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Abstract—The production of particle induced X-ray emission
(PIXE) is an important physical effect that is not yet accurately
modelled in Geant4. After providing a brief overview of Geant4
implementations of PIXE up to now, we describe our current
effort for improving the Geant4 implementation of PIXE. This
research and development activity is part of a larger effort
addressing more general aspects of particle transport in Geant4.
We illustrate the status of our work by applying a prototype implementation of Geant4 PIXE to a study of the passive shielding
of the X-ray detectors of the German eROSITA telescope on the
upcoming Russian Spectrum-X-Gamma space mission.
Index Terms—Monte Carlo, Geant4, PIXE, ionization.

I. I NTRODUCTION

I

N 1912, Chadwick discovered that energetic charged particles produce X-ray emission in the target material [1]. The
origin of the emission lies in the ionization of target material
atoms by incident energetic charged particles. Some atoms are
ionized by removing an electron from an inner electronic shell;
this inner shell vacancy is subsequently filled by an electron
from an outer shell. Such an electron transition may give rise to
the emission of characteristic X-rays at energies corresponding
to the difference in the binding energies of the involved atomic
shells.
The application of this characteristic particle induced X-ray
emission (PIXE) to non-destructive trace element analysis of
materials has first been proposed by Johansson and co-workers
in 1970 [2]; today, it is a widely and routinely used technique.
The physical process of PIXE may also give rise to unwanted
instrumental background X-ray lines in case energetic charged
particles reach the detector or passive materials in its vicinity,
as is the case for space missions, but also for some laboratory
environments.
The physics that needs to be considered for a quantitative
simulation of the PIXE process is complex, including energy
loss and scattering of the incident charged particle, atomic
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shell ionization cross sections, and atomic transition probabilities and energies. Several software systems focused on X-ray
spectroscopy for material analysis applications of PIXE are
available, such as GeoPIXE [3], GUPIX [4]–[6] PIXAN [7],
Pixeklm [8], Sapix [9], Winaxil [10] and Witshex [11]; a few
cover PIXE simulation [12], [13]. Nevertheless these codes
have a limited application scope, as they lack the capability
of addressing PIXE simulation in a complex experimental
context.
Such comprehensive modelling capabilities are provided in
general purpose Monte Carlo systems, such as GEANT 3
[14], MCNP [15]–[17], or FLUKA [18], [19]; however, most
of them do not include implementations of PIXE. A partial
exception are the Penelope [21] and EGS [22]–[24] electronphoton Monte Carlo codes, which, however, limit themselves
to electron impact ionization. With respect to PIXE, the Geant4
simulation toolkit [25], [26] represents the most ambitious
attempt at a general implementation of X-ray emission induced
not only by electrons, but also by heavy charged particles
such as protons, α particles, or ions. However, up to now the
Geant4 implementation of PIXE is not yet accurate enough
for quantitative studies.
In this paper, we describe our current effort for improving
the Geant4 simulation model of PIXE, focusing on the case
of proton induced X-ray emission. Once PIXE is correctly
modelled for protons, it will be straightforward to extend
our strategy to other charged particles. Our Geant4 PIXE
research and development (R&D) activity is part of a larger,
international effort addressing more general aspects of particle
transport, in particular the co-working of condensed-randomwalk and discrete transport schemes [27]. The status of our
work is illustrated by applying a prototype version of our
improved Geant4 PIXE software to studying the passive shield
of the X-ray detectors of the German eROSITA (extended
Roentgen Survey with an Imaging Telescope Array) telescope
on the upcoming Russian Spectrum-X-Gamma space mission.
II. PIXE

IN

G EANT 4

A. General considerations on particle transport
Intrinsically, PIXE is a discrete process, as described in
Sec. I. The simulation of the energy loss of a charged particle
due to ionization is affected by so-called infrared divergence.
This means that in the context of general purpose Monte Carlo
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result in δ rays below the threshold are treated as a continuous
process along the step, the few ionizations that result in δ rays
above the threshold are treated as discrete processes.
While this combined condensed-random-walk and discrete
particle transport scheme is conceptually appealing and appropriate to many simulation applications, it suffers from drawbacks with respect to the generation of PIXE (as described in
Sec. II-C3).
The investigation of software design for different particle
transport schemes in the same simulation environment is a
main goal of the larger Nano5 program [27], of which PIXE
is only a small part. All results in this paper have been
obtained with the standard Geant4 particle transport scheme;
progress on the simulation of particle transport will be reported
elsewhere.
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Fig. 1.
A comparison of the K shell ionization cross section for Au,
implemented in G4hShellCrossSection [32], with the experimental reference
[33].
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Fig. 2. A comparison of the K shell ionization cross section for Au, implemented in G4hShellCrossSectionExp and G4hShellCrossSectionDoupleExp
[34], [35], with the experimental reference [33].

systems, a discrete treatment of each individual ionization
process and subsequent atomic relaxation poses a problem:
explicitely considering the production of soft secondary particles may soon become inhibitive, since due to their large
number the required computation time becomes excessive.
Infrared divergence is usually handled in general-purpose
Monte Carlo codes by adopting a condensed-random-walk
scheme for particle transport. In such a scheme, the particle’s
energy loss and deflection are treated as averaged net effect of
many discrete interactions along the step, thereby substituting
in the simulation a single continuous process for the many
discrete processes that actually occur. In a mixed scheme, like
the one adopted by Geant4, two different régimes of particle
transport are introduced, which are separated by a threshold
for the kinetic energy of the electron that is kicked out of an
atom during ionization (the so-called δ ray): all ionizations that

B. Past and present PIXE
Several ionization cross section implementations are available in the Geant4 low energy electromagnetic package [28],
[29]. Cross sections are used by the hadron ionization process
(G4hLowEnergyIonisation) to determine the vacancy in the
shell occupation produced by impact ionization; this is the
first stage to generate X-ray fluorescence emission resulting
from atomic relaxation.
The first implementation of PIXE in Geant4 used the
theoretical models of Gryziński [30], [31] to compute ionization cross sections for all elements from Hydrogen through
Uranium and all atomic shells in the G4hShellCrossSection
class [32].
However, there was a severe problem in the implemented
ionization cross sections. This is illustrated in Fig. 1, comparing the implemented K shell ionization cross section for Au
with the experimental reference compiled by Paul & Sacher
[33] for incident protons. It is not clear whether the more
than 20 orders of magnitude difference is due to an error in
the implementation or in the theory or both, but clearly this
implementation was inadequate.
A new set of K shell ionization cross sections for incident protons was implemented in G4hShellCrossSectionExp
and G4hShellCrossSectionDoupleExp [34], [35]. This time
the cross sections were based on the experimental Paul &
Sacher compilation [33] covering the elements Be through U.
Two different algorithms were used to interpolate the cross
section data base, but neither worked and order of magnitude
differences remained between the experimental values and
their implementation in Geant4 as illustrated for Au in Fig. 2.
Recently, new ionization cross section implementations [36]
have been released in version 9.2-beta of Geant4. Those
for K shell ionization are based on the experimental Paul
& Sacher database [33] and on the ECPSSR (Energy-Loss
Coulomb-Repulsion Perturbed Stationary State Relativistic)
theory [38]; the cross sections for L shell ionization are
based on a semi-empirical approach from [37]. The software
correctly represents the input models or data set; nevertheless,
it exhibits severe design limitations, which prevent clients
to handle the different cross section models either through
dynamic or static polymorphism. Due to their design features,

TABLE I
P ERFORMANCE EVALUATION OF TWO DIFFERENT IMPLEMENTATIONS OF K
SHELL IONIZATION CROSS SECTIONS FROM ECPSSR THEORY AND FROM
EXPERIMENT. T HE TWO IMPLEMENTATIONS ARE FROM [36] AS INCLUDED
IN G EANT 4 9.2- BETA FROM J ULY 2008 AND FROM OUR CURRENT PIXE
PROTOTYPE IMPLEMENTATION . T HE PERFORMANCE HAS BEEN
EVALUATED ON AN I NTEL C ORE 2 D UO P ROCESSOR E6420, 2.13 G Z ,
4 GB RAM, BY INSTANTIATING THE CROSS SECTION CLASSES AND
MAKING 106 CALLS TO THE CROSS SECTION CALCULATION FUNCTIONS .
ECPSSR K shell
Element

Geant4 9.2-beta

Our Model

Speed Gain Factor

Si
Cu
Cd
Au

3.86
3.96
4.24
5.21

0.62
0.63
0.62
0.64

5.9
6.3
6.8
8.1

Experimental K shell
Element

Geant4 9.2-beta

Our Model

Speed Gain Factor

Si
Cu
Cd
Au

112.83
107.58
78.68
66.21

0.63
0.62
0.59
0.53

179
173
133
125

these cross section classes are not usable in any Geant4based simulation. Moreover, as discussed in Section II-C2 and
shown in Table I, these implementations charge a significant
performance penalty with respect to the models presented in
this paper, which would make them inefficient for practical
application purposes.
C. Work in progress
1) Software development process: A satisfactory treatment
of PIXE in Geant4 requires addressing its specific requirements together with the complexity of charged particle transport schemes in a general-purpose Monte Carlo environment.
The design of such a physics model would have implications
on the interaction of processes with other Geant4 kernel
objects: an investigation of new design schemes, as well as
of new software technologies, looks appropriate at this stage
to profit of technical advancements since the conception of
Geant4’s original design in RD44 [39].
We have begun an iterative-incremental software development process [40] based on the Unified Development Process
[41] to address this issue. The initial development cycle,
described in this paper, is meant to facilitate the investigation
of the problem domain through the production of a prototype still in the current Geant4 kernel design scheme: the
lessons learned through this prototype will provide concrete
elements to address key physics and software design issues in
a following development cycle, while the adopted componentbased design will provide the ground for re-using components
developed at this early stage in future design iterations.
Despite the foreseen intrinsic limitations in the current
design scheme, an effort is invested to investigate physics
and software modelling features relevant to the accuracy and
computational performance of PIXE simulation. The resulting
prototype is meant to provide adequate functionality for a
subset of realistic use cases, as it is illustrated in section II-C4.
A class diagram of our current PIXE prototype in the
Unified Modelling Language (UML) [42] is given in Fig. 3.

Paramount for the design is a well defined domain decomposition that clearly reflects the various functionalities
involved, such as cross section calculation, application of
cross sections for creation of ionization, final state generation, or atomic relaxation. The G4RDHadronIonisation
class is an improved version initially based on the hadron
ionization process currently implemented in the Geant4 low
energy electromagnetic package; the originally developed
G4PixeCrossSectionHandler class is responsible for cross
section management and the creation of the initial shell
vacancy resulting from hadron impact; the data management
subdomain is responsible for cross section data handling
and interpolation. The functionality of producing secondary
particles following the initial impact ionization is provided by
the Geant4 Atomic Relaxation component [43].
Even if presently applied only to proton induced PIXE, this
design is suitable to handle PIXE production by electrons, α
particles, and heavy ions without requiring any modification:
this extension of functionality would just imply the provision
of cross section tabulations for such particles in external data
files, which would be handled transparently by the current
design model (see Sec. II-C2 below).
It is important to note that we forsee an iterative evolution
of this design over the course of our PIXE R&D effort.
2) Ionization Cross Sections: We have adopted a datadriven approach for input of ionization cross sections. Tabulations of the cross sections as a function of element, atomic
(sub-)shell, and proton kinetic energy are pre-calculated and
stored in files; then the required cross sections at any given
energy are calculated by interpolation over the tabulated values
whenever required.
This approach presents various advantages. It optimizes
performance speed, since the calculation of the interpolation
is faster than the calculation from complex algorithms implementing theoretical models. The performance of our approach
is superior to that of the latest Geant4 PIXE implemention
( [36], see Sec. II-B), as is demonstrated in Table I. Our
approach also offers flexibility: chosing a cross section model
simply amounts to reading the corresponding set of input files;
adding a new set of cross section data simply amounts to
pre-calculating the corresponding set of input files. Different
modelling approaches, like cross sections based on experimental data or theoretical calculations for different shells, can be
easily combined for use in a simulation as desired by the user.
Finally, the cross section data are transparent: the files are
accessible to the user and human readable.
Various sets of ionization cross sections for K, L, and
M shells are currently under study. Theoretical models in
different variants include: plain PWBA (Plane Wave Born Approximation) and ECPSSR [38] calculations using the ISICS
software [44], [45], ECPSSR with United Atom correction
[46], or ECPSSR with corrections for the Dirac-Hartree-Slater
nature of the K shell [47]. Experimental ionization cross
section data currently include tabulations for the K shell [33];
the experimental database of L shell measurements [48] covers
only a limited portion of elements in the periodic system,
nevertheless it can be considered as a possible alternative to
the theoretical models in a future extension.

G4PixeCrossSectionHandler
G4RDHadronIonisation
<<const>> FindValue()
<<const>> FindValue()
<<const>> MicroscopicCrossSection...
<<const>> SelectRandomAtom()
<<const>> SelectRandomShell()

AlongStepDoIt()
GetMeanFreePath()
PostStepDoIt()

*

*
G4VDataSet
<<abstract>> AddComponent()
<<abstract>> LoadData()
<<const,abstract>> FindValue()
<<const,abstract>> GetComponent()
<<const,abstract>> NumberOfComponent...

G4AtomicDeexcitation
(from lowenergy)

GenerateParticles()

G4AtomicTransitionManager
(from lowenergy)

G4PixeShellDataSet
-$instance

G4DataSet

G4CompositeDataSet

1..*

+instance

G4VDataSetAlgorithm
<<const,abstract>> Calculate...

G4LogLogInterpolation

Fig. 3. The Unified Modelling Language [42] class diagram of our current prototype implementation of PIXE, illustrating the main features of the software
model.

Comparisons of theoretical and experimental K shell ionization cross sections for Si and Au are shown in Figs. 4 and 5,
respectively. Comparisons of L shell ionization cross sections
(sum of all sub-shells) for Si, and of L sub-shell cross sections
for Au, can be found in Figs. 6 and 7. In general, there is good
agreement between different sets of cross sections, but there
is also clearly room for further investigations, which are an
important aspect of our PIXE R&D effort.
3) Generation of secondary particles: The production of
secondary particles resulting from the atomic relaxation of an
ionized atom is driven by the PostStepDoIt member function
of the G4RDHadronIonisation class shown in the UML class
diagram of Fig. 3.
An example of an X-ray spectrum produced by the PIXE
model described in this paper is depicted in Fig. 8, which
shows the energy distribution of characteristic photons originating from vacancies produced by proton ionization of Cu in
K, L, and M shells, respectively. The relative importance of
the different lines appearing in the spectrum is a result of the
ionization cross sections for the various shells, combined with
the respective probabilities of allowed atomic transitions.
The standard particle transport scheme in Geant4, which
combines condensed-random-walk and discrete transport, has
been described in Sec. II-A. It is this standard scheme that has
been used for the results presented in this paper, despite of its
drawbacks for PIXE. One drawback is that atomic relaxation,
and therefore the emission of characteristic X-rays or Auger
electrons as implemented in the Geant4 Atomic Relaxation
package [43], occurs only for those (few) discrete shell vacancies that result from the production of individual δ rays with
energies above the respective kinetic energy threshold in the
discrete part of the transport scheme. Since no shell vacancies
and therefore no atomic relaxations occur in the continuous
part, this approach underestimates the yield of X-ray photons.
For the same reason, the yield depends on the threshold value

for the δ ray kinetic energy. This problem cannot be avoided
by simply setting the δ ray production threshold to zero, which
effectively would eliminate the continuous part of the energy
loss, because analytic approximations in the cross section
calculations are only valid for δ ray kinetic energies that are
much greater than the mean excitation energy of the material.
The dependence of the cross section for discrete ionizations on
the δ-ray production threshold energy is illustrated in Fig. 9.
Another drawback of the current transport scheme is that
the cross section for discrete ionization, i.e. for production
of a δ ray, is calculated in Geant4 from a model for energy
loss that is independent of the shell ionization cross sections.
The decision whether discrete δ rays are produced during
a particle transport step in the simulation is based on the
secondary production threshold defined in the user application.
The decision in which (sub-)shells the corresponding vacancies
have been produced to subsequently model atomic relaxation
must be made using available data on shell ionization cross
sections. These shell ionization cross sections are currently
not available for atomic shells N and higher, consequently this
information is incomplete for heavy elements. In such cases
one cannot calculate a total ionization cross section based on
individual shell contributions. Similarly, once the ionization
process has been determined to occur, one cannot apportion
the probability for the creation of a vacancy in a given shell.
One possible makeshift solution is to select the (sub-)shell
in which discrete ionization occurred based on the relative
values of all available (sub-)shell cross sections. Effectively,
this means to assume that only those (sub-)shells exist for
which cross section data are available, which will result in an
over-estimate of the number of vacancies in these (sub-)shells.
Although not rigorously correct, this approach has been taken
for obtaining the results presented in this paper.
The selection of the shell vacancy for elements with incomplete data on ionization cross sections is still an open
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Fig. 7. A comparison of different sets of Au L sub-shell ionization cross sections for incident protons: ECPSSR/ISICS calculation (squares), PWBA calculation
(diamonds), experimental data (filled circles) from Orlic et al. [48].
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Fig. 9. An illustration of the effect of the δ ray production threshold on the discrete part of the ionization cross section. The filled symbols represent
ionization cross sections for individual shells (summed over all sub-shells) from an ECPSSR/ISICS calculation: K shell (filled circles), L shell (filled squares),
and M shell (filled triangles). For both elements, the sum of all ECPSSR/ISICS shell cross sections is plotted with open crosses (K+L for Si; K+L+M for Au.
The total cross section for the discrete part of ionizations as computed in Geant4 is depicted with open triangles for different δ ray production thresholds.

issue, which has not found a satisfactory solution in other
Monte Carlo systems either. For instance, the Penelope code
treats fluorescence emission resulting from electron impact
ionization as an independent discrete process; however, this
strategy may lead to negative dose computations in spatial
regions of the experimental setup that are subject to large
statistical fluctuations [49].
To improve this situation, we are investigating whether
ionization cross sections can be computed from theoretical
models for all atomic shells. In addition, improvements of
the existing and alternative particle transport schemes are
investigated in the context of the Nano5 project.
4) An application of our PIXE prototype implementation:
We illustrate the status of our work by applying our current

Geant4 PIXE prototype implementation to a study of the
passive shielding of the X-ray detectors of the eROSITA
telescope. The purpose of the passive shielding is to prevent
abundant low-energy cosmic-ray particles from reaching the
detectors and thus from causing radiation damage. In the
shielding, the incident cosmic rays lose energy primarily
through ionization, inevitably producing X-ray fluorescence
photons in the process. Of particular interest are cosmic rays
with sufficient energy (e.g. protons with Ekin & 120 MeV)
to penetrate the shield, because these will produce ionization
throughout the shield’s full volume, including the inner region
from which X rays can escape to reach the detector. An
important aspect of the design of the passive shielding is to
minimize the instrumental background due to the fluorescence
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(diamonds), experimental data (filled circles) from Paul & Sacher [33].

Fig. 6. A comparison of different sets of Si L shell ionization cross sections
(summed over all sub-shells) for incident protons: ECPSSR/ISICS calculation
(squares), PWBA calculation (diamonds), experimental data (filled circles)
from Orlic et al. [48].
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lines.
In a first test, we compared the fluorescence lines for
three different shielding designs: 3 cm Cu, 3 cm Cu with
1 mm Al, and 3 cm Cu with 1 mm of both Al and B4 C.
The different layers are arranged such that the highest Z
material is on the outside, and the lowest Z material is on the
inside (graded Z shield). A comparison of the fluorescence
lines due to ionization by 200 MeV protons, depicted in
Fig. 10, demonstrates that qualitatively our PIXE prototype
implementation is working properly (see also Fig. 8): protons
produce the expected fluorescence lines with correct relative
strengths.
We are now working on making the necessary improvements
to obtain not only qualitatively, but also quantitatively correct
results. A main issue is the lack of PIXE from the continuous
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Fig. 8. X-ray spectrum produced by proton ionization of Cu respectively
in K, L and M shells; the energy of primary protons is uniformly distributed
between 1 keV and 10 MeV.

part of the energy loss and the resulting dependence of the
fluorescence line yield on the δ ray production threshold (see
Sec. II-C3).
III. S UMMARY

AND PROSPECTS

The production of particle induced X-ray emission is an
important physical effect that is not yet accurately modelled
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improved particle transport schemes. Our PIXE R&D is only
a small part of the larger, international Nano5 program [27],
which is mainly aimed at investigating software design for
different particle transport schemes in the same simulation
environment. We also describe our current Geant4 PIXE prototype implementation, which represents our initial development
cycle. As a proof of concept, we applied our PIXE prototype
to a study of the passive shielding of the X-ray detectors
of the German eROSITA telescope on the upcoming Russian
Spectrum-X-Gamma space mission.
While our prototype is working qualitatively, a number of
improvements are still necessary before it can be used for
a quantitative treatment of PIXE with acceptable accuracy.
We are investigating further refinements of available shell
ionization cross sections, in particular the possibility of obtaining cross sections for atomic shells higher than M, with
the goal of building a data base that includes all (sub-)shells
for all elements. In addition, we are investigating ways to
extend and validate the ionization cross section data base to
proton energies beyond a few tens of MeV. Improving particle
transport is a crucial aspect of our PIXE R&D that we pursue
in the context of the larger Nano5 project [27].
Once proton induced X-ray emission has been correctly
implemented in Geant4, it will be straightforward to extend our
strategy to other charged particles. After subjecting our PIXE
implementations to a thorough validation and verification
procedure, we will make them available to the public.
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Fig. 10. A comparison of the fluorescence background due to ionization
by 200 MeV protons for three different eROSITA X-ray detector shielding
designs. The spectra represent the sum of all detector pixel spectra. In case
of a pure Cu shield (a), strong Cu Kα and Kβ fluorescence lines at about 8.0
and 8.9 keV are present in the background spectrum. In case of a combined
Cu-Al shield (b), the Cu fluorescence lines are absorbed in Al, but ionization
in Al gives rise to a clear Al Kα fluorescence line at about 1.5 keV. In case
of the full graded Z shield configuration (c), the B4 C layer absorbs the Al
line, but at the same is not a source of significant fluorescence lines, which
is expected due to the low fluorescence yield of these light elements.
For all three cases, the lines around 1.7 keV are due to secondaries from K
shell ionization in the Si detector, the line around 3.4 keV is due to Si Kα
pile-up in the detector.

in Geant4. After describing the limitations from which Geant4
PIXE implementations suffered until now, we discussed our
ongoing R&D effort for improving the treatment of PIXE
in Geant4. Our activities include a re-design of the software
model, the creation of an extended and improved data base
of shell ionization cross sections as well as ameliorations of
the application of the cross sections, and investigations into
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