
and is coordinated by the Laboratoire National Henri Becquerel
(LNHB). For each radionuclide, the evaluated data are determined
from published experimental results and theoretical information,
and they are accompanied with a detailed description of their eval-
uation and an exhaustive list of references. Evaluated nuclear and
atomic decay data are then added to the NUCLEIDE database and are
made available for further publication (web site, web application,
printed report as Monographie BIPM-5 [12,13], data files, etc.).
Finally, the recommended data, which are regularly updated, are
presented in both a clear and easily readable form on the LNHB
web site [11]. Recently, the option of downloading decay data in
the PENNUC dedicated format has been made available on this site.

2.2. Sampling nuclear decay pathways from NUCLEIDE data

The type and energy of the particles released in each transition
of the nucleus are determined randomly using the decay scheme
and branching ratios provided by the NUCLEIDE database. As men-
tioned above, the processes of internal conversion and electron
capture leave a vacancy in an inner electron sub-shell of the atom.
The subsequent atomic relaxation is described by using the PENELOPE

subroutine relax [6](see Section 2.4).
To allow time correlations to be studied, we assign a certain res-

olution time to the detector, and consider all particles reaching the
detector within this time as a single detection event. The lifetime t
of a nuclear level with mean lifetime s is sampled from the familiar
exponential distribution,

pðtÞ ¼ s�1 expð�ts�1Þ: ð1Þ
In other words, we set

t ¼ �s ln n; ð2Þ
where n is a random number uniformly distributed in the interval
(0,1). When the lifetime exceeds the detector resolution time, which
is defined as a parameter in the Fortran source code, the level is
considered as metastable. The set of consecutive transitions down
to a metastable level, or to the ground level, is referred to as a ‘‘cas-
cade”. In the evaluation of statistical uncertainties, a cascade is con-
sidered as a single emission event. Thus, the whole decay process to
the final ground level of the daughter nucleus consists of either a
single cascade or a sequence of cascades. In the latter case, each cas-
cade may produce a separate ‘‘count” in the detector.

In PENELOPE the initial-state variables of the particles produced
in the course of a shower are temporarily stored in a set of arrays
called the secondary stack. The particles released in each cascade
are sent to the secondary stack, except for the last one which is
loaded in module TRACK_mod and considered as the ‘‘current” par-
ticle. The particles in the stack are tracked after completion of the
current particle’s history.



Table 1
Classification of beta transitions according to spin and parity changes. Jp and Jd denote
the spins of the parent and daughter nuclei, respectively. The last column gives the
corresponding prohibition factors FpðE; EmÞ in Eq. (3). Empirical prohibition factors are
also included in PENNUC for a number of selected radionuclides as explained in the text.

Kind of transition Jp � Jd Parity
change

FpðE0; EmÞ

Allowed 0, �1 No 1
First forbidden 0, �1 Yes 1
Unique first forbidden �2 Yes p2 þ p2m
Second forbidden �2 No p2 þ p2m
Unique second

forbidden
�3 No p4 þ p4m þ 10

3 p2p2m

Third forbidden �3 Yes p4 þ p4m þ 10
3 p2p2m

Unique third forbidden �4 Yes p6 þ p6m þ 7p2p2mðp2 þ p2mÞ
Fourth forbidden �4 No p6 þ p6m þ 7p2p2mðp2 þ p2mÞ
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2.3. Simulation of beta emission

Simulation of beta decays is based on analytical expressions of
the energy spectra given in [14], which are derived from the formal
theory of the process. The initial kinetic energy E of the electron or
positron emitted in a beta transition is a random variable that
takes values in the interval from zero up to a characteristic maxi-
mum energy Em.

To simplify the analytical expressions, in this Section we use the
natural system of units in which the reduced Planck’s constant, the
speed of light in vacuum and the electron mass are taken as unity
ð�h ¼ c ¼ me ¼ 1Þ. The unit of energy is the electron rest energy
mec2 ’ 511 keV. The probability that a beta particle has initial
kinetic energy between E and Eþ dE is given by

pbðEÞdE ¼ Cb F0ðf; EÞL0ðf; EÞFpðE; EmÞ ðEþ 1ÞðEm � EÞ2pdE; ð3Þ
where Cb is a normalization constant, and p is the linear momentum
of the emitted particle,

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2 � 1

p
; ð4Þ

where W � Eþ 1 is the total energy, including the electron rest
energy. The parameter f is defined as f ¼ aZ for b� decay and
f ¼ �aZ for bþ decay where Z is the atomic number of the daughter
nucleus and a ’ 1=137 is the fine structure constant. The functions
F0 and L0 are defined by the relations

F0ðf; EÞ ¼ 4ð2pRÞ2g�2 expð�pyÞ Cðg þ iyÞ
Cð2g þ 1Þ
����

����
2

ð5Þ

and

L0ðf; EÞ ¼ 1� 7
20

f2 � 28
15

WRf� 8
15

Rf
W

� 1
3
ðpRÞ2 � 1

5
f4

þ 1þ 9
2
f

� �
ðWRÞ3f� 1

2
WRf3 þ 1

20
f6 � 3

8
f8

� 3
8
WRf4 þ 10ðWRÞ2f6 ð6Þ

where

g �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f2

q
; y � fW=p0; ð7Þ

and R is the nuclear radius, which is approximately given by

R ¼ 1
386

1:123A1=3 � 0:941A�1=3
� �

ð8Þ

where A stands for the mass number of the daughter nucleus. When
E ¼ 0 the value of pbð0Þ can be obtained from the relation

pbð0Þ ¼ CbL0ðf;0ÞFpð0; EmÞE2
m8pð2RfÞ2g�2f Cð2g þ 1Þj j�2

: ð9Þ
The shape of the spectrum depends on the type of transition

through the prohibition factor FpðE; EmÞ in Eq. (3), which is deter-
mined by the parities and spins of the parent and daughter nuclei
as shown in Table 1. Generic expressions for the prohibition factor
are given in Table 1 in terms of the neutrino momentum

pm � Em � E: ð10Þ
Empirical prohibition factors have been derived from measured

energy spectra for those nuclides for which enough experimental
information is available [15]. Our subroutines include these factors
for a set of nuclides of metrological interest (11C, 13N, 18F, 22Na,
24Na, 36Cl, 32P, 40K, 49Sc, 63Ni, 68Ga, 89Sr, 90Sr, 90Y, 89Zr, 99Tc, 129I,
138La, 141Ce, 186Re, 204Tl, 210Bi and 241Pu).

These analytical beta spectra are coded in the Fortran function
sbetas, which is based on a program by Garcia-Toraño and
Grau-Malonda [16]. The random sampling of the energy E of beta
particles is performed by means of the RITA algorithm [6], which
combines an adaptive rational interpolation of the inverse cumula-
tive distribution function with an aliasing method [17]. The initial
direction of the emitted particles is sampled isotropically. It is
worth mentioning that the process of internal bremsstrahlung
(i.e., the emission of a photon by the emitted beta particle in the
screened field of the daughter atom) is not considered.

2.4. Generating atomic relaxation cascades

Radioactive nuclei are surrounded by the cloud of atomic elec-
trons. The processes of electron capture and internal conversion
remove one electron, preferentially from an inner (K or L) sub-
shell, leaving the residual ion in a highly excited state. The ion sub-
sequently relaxes to its ground state through a sequence of radia-
tive and non-radiative transitions. In a radiative transition, the
vacancy is filled by an electron from an outer sub-shell and an X
ray with characteristic energy is emitted. In a non-radiative transi-
tion, the vacancy is filled by an outer electron and the excess
energy is released through emission of an electron from a sub-
shell that is further out (Auger effect). As in PENELOPE, we use the fol-
lowing notation to designate the possible transitions.

� Radiative: S0-S1 (an electron from the S1 shell fills the vacancy
in the S0 shell, leaving a hole in the S1 shell).

� Non-radiative: S0-S1-S2 (an electron from the S1 shell fills the
vacancy in the S0 shell, and the released energy is taken away
by an electron in the S2 shell; this process leaves two vacancies
in the S1 and S2 shells).

Atomic de-excitation cascades, with the associated emission of
characteristic X rays and Auger electrons, are simulated by using
the same method as in the subroutine relax of PENELOPE [6], a
duplicate of which is included in the Fortran source file pennuc.

f. Atomic relaxation data for each element are read from the file
pdrelax.p11 of the PENELOPE database, which contains a table of
possible transitions, transition probabilities and energies of the
emitted X rays or electrons for ionised atoms with a single vacancy
in the K shell or in an L, M or N subshell. The transition probabili-
ties were extracted from the LLNL Evaluated Atomic Data Library
(EADL) [18]. The energies of X rays emitted in radiative transitions
resulting from single vacancies in the K and L shells were taken
from the compilation by Deslattes et al. [19]. X-ray energies for
transitions of vacancies in M and N subshells were taken from
Bearden’s review and re-evaluation of experimental X-ray wave-
lengths [20].

In the case of radiative transitions S0-S1 not included in Bear-
den’s tabulation, the energy of the X ray is taken from the EADL
[18]. The energy of the electron emitted in a non-radiative transi-
tion S0-S1-S2 is also set equal to the EADL value. These transition
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energies were estimated in terms of the energy eigenvalues of the
DHFS self-consistent equations for neutral atoms in their ground
states [18]. For tightly bound shells, with binding energies larger
than about 200 eV, the DHFS energies agree closely with the ioni-
sation energies recommended by Carlson [21,22].

The adopted energies for X rays and Auger electrons result from
the approximation of assuming that the presence of the vacancy
(or vacancies) does not alter the ionisation energies of the active
electron shells. In addition, because these energies are also used
for radiation emitted at any stage of the atomic de-excitation pro-
cess, we are also neglecting changes in the emission energies
caused by the possible relaxation of the ion [23]. Hence, our
approach will not produce La and Lb X-ray satellite lines; these
arise from the filling of a vacancy in a doubly-ionised L shell, which
releases energy that is slightly different from the energy emitted
when the shell contains only a single vacancy. It is also worth
recalling that the adopted transition probabilities are approximate.
For K shells they are expected to be accurate to within about 1%,
but for other shells they are subject to much larger uncertainties.

In the simulations, we set a suitable cut-off energy, Ec, and con-
sider the shells with ionisation energies Ui larger than Ec as inner
shells. Shells with ionisation energies less than Ec, or beyond the
N7 shell, are regarded as outer shells.

Simulation of the relaxation cascade from a vacancy in an inner
shell proceeds as follows. The transition that fills the initial
vacancy is randomly selected according to the adopted transition
probabilities by using Walker’s aliasing method [6]. This transition
leaves the ion with one or two vacancies. If the energy of the emit-
ted characteristic X ray or Auger electron is larger than the corre-
sponding absorption energy, the direction of emission is sampled
from the isotropic distribution and the state variables of the parti-
cle are stored in the secondary stack. Generation of the cascade
continues by repeating the process for each remaining vacancy. It
ends when all inner subshells have been filled up.

It is important to bear in mind that transition probabilities from
the EADL correspond to single vacancies. Additionally, we do not
consider the relaxation of shells with principal quantum number
larger than 4 (O, P, and Q subshells).

2.5. Radiation transport times

In experimental arrangements involving fast detection devices
and/or coincidence techniques, the results of measurements may
be affected by the time evolution of radiation showers. The time
dependence of a shower can be described by attaching to each par-
ticle a state variable that measures the time elapsed since the start
of the decay cascade. For brevity, we will refer to this time variable
as the age of the particle.

Because the speed of photons with energies larger than about
100 eV in matter does not differ appreciably from the speed c of
light in vacuum (see, e.g., Ref. [24]), the flight time of a photon
between two events separated by a distance s is s=c.

While interaction events are assumed to occur instantaneously,
the emission of X rays (and Auger electrons) after an ionisation
event is delayed because of the finite lifetime of atomic energy
levels [23]. The natural width C of an atomic energy level and
the lifetime s of the states of that level are related by the time-
energy uncertainty relation,

Cs ’ �h: ð11Þ
As noted by Richtmyer et al. [25], in the case of excitations

which produce a single vacancy in an inner subshell, the first stage
of subsequent decay of the ion is the filling of that vacancy by elec-
trons from nearest shells, a process practically independent of the
condition of the excited electron. Consequently, all excited levels
with a vacancy in shell i have approximately the same level width,
Ci, the so-called core-level width, and the same mean lifetime
si ¼ �h=Ci. Campbell and Papp [26] provide a set of recommended
widths for K to N7 levels of atoms obtained from evaluation of
available experimental data. For shells not included in these tables,
we use calculated core-level widths given in the EADL [18]. Typi-
cally, the widths Ci increase with the binding energy of the shell;
they are of the order of 0.1 eV or less for weakly bound shells,
and reach values of the order of 100 eV for K shells of transuranic
elements. The corresponding lifetimes have values of the order of
10�14 to 10�17 seconds.

Let us consider an atom with a vacancy in shell i at t ¼ 0. The
probability density function pðtÞ of the time t when the atom
decays is the familiar exponential distribution with mean si,

pðtÞ ¼ s�1
i expð�ts�1

i Þ: ð12Þ
We consider that the vacancy is filled after a random time t

sampled from this distribution,

t ¼ �si ln n; ð13Þ
where n is a random number uniformly distributed in the interval
(0,1). It is worth mentioning that we simulate relaxation cascades
using atomic lifetimes that correspond to excited states with a sin-
gle vacancy. To partially account for the possible occurrence of mul-
tiple vacancies, when in the course of a de-excitation cascade the
active shell contains m > 1 vacancies, their lifetime is set equal to
si=m.

In PENELOPE electron and positron histories are described by using
a class II scheme. In each trajectory segment between discrete
events (hard interactions or hinges) the transported particle under-
goes multiple soft inelastic collisions and soft bremsstrahlung
emission events. The total energy loss W due to soft interactions
along a segment of length s is a random variable with prescribed
average value and variance. The effect of soft interactions is
described as a continuous slowing down of the projectile with con-
stant stopping power Ssoft ¼ W=s. Thus, the time spent by an elec-
tron with initial energy E0 to travel a trajectory segment of length s
is given by

tðsÞ ¼
Z E0

E0�Ssofts

1
vðEÞ

dE
Ssoft

;

where

vðEÞ ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðEþ 2mec2Þ

p
Eþmec2

is the relativistic velocity of an electron with energy E. The integral
is elementary,

t ¼ 1
cSsoft

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðEþ 2mec2Þ

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE� Ssofts0ÞðE� Ssofts0 þ 2mec2Þ

q� 	
:

ð14Þ
This formula is utilised in the simulation program for on-the-fly

calculation of the age of electrons and positrons.

3. Miscellaneous applications

To illustrate the capabilities of PENNUC we present here examples
of simulations of measurements and applications that involve non-
trivial situations. These include multi-gamma emitting radionu-
clides, nuclides with metastable levels in their decay pathways,
nuclides with two daughters, and beta plus emitters.

All measurements presented below were performed with HPGe
detectors with enhanced low-energy detection capabilities sur-
rounded by lead shields to reduce the radiation background, and
with point or volume radioactive sources. The geometrical details



Fig. 1. Geometrical model of a measurement setup used in the present simulations,
as displayed by the PENGEOM 3D viewer. A volume source of stainless steel
contaminated with 192Ir is placed in a thin-wall plastic chamber in contact with
the detector window. A: Lead shield, B: Measurement chamber, C: Radioactive
source, D: Active Ge, E: Crystal holder, F: End cup, G: Core hole.

Fig. 2. Simulated (upper) and measured (lower) spectra of a volume source of
166mHo measured with an HPGe detector.
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of the experimental set-ups were described by means of the PEN-

GEOM package [27]. The example shown in Fig. 1 corresponds to
an HPGe portable [28] detector with a volume source of 192Ir
placed at a short distance from the detector window.

Simulated energy spectra are usually generated by scoring the
total energy deposited within the active volume of the detector
by the particles in each cascade. Thus, sum peaks and escape peaks
are consistently described by the simulation code. The deposited
energy spectrum resulting from a simulation is in the form of a his-
togram, PMCðEÞ, with a certain bin width D. Because radiations
emitted by the active nuclide, and during atomic relaxation, have
well-defined energies, each line is fully contained in a single chan-
nel of the output histogram. To compare with measured spectra we
must account for fluctuations in the electronic amplification of out-
put pulses, and other effects, which determine the energy resolu-
tion of the detector [29]. For this purpose, we consider the
energy-resolution function RdðE; EchÞ defined as the probability
(normalized to unity) that a deposited energy E produces a count
in the energy channel corresponding to energy Ech. For many detec-
tors, the energy resolution function can be approximated as a
Gaussian,

RdðE; EchÞ ¼ 1ffiffiffiffiffiffiffi
2p

p
rðEÞ exp �1

2
E� Ech

rðEÞ
� �2

" #
; ð15Þ

with

rðEÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
8 ln2

p CdðEÞ: ð16Þ

where CdðEÞ is the full-width-at-half-maximum of a spectral line
centered at the energy channel E.

Given a calculated energy-deposition spectrum PMCðEÞ, we cal-
culate the corresponding ‘‘simulated” spectrum PðEÞ as the convo-
lution of PMCðEÞ with the energy-resolution function of the
detector. That is,

PðEchÞ ¼
Z 1

0
PMCðEÞ�dðEÞ½ �RdðE; EchÞdE: ð17Þ

It is worth noting that this formula is valid only if the bin width
D of the simulated histogram is much smaller than the energy res-
olution CdðEÞ. When this is not the case, CdðEÞ should be replaced
by CdðEÞ � D. The simulated spectra presented below have been
calculated by transforming the energy-deposition spectra accord-
ing to Eq. (17), with the CdðEÞ function determined empirically
for each detector.

3.1. Multi-gamma-emitting radionuclides

In measurements of energy spectra of radionuclides whose
decay scheme include a large number of gamma transitions, the
effect of summing-in or summing-out processes associated with
coincidence-summing is difficult to calculate by analytical correc-
tion methods. In contrast, Monte Carlo simulation of the decay pro-
cess provides a convenient solution and yields reliable estimates of
summing corrections. As an extreme example, we consider the
nuclide 166mHo which decays to 166Er via several beta transitions
[12], and releases a large number of gamma-rays in the subsequent
de-excitation of the excited levels of 166Er. In 2013, a EURAMET
comparison of activity concentration measurements of the same
solution of this nuclide, was carried out with the participation of
six European laboratories [30]. The PENNUC routines were used at
CIEMAT for two aims: 1) to simulate the gamma spectra measured
with a HPGe detector, and 2) to calculate the counting efficiency
required by one of the calibration methods used in the exercise,
the so-called 4pc or integral gamma counting for which, a well-
type scintillation counter was used. Fig. 2 compares experimental
and simulated spectra taken with an extended-range HPGe detec-
tor in the energy range up to 800 keV. The agreement between
simulated and measured spectra is excellent, particularly regard-
ing the sum peaks originated in the photon cascades. The correct-
ness of the algorithm was further confirmed by the results
obtained in the calibration using the 4pc technique in the above-
mentioned international comparison [30].

Coincidence-summing with X rays following atomic rearrange-
ment can always affect the measurement by gamma spectrometry,
but is especially significant for nuclides that decay by electron-
capture. One of the most relevant examples is 133Ba, which decays
to 133Cs through 5 electron-capture branches, and many
coincidence-summing events occur between the X rays that follow
the electron capture and the gamma rays that depopulate the
excited levels [13] of 133Cs. Its decay scheme is depicted in Fig. 3.
Fig. 4 presents a region of the gamma spectrum of this nuclide
which shows several structures that can be assigned to X ray-
gamma coincidences. The result of the simulation, also shown in
the figure, closely reproduces the experimental data. The degree



Fig. 3. Simplified decay scheme of the nuclides 133Ba and 113Sn. Data taken from Refs. [13,12].

Fig. 4. Simulated (upper) and measured (lower) spectra of a point source of 133Ba
measured with an HPGe detector. The energy interval from 290 keV to 410 keV
displayed here contains strong coincidence summing with X ray lines.

Fig. 5. Simulated (upper) and measured (lower) spectra of a point source of the
positron emitter nuclide 44Sc, measured with an HPGe detector.
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of agreement between simulation and experiment has been quan-
tified by considering the efficiencies determined by numerical
analysis of peak areas; the differences between measured and
calculated efficiencies for the gamma transitions of 80:89;276:4;
356:01, and 383:85 keV are less than 1 %.

A further example of complex spectra is provided by the nuclide
192Ir, which decays to two daughters: by beta minus emission to
192Pt, and by electron capture to 192Os [12]. A volume source of this
nuclide (a stainless steel contaminated disk) was standardized by c
spectrometry, using the set-up presented in Fig. 1, within the
framework of a recent European Research Metrology Project [31].
For volume sources, coincidence-summing corrections are difficult
to calculate because the efficiency, and therefore the corrections,
have to be calculated by taking into account the location of the
emitting nucleus, which determines the absorption of radiation
within the source. Results have proved that the algorithm provides
an accurate estimation of this effect [31].

3.2. Nuclides with metastable energy levels

For radionuclides whose decay schemes include metastable
levels, time coincidences between events have to be calculated
by taking into account the time t the nucleus spends in the meta-
stable level, which is sampled from the exponential distribution
with mean equal to the level lifetime (see Section 2.2). One of such
nuclides is 113Sn which has the relatively simple decay scheme dis-
played in Fig. 3 [12]. It disintegrates to 113In, mainly by electron
capture (97:79%) to the metastable 392 keV level and partially
by electron capture to the 647 keV excited level (2:21%), [12]. Con-
sequently, the complete decay includes both prompt transitions
and transitions that start at the metastable level. Activity standard-
ization of this nuclide must then account for both contributions, as
explained in Ref. [32], which describes the standardization by three
techniques, two of which (4pc counting and Liquid Scintillation
Counting) required the use of the Monte Carlo simulation tech-
niques described in the present article. Results obtained by the
three techniques are in excellent agreement [32].

3.3. Positron-emitting nuclides

Positron emitting nuclides are of particular interest because of
their potential applications in nuclear medicine. For instance,
44Sc is used as a long-lived PET radionuclide and, combined with
its isotope 47Sc, a beta minus emitter, is considered as a promising
theranostic alternative in nuclear medicine [33]. The 44Sc nucleus
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disintegrates by beta plus emission (94:27%) and by electron cap-
ture (5:73%) to 44Ca. Most decays (99%) feed an excited level of the
daughter nucleus which de-excites to the ground level by emission
of a gamma ray of 1157 keV [12]. Simulated and measured spectra
from a 44Sc source recorded with an HPGe detector are shown in
Fig. 5, where the structures corresponding to the 511 keV annihila-
tion peak and the 1157 keV gamma emission are prominent; their
sum peak is also visible at the upper end of the spectrum. The low
energy region of the spectrum (with the backscattering contribu-
tion and the Compton edge) is also well reproduced by the simula-
tion [34].

4. Concluding comments

We have described the subroutine package PENNNUC for simula-
tion of the decay pathways of radioactive sources containing a sin-
gle active nuclide. The PENNUC subroutines linked to the Monte Carlo
code PENELOPE allow the simulation of measurements and applica-
tions involving radioactive sources in complex material structures.
The combined simulation code has been shown to yield results in
good agreement with metrology measurements involving nuclides
having complex spectra, nuclides with metastable states, nuclides
with two daughters, and positron emitters.

Although the current PENNUC subroutines are tailored to work
with PENELOPE, they are flexible enough to be used in any Monte
Carlo simulation code. The subroutine package and the associated
data files, accompanied with documented examples, will be made
available in due course.
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