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= A set of physics processes has been developed in the Geant4 Simulation Toolkit to describe
@) the electromagnetic interactions of photons and electrons with matter down to 250 eV. Pre-

liminary comparisons of the models with experimental data show a satisfactory agreement.
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1 Introduction

Geant4 [1] is a new-generation toolkit for full and fast Monte Carlo simulations, intended
for a wide range of applications; these include high energy physics, space and cosmic ray simu-
lations, nuclear and radiation analysis, and heavy ion and medical applications. Geant4 is based
on the Object Oriented technology, has been developed using the C++ computer language, and
provides the transparency of the physics implementation,

There are various grounds for differing specific requirements for these applications. In
astrophysics, there is currently interest in conducting geological surveys of asteroids and other
Solar System bodies by analysing the secondary X-ray line emissions from such bodies. These
emissions can be induced either by natural sources (such as solar and galactic X-rays, cosmic
rays, solar charged particles, trapped particles in planetary magnetospheres), or by artificial
radioactive sources used in planetary or asteroid landers. On the other hand, space-borne X- and
~-ray astrophysical observatories experience undesirable background effects due to the space
radiation environment. To determine the extent of these effects, Monte Carlo codes are often
required. Other high energy physics applications - such as neutrino experiments - also have
their specific requirements.

In medical applications, particularly in hadron irradiation treatment, the precise simu-
lation of energy loss of both the incident particles and their secondary electrons in tissue is
required, as is also analysis of the Bremsstrahlung process and the emission of fluorescence
X-rays. Due to patient safety, accurate knowledge is required of the 3-D distribution of the ab-
sorbed radiation dose within small volumes, implying small step lengths in the simulation and
consequently low energy thresholds. In the biological arena one can further distinguish the areas
of microdosimetry and radiobiology, where the dimensions involved are even smaller, down to
nanometre scale for cellular and DNA radiation damage studies.

The exact energy limit below which a Monte Carlo simulation in any of the above ap-
plications is discontinued is a trade-off between the accuracy required by the analysis, and the
computer resources needed for the full transport. In most of the public domain electromagnetic
codes, 1 keV is set as the ultimate cut-off energy. This limit has certain drawbacks. As can be
seen in figure 1 [2]-[4], from diagnostic point of view 1 keV energy sets an elemental threshold
(Z=11, or sodium) below which K-shell X-ray line emissions cannot be analysed. In astrophys-
ical studies, for example, characteristic emissions from a number of common elements such as
carbon, nitrogen or oxygen are consequently beyond the scope of the simulation.

To treat the various processes, codes having even higher cut-off energies (e.g. Geant3 at
10 keV) are often interfaced with one of the standard 1 keV-limit electromagnetic codes (like,
for instance, EGS [5]). Apart from the added complexity for the end user, this option obviously
is not ideal from the physics consistency and transparency point of view.

In Geant4, a set of models for the interactions of photons and electrons with matter -
identified throughout this paper as Geant4 'standard’ electromagnetic models [6] - is available,
with the following lower energy limits:

— photoelectric effect: 10 keV,

— Compton effect: 10 keV,

— Rayleigh effect for optical photons,

— Bremsstrahlung: 1 keV,

— ionisation (discreté ray emission): 1 keV,

— multiple scattering: 1 keV.
In addition to the generation of secondaries, continuous energy loss along a tracking step is
performed by the standard processes.

In this paper we report of a set of models that has been developed to describe the inter-
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action of photons and electrons with matter at low energies [7]. These models are implemented
in the Geant4 [1] toolkit, to extend the coverage of electromagnetic interactions down to 250
eV, a limit chosen to allow treatment of characteristic K-shell line emission down to Z=6 (car-
bon). The physics processes handled by these models include photoelectric effect, Compton
scattering, Rayleigh effect, Bremsstrahlung and ionization.

2 Common features of Geant4 Low Energy electromagnetic processes
Some features common to all the Geant4 Low Energy processes are summarized in this
section; more detailed information specific to each process is given in the following sections.

2.1 Generalities

The current models of the Geant4 Low Energy processes are valid for energies from 250
eV up to 100 GeV, unless differently specified in the following sections devoted to the detailed
descriptions of each process. They cover elements with atomic number between 1 and 100.

All processes involve two distinct phases:

— the calculation of total cross sections,

— the generation of the final state.
Both phases are based on evaluated data from a set of data libraries: EADL (Evaluated Atomic
Data Library) [8], EEDL (Evaluated Electrons Data Library) [9] and EPDL97 (Evaluated Pho-
tons Data Library) [10].
These libraries provide the following data relevant to the Geant4 Low Energy processes:
total cross sections for photoelectric effect, Compton scattering, Rayleigh effect and
Bremsstrahlung,
subshell integrated cross sections for photoelectric effect and ionisation,
energy spectra of the secondaries for electron processes,
scattering functions for the Compton effect,

— form factors for the Rayleigh effect,

— binding energies for electrons for all subshells,

— transition probabilities between subshells for fluorescence and for the Auger effect.

The energy range covered by the data libraries extends from 100 GeV down to 1 eV for
the Rayleigh and Compton effects, down to the lowest binding energy for each element for the
photoelectric effect, down to 10 eV for Bremsstrahlung and down to the lowest subshell binding
energy for each element for ionization.

The EADL, EEDL and EPDL97 data libraries are available from several public distribu-
tion centres [11]; a version of the libraries especially formatted for use with Geant4 is available
from the Geant4 distribution source [12].

2.2 Calculation of total cross sections

The total cross sections as a function of energy are derived from the evaluated data for all
the processes considered.

For each process the total cross section at a given ereigyobtained by interpolating
the available data, according to the equation [14]:

log(Es) — log(E) log(E) — log(E1)
log(E») — log(Er) log(E») — log(Er)

whereF; andF; are the closest lower and higher energy for which cross sectiowdatado,
are available in the data libraries respectively.

log(o(E)) = log(o1) + log(o) (1)
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In the case of ionization the partial cross sections for each subshell of an atom are first
calculated at a given energy by interpolating the data according to equation 1, then the cor-
responding total cross section is obtained by summing the partial cross sections over all the
shells.

2.3 Determination of the final state

The four-momenta of the final state products of the processes are determined according
to distributions derived from the evaluated data.

The energy dependence of the parameters characterizing the sampling distributions is
taken into account either by interpolation to the data available in the libraries directly or by
interpolation to values obtained from fits to the data.

3 Compton scattering
The total cross section at a given energy E is calculated as described in section 2.2.
The scattered photon energy is distributed according to the product of the Klein-Nishina

formula [16]. o,
B(e) = [% Fdn— %

times the scattering functiorfs(q):

P(e,q) = ®(e) - F(q) 3)
wheree is the ratio between the scattered photon energy and the incident photon energy. The
scattering functiong’(¢) at the transferred momentum= E - sin?(#/2) corresponding to the
energy E are calculated from the values available in the the EPDL97 data library. The angular
distribution of the scattered photons is obtained from the same procedure.
The method applied for the sampling of the final state products according to the model
described above is a combination of the composition and rejection Monte Carlo methods [17].

] (2)

4 Rayleigh effect
The total cross section at a given energy E is calculated as described in section 2.2.
The angular distribution of the scattered photon is described by

®(E,0) = [1+ cos*(0)] - F*(q) (4)
whereq = E - sin?(0/2) is the transferred momentum corresponding to energy EFédndlis

the form factor. Form factors are obtained from the EPDL97 data libraries; their dependence on
the momentum tranfer is taken into account by interpolating the available data.

5 Photoelectric effect

The total cross section at a given kinetic energy T is calculated as described in section
2.2.

The incident photon is absorbed and an electron of direction identical to the one of the
incident photon is emitted. The subshell from which the electron is emitted is selected according
to the cross sections of the subshells, determined as described in section 2.2.

The interaction leaves the atom in an excited state, with excitation energy equal to the
binding energy of the subshell from which the electron has been emitted.

The deexcitation of the atom proceeds via the emission of fluorescence photons. The
transition probabilities from a subshell to lower energy ones are extracted from the EADL data
library. The fluorescence photons are generated with energy determined by the energy difference
of the subshells involved in the transition and with isotropical distribution.



6 Bremsstrahlung

The total cross section at a given electron kinetic energy T is calculated as described in
section 2.2.

The probability of the emission of a photon with kinetic enefrgyonsidering an electron
of incident energyl’ is generated according to:

Prob(T,t) = @ +b(T) (5)
The energy distributions of the emitted photon available in the EEDL library for a few
incident electron energies have been fitted to determine the valuesoatit coefficients at
the corresponding incident energy; in the fits the Peasgowas utilized. The energy depen-
dence of the: andb coefficients is then determined by a logarithmic interpolatiorufand by
a further fit forb.
The direction of the outcoming electron is the same as the direction of the incoming one.
The angular distribution of the emitted photons with respect to the incident electron is
generated according to a simplified [17] formula based on Tsai cross section [18], which is
expected to become isotropic in the low energy limit.

7 lonisation

The total cross section at a given incident kinetic energy T is calculated by summing the
partial cross sections at such energy for all the subshells of an element. The partial subshell
cross sections at incident energy T are obtained from an interpolation of the evaluated cross
section data in the EEDL library, according to the equation 1.

The subshell from which the electron is emitted is selected according to the values of the
subshell cross sections, determined as described in section 2.2 from the EEDL library.

The probability of emission of an electrof ay) with kinetic energy from a subshell
of binding energyB; as the result of the interaction of an incoming electron of kinetic enérgy
is described by:

7 a; (T
PTOb(T, t, Bl) = Z]2ﬁ (6)
forT < T, and
Prob(T, t, B;) = Cg) (7)

for T > Ty, whereT is a parameter. Both formulas result from empirical fits to the EEDL
data and are normalized to 1. Thendc coefficients are determined by fitting the data avail-
able at a set of discrete energies; their energy dependence is evaluated from a semilogarithmic
interpolation of the values resulting from the fits.

The angle of emission of the scattered electron and of tlag is determined by energy-
momentum conservation.

The interaction leaves the atom in an excited state, with excitation energy equal to the
binding energy of the subshell from which the electron has been emitted. The deexcitation of
the atom proceeds via the emission of fluorescence photons, as described in section 5.

8 Software implementation

The physics models described in this paper are implemented in the Geant4 Simulation
Toolkit.

A comprehensive description of the Object Oriented design can be found in reference
[15].
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A lower energy limit for particle transport, corresponding to the minimal energy within
the validity range of the models (250 eV), is defined. A higher threshold can be alternatively
selected by the user of the Geant4 Toolkit, if this is desirable in any specific application. For a
particle of energy E the mean free path for interacting via a given process is calculated as:

1
whereg;(E) is the microscopic integrated cross section of the process considered at £nergy
andn; is the atomic density number of the- th element contributing to the composition of
the material where the interaction is occurring; the sum runs over all the elements the material
is composed of. The cross sections are determined as described in section 2.2.

Particles with energy below the model validity range are assigned a zero mean free path;
their energy is converted into a local energy deposit and they are not further tracked.

The final state is generated by sampling the relevant physics quantities (energies and an-
gular distributions of the secondaries) according to the physics models described in the previous
sections. The energy dependence of these distributions is taken into account by interpolating or
fitting the available data.

The C++ code implementing the processes described in this paper is freely available from
the Geant4 distribution source [12], together with its related software documentation [13].

A

9 Physics validation of the models

A set of comparisons between the predictions of the models described in this paper and
experimental data has been performed. The results of the models described here have also been
compared to the equivalent ‘standard’ electromagnetic models in the Geant4 Simulation Toolkit,
at energies within the validity range of both sets of models; the Geant4 ‘standard’ electromag-
netic processes can be considered as a reference themselves, since they have been amply com-
pared to experimental data [20]. The ‘standard’ processes produce results also in agreement with
the EGS [5] Monte Carlo code. Figure 2 shows a good agreement between the distributions pro-
duced with Low Energy photon processes and the ones produced with Geant4 'standard’ photon
processes.

Figures 3 and 4 show the photon transmission resulting from Geant4 Low Energy models
as a function of energy for Lm Al and Pb respectively: the simulation is in good agreement
with experimental data [24]. The relevance of shell effects is clearly visible on the plots.

The physics performance of Low Energy ionization has been tested against experimental
data reported in [22] and [23]. The energy distribution of 20 keV electrons transmitted through
aluminum foils of 0.32um and 1um (figure 5) has been compared to the experimental data
plotted in figure 6 of reference [22] and found to be in satisfactory agreement.

10 Conclusions
A set of models, based on the exploitation of evaluated data, has been developed to extend
the coverage of electromagnetic interactions of photons and electrons down to 250 eV in the
Geant4 Simulation Toolkit. The software implementing these models is freely available.
Preliminary comparisons of the models with experimental data show a good agreement.
Further extensions and refinements of the models described in this paper are planned by
the Geant4 Collaboration in the future.
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Figure 1: Principal K-shell X-ray line emission energy as a function of Z for elements Z=1 to
100.
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Figure 2: Comparison of standard and Low Energy photon processes: total energy deposit for 9
MeV photons inCs Fi.
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Figure 3: Comparison of the Geant4 Low Energy code and experimental data: photon transmis-
sion on 1um Al, with evidence of the relevance of shell effects.
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Figure 4: Comparison of the Geant4 Low Energy code and experimental data: photon transmis-
sion on 1um Pb, with evidence of the relevance of shell effects.
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GEANT4 : transmission of 20 keV e- through Al
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Figure 5: Comparison of the Geant4 Low Energy code and experimental data: energy of trans-
mitted particles for 20 keV incident electrons, 1,04 and 0.32um Al, to be compared with
figure 6 of reference [22].
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