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Validation Test of Geant4 Simulation of
Electron Backscattering

Sung Hun Kim, Maria Grazia Pia, Tullio Basaglia, Min Cheol Han, Gabriela Hoff, Chan Hyeong Kim, and
Paolo Saracco

Abstract—Backscattering is a sensitive probe of the accuracy
of electron scattering algorithms implemented in Monte Carlo
codes. The capability of the Geant4 toolkit to describe realistically
the fraction of electrons backscattered from a target volume
is extensively and quantitatively evaluated in comparison with
experimental data retrieved from the literature. The validation
test covers the energy range between approximately 100 eV and
20 MeV, and concerns a wide set of target elements. Multiple and
single electron scattering models implemented in Geant4, as well
as preassembled selections of physics models distributed within
Geant4, are analyzed with statistical methods. The evaluations
concern Geant4 versions from 9.1 to 10.1. Significant evolutions
are observed over the range of Geant4 versions, not always in the
direction of better compatibility with experiment. Goodness-of-fit
tests complemented by categorical analysis tests identify a con-
figuration based on Geant4 Urban multiple scattering model in
Geant4 version 9.1 and a configuration based on single Coulomb
scattering in Geant4 10.0 as the physics options best reproducing
experimental data above a few tens of keV. At lower energies
only single scattering demonstrates some capability to reproduce
data down to a few keV. Recommended preassembled physics
configurations appear incapable of describing electron backscat-
tering compatible with experiment. With the support of statistical
methods, a correlation is established between the validation of
Geant4-based simulation of backscattering and of energy deposi-
tion.
Index Terms—Electrons, Geant4, Monte Carlo, simulation.

I. INTRODUCTION

T HE simulation of backscattering is a sensitive playground
to evaluate the capability of a Monte Carlo transport

code to describe electron multiple scattering accurately. Mul-
tiple scattering modeling affects not only directly associated
observables, such as the fraction of electrons impinging on a
target that are backscattered, their energy spectrum and angular
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distribution, but also the simulated energy deposition in the
target volume.
Quantitative evaluations [1], [2] of the capability of Geant4

[3], [4] to reproduce high precision measurements of the energy
deposited by low energy electrons in various targets [5], [6] hint
at a significant contribution of multiple scattering implementa-
tions to determine the accuracy of the simulated energy deposi-
tion.
The study documented in this paper analyzes quantitatively

the simulation of electron backscattering based on Geant4. It
evaluates the performance of several Geant4 physics configura-
tion options, in an extended series of Geant4 versions, with re-
spect to a large sample of experimental data collected from the
literature, which cover the energy range from 100 eV to 22MeV
approximately. Compatibility with experiment is established by
means of goodness-of-fit statistical methods, while the different
ability of Geant4 physics modeling options to reproduce experi-
mental data is quantified by the statistical analysis of categorical
data derived from the outcome of goodness-of-fit tests. Finally,
the results of this validation process are correlated with the out-
come of the validation of electron energy deposition in [1], and
the significance of this correlation is quantified.
The scope of the paper is limited to testing the electron

backscattering fraction simulated by Geant4. Apart from the
considerable amount of material needed to document this
subject alone, the results reported in Section VI suggest that
validation tests of more complex observables, such as the
spectrum and angular distribution of backscattered electrons,
would be more meaningful once the Geant4 multiple scattering
domain has benefited from the opportunities for improvement
highlighted in this paper for future versions of the toolkit.
The results of this validation test provide guidance to op-

timize the selection and configuration of electron scattering
models in experimental application scenarios based on several
Geant4 versions examined in this paper. They also provide
a quantitative ground for future improvement of the physics
modeling and the software development process in Geant4
electromagnetic physics domain.

II. ELECTRON BACKSCATTERING

Backscattered electrons play an important role in various ex-
perimental applications, such as scanning electron microscopy,
electron probe microanalysis, Auger electron spectroscopy, as
well as in radiobiology. More in general, backscattering affects
the spatial pattern of the energy deposited by electrons in the
medium they interact with.
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Investigation of Geant4 Simulation of
Electron Backscattering

Tullio Basaglia, Min Cheol Han, Gabriela Hoff, Chan Hyeong Kim, Sung Hun Kim, Maria Grazia Pia, and
Paolo Saracco

Abstract—A test of Geant4 simulation of electron backscattering
recently published in this journal prompted further investigation
into the causes of the observed behaviour. An interplay between
features of geometry and physics algorithms implemented in
Geant4 is found to significantly affect the accuracy of backscat-
tering simulation in some physics configurations.

Index Terms—Electrons, Geant4, Monte Carlo, simulation.

I. INTRODUCTION

T HE simulation of electron backscattering is a sensitive
testing ground to appraise the capabilities of a Monte

Carlo transport code. A recent paper [1] evaluated the simu-
lation of the electron backscattering fraction based on Geant4
[2], [3] with respect to a large sample of experimental data
collected from the literature. The statistical analysis comparing
simulated and experimental data identified significant differ-
ences in accuracy associated with different Geant4 multiple
scattering models, including those instantiated in predefined
electromagnetic PhysicsConstructor classes intended to fa-
cilitate the physics configuration of user applications. It also
highlighted inconsistencies in the behaviour of the Urban mul-
tiple scattering model in association with some of its optional
settings.
The outcome of the validation tests reported in [1] prompted

further investigations to elucidate the origin of the observed be-
haviour. This paper documents the results of this delving; they
constitute the grounds for further improvements to Geant4, and
a reference point for the experimental community regarding
simulation scenarios that could be prone to similar shortcom-
ings when using the Geant4 versions considered in this test.
The physics context, simulation environment and analysis

methods pertinent to this paper are the same as in [1], where
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Fig. 1. Longitudinal sketch of the geometrical elements involved in the
simulation: the target volume (black), the detector volume (dotted dark grey),
the inner coating of the detector (medium grey) and the cavity volume in the
backward hemisphere (light grey), identified as “Inside”. The figure is not to
scale to facilitate the visibility of all the components of the experimental setup.

they are extensively described. They are only briefly summa-
rized in the following sections to facilitate the appraisal of the
results reported here; further details can be found in [1].

II. SIMULATION FEATURES

A. Overview of the Simulation Configuration
The simulation concerns the estimate of the fraction of elec-

trons that are backscattered from a semi-infinite or infinite target
of pure elemental composition.
For each test case associated with a measurement, the con-

figuration of the simulation application reproduces the essential
characteristics of the experimental setup reported in the litera-
ture. The test cases are the same as in [1].
The geometrical configuration of the simulation is schemat-

ically illustrated in Fig. 1. The target is modelled as a par-
allelepiped or a disk (an instance of the G4Box and G4Tubs
classes, respectively), consistent with the shape, size and ma-
terial composition documented in the experimental reference
corresponding to each test case. Backscattered electrons are
detected when entering a sensitive volume consisting of a
hemispherical shell, identified as “Detector” in Fig. 1. The de-
tector is complemented by an inner coating layer, which some
reference papers report to be part of the experimental setup.
The coating material can be optionally defined as equivalent to
galactic vacuum to mimic experimental configurations not ex-
plicitly documenting the presence of a coating layer. The cavity
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Quantitative Test of the Evolution of Geant4
Electron Backscattering Simulation

Tullio Basaglia, Min Cheol Han, Gabriela Hoff, Chan Hyeong Kim, Sung Hun Kim, Maria Grazia Pia, and Paolo
Saracco

Abstract—Evolutions of Geant4 code have affected the sim-
ulation of electron backscattering with respect to previously
published results. Their effects are quantified by analyzing the
compatibility of the simulated electron backscattering fraction
with a large collection of experimental data for a wide set
of physics configuration options available in Geant4. Special
emphasis is placed on two electron scattering implementations
first released in Geant4 version 10.2: the Goudsmit-Saunderson
multiple scattering model and a single Coulomb scattering model
based on Mott cross section calculation. The new Goudsmit-
Saunderson multiple scattering model appears to perform equally
or less accurately than the model implemented in previous
Geant4 versions, depending on the electron energy. The new
Coulomb scattering model was flawed from a physics point of
view, but computationally fast in Geant4 version 10.2; the physics
correction released in Geant4 version 10.2p01 severely degrades
its computational performance. Problems observed in electron
backscattering simulation in previous publications have been
addressed by evolutions in the Geant4 geometry domain.

Index Terms—Monte Carlo, simulation, Geant4, electrons

I. INTRODUCTION

THE simulation of electron backscattering based on
Geant4 [1], [2] has been investigated in a variety of

configurations [3], [4], as this observable is a sensitive probe of
multiple and single scattering modeling in Monte Carlo codes
for particle transport.

Apparent anomalies, leading to the suppression of backscat-
tering, were observed in association with some physics con-
figurations [3]; dedicated investigations [4] hinted that some
of the step limitation algorithms related to the treatment of
multiple scattering could be sensitive to peculiarities of the
Geant4 geometry domain, while single scattering simulation
appeared to be immune from such effects. The observed
inconsistency of the backscattering simulation outcome, which
appeared to depend on the configuration of the experimental
setup in the simulation, precluded unequivocal quantification
of the accuracy of Geant4 multiple and single scattering
models and their relative comparison in [4]. These issues
have been addressed in Geant4 10.1p02 and later versions,
thus allowing consistent quantification of Geant4 capability to
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simulate electron backscattering in a variety of physics config-
urations and of their relative ability to reproduce experimental
measurements.

Geant4 version 10.2 also includes two new electron scatter-
ing implementations and a new predefined PhysicsConstruc-
tor, which are quantitatively evaluated in an experimental test
case for the first time in this paper. The Goudsmit-Saunderson
[5], [6] multiple scattering model was completely reimple-
mented in Geant4 10.2 on the basis of a reworked analytical
foundation of the code: although the new model retains the
same class name present in previous Geant4 versions, the code
is entirely new. A predefined PhysicsConstructor using the
Goudsmit-Saunderson model was released for the first time
in Geant4 10.2. A single scattering model based on the Mott
cross section [7]–[9], which did not work properly in previous
Geant4 versions, and for this reason could not be used in
the tests of [3], [4], was modified to become functional in
Geant4 10.2. This model extends the provision of methods to
simulate electron scattering as a discrete process in Geant4, as
an alternative to condensed history schemes usually adopted
in particle transport through multiple scattering modeling.

This paper documents quantitatively the effects of these
Geant4 evolutions on the fraction of backscattered electrons.
This observable is the most basic probe of the simulation of
electron scattering in particle transport codes; its assessment
is preparative to the validation of more complex observables
related to electron scattering, such as the energy and angular
distributions of scattered particles. Special emphasis is given
in the following section to the characterization of the new
physics modeling options available in Geant4 with respect to
experimental measurements, and the assessment of their capa-
bilities in comparison to other, previously available, options.
All the results are based on statistical data analysis methods
to ensure their objectiveness.

II. SIMULATION AND DATA ANALYSIS FEATURES

A. Simulation configuration

The validation tests documented in this paper concern
Geant4 versions from 10.1p02 to 10.2p02, which were released
after the analyses reported in [3] and [4]. It is worthwhile to
note that Geant4 version 10.1p03 is more recent than version
10.2. The documentation of the performance of a variety of
Geant4 versions is relevant to the experimental community,
where several versions of Geant4 are in use at the same time in
different experiments, whose simulation production strategies
do not always coincide with the rapid turnover of Geant4
version releases. It also provides significant information for
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TABLE VIII
p-VALUES OF THE TESTS FOR LONGITUDINAL ENERGY DEPOSITION: SIMULATIONS WITH ELECTRON-PHOTON MODELS BASED ON EEDL–EPDL

models in these versions, not exceeding 0.3 for any model: this

observation suggests that the analysis of contingency tables for

these Geant4 versions would have scarce discriminating power

to appreciate differences in accuracy associated with any model.

According to Table XIII, the hypothesis of equivalent com-

patibility with experiment for the electron–photonmodels based

on EEDL–EPDL and the models in the “standard” package is

rejected in Geant4 version 9.1, while it is not rejected in the

later versions. The efficiency of both sets of models is lower in
Geant4 versions later than 9.1, therefore the result of the statis-

tical tests cannot be explained by an improvement of the accu-

racy of the models in Geant4 standard electromagnetic package.

This result could be due to a worse degradation of the accuracy

of the models based on EEDL–EPDL than of the standard ones

in versions later than 9.1, or could be explained by the loss of

discriminating power of the tests over contingency tables when

only a small number of test cases “pass” the test of compat-

ibility between simulation and experiment.

Based on the results in Tables XII and XIII, one can con-

clude that the three sets of electron–photon models contribute to

significantly different simulation accuracy when using Geant4
9.1, while, along with a general degradation of simulation accu-

racy in later Geant4 versions, the selection of electron–photon

models is less critical when using other, more recent versions.

The simulations based on Penelope-like and standard

electron–photon models exhibit statistically equivalent com-

patibility with experimental data: the null hypothesis of

equivalence of the two categories is never rejected in any of the

test cases summarized in Table XIV.

C. Evolution of Penelope-Like Electron-Photon Modeling

The general trend of the results reported in Section VI-B

does not suggest any major variations in the compatibility of

the Penelope-like models with experimental data, where differ-

ences could have arisen due to the update from Penelope 2001

to Penelope 2008. Since classes reengineered from both Pene-

lope versions coexist in Geant4 9.5, it is possible to compare

their accuracy directly in that context.

Longitudinal energy deposition profiles were produced with
Geant4 9.5 using both implementations of Penelope-like elec-

tron–photon models, keeping all other simulation features un-

changed, and were subject to the same analysis procedure. The

results of the test appear similar for the two implementations:

the number of test cases that “pass” the test is 4 and 5, using

code reengineered from Penelope 2008 and 2001 respectively,

while the hypothesis of compatibility with experimental mea-

surements is rejected in 26 and 25 test cases respectively.

The analysis of the resulting 2 2 table does not reject the

hypothesis of equivalent compatibility with experiment using

Penelope 2008 or 2001: the p-value of McNemar’s test is 0.317,

while it is 1 for McNemar’s exact test. These results suggest

that the reengineered Penelope 2008 models do not represent

a significant improvement with respect to the 2001 ones in the
experimental scenario subject to evaluation.

D. Evolution Over Geant4 Versions

One can observe in Fig. 13 a similar trend associated with

all Geant4 electron–photon models: for each modeling option

2934 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 60, NO. 4, AUGUST 2013

Validation of Geant4 Simulation of Electron
Energy Deposition

Matej Batiþ, Gabriela Hoff, Maria Grazia Pia, Paolo Saracco, and Georg Weidenspointner

Abstract—Geant4-based simulations of the energy deposited by
electrons in various materials are quantitatively compared to high-
precision calorimetric measurements taken at Sandia Laborato-
ries. The experimental data concern electron beams of energy be-
tween a few tens of kilolectron volt and 1 MeV at various inci-
dence angles. Two experimental scenarios are evaluated: the longi-
tudinal energy deposition pattern in a finely segmented detector,
and the total energy deposited in a larger size calorimeter. The
simulations are produced with Geant4 versions from 9.1 to 9.6;
they involve models of electron–photon interactions in the stan-
dard and low energy electromagnetic packages, and various imple-
mentations of electron multiple scattering. Significant differences
in compatibility with experimental data are observed in the lon-
gitudinal energy deposition patterns produced by the examined
Geant4 versions, while the total deposited energy exhibits smaller
variations across the various Geant4 versions, with the exception
Geant4 9.4. The validation analysis, based on statistical methods,
shows that the best compatibility between simulation and experi-
mental energy deposition profiles is achieved using electromagnetic
models based on the EEDL and EPDL evaluated data libraries
with Geant4 9.1. The results document the accuracy achievable in
the simulation of the energy deposited by low energy electrons with
Geant4; they provide guidance for application in similar experi-
mental scenarios and for improving Geant4.

Index Terms—Dosimetry, electrons, Geant4, Monte Carlo, sim-
ulation.

I. INTRODUCTION

T HE simulation of the interactions with matter of electrons
and of their secondary particles is one of the main tasks

of any Monte Carlo codes for particle transport. The resulting
energy deposition is relevant to a wide variety of experimental
applications, where electrons contribute to determine experi-
mental observables either as primary or secondary particles.
High-precision experimental measurements [1]–[5] were

performed at the Sandia National Laboratories, specifically
for the validation of the ITS (Integrated Tiger Series) [6]
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simulation code: they concern electrons with energies ranging
from a few tens of keV to 1 MeV and involve various target
materials and electron incidence angles. These experimental
data are still regarded as the most comprehensive reference
for benchmarking the simulation of energy deposition by low
energy electrons: they have been exploited in the validation
[7]–[15] of numerous general-purpose Monte Carlo codes
other than the ITS system, for which the measurements were
originally intended, such as EGS [16], EGSnrc [17], Geant4
[18], [19], MCNP [20], MCNPX [21], and Penelope [22].
The validation of simulated electron energy deposition in [15]

concerns two versions of Geant4, 8.1p02 and 9.1: the latter
was the latest version available at the time when the article
was written. Some differences in compatibility with experiment
were observed between the two Geant4 versions, which were
ascribed to evolutions in Geant4 multiple scattering implemen-
tation.
Statements of improvements to Geant4 simulation of elec-

tromagnetic interactions have been reported in the literature
[23]–[26] since the publication of [15], and a multiple scattering
model specifically addressing the transport of electrons [27] has
been introduced in the Geant4 toolkit. This paper documents
quantitatively how these evolutions in Geant4 electromagnetic
physics domain affect the accuracy of the simulation of the en-
ergy deposited by low energy electrons: it reports comparisons
between experimental data in [1]–[4] and simulations based on
Geant4 versions from 9.1 to 9.6, which span five years’ Geant4
development.
In this respect, it is worthwhile to note that several versions

of Geant4 are actively used in the experimental community at
any given time, not limited to the latest release: in fact, despite
the fast release rate of Geant4 of one or two new versions per
year, often complemented by correction patches, experimental
projects usually require a stable simulation production environ-
ment for large portions of their life-cycle and retain a Geant4
version in their simulation productions for an extended period,
even though new versions may become available in the mean-
time.
Besides the effects due to the evolution of Geant4 electro-

magnetic physics, this paper evaluates quantitatively another
issue of experimental relevance: the sensitivity to physics mod-
eling features in relation to the geometrical granularity of the
detector.
The results of this validation analysis provide guidance

to experimental users in optimizing the configuration of
Geant4-based applications in scenarios concerned by the sim-
ulation of the energy deposited by low energy electrons. This
investigation may be relevant also to high energy experiments,

0018-9499 © 2013 IEEE
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Collected from the literature: 1947-2008 
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-------- WWWW ------- G4Exception-START -------- WWWW ------- 
*** G4Exception : GeomNav1002 
      issued by : G4Navigator::ComputeStep() 
Track stuck or not moving. 
          Track stuck, not moving for 10 steps 
          in volume -Inside- at point (0,0,0) 
          direction: (-0,0,1). 
          Potential geometry or navigation problem ! 
          Trying pushing it of 1e-07 mm ...Potential overlap in geometry! 
 
*** This is just a warning message. *** 
-------- WWWW -------- G4Exception-END --------- WWWW ------- 

Target displaced by 1 pm / 1 µm / 1 mm 

10.1p02  10.2  10.1p03  Geant4 
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To use the electromagnetic physics data files are needed. The user should set the environment variable
G4LEDATA to the directory with this files. These files are distributed together with Geant4 and can be obtained
via Geant4 download web page. For Geant4 version 10.1 G4EMLOW6.41 data set is required.

5.2.1.1.  Electromagnetic Processes
The following is a summary of the electromagnetic processes available in Geant4.

• Photon processes
• Gamma conversion (also called pair production, class name G4GammaConversion)
• Photo-electric effect (class name G4PhotoElectricEffect)
• Compton scattering (class name G4ComptonScattering)
• Rayleigh scattering (class name G4RayleighScattering)
• Muon pair production (class name G4GammaConversionToMuons)

• Electron/positron processes
• Ionisation and delta ray production (class name G4eIonisation)
• Bremsstrahlung (class name G4eBremsstrahlung)
• Multiple scattering (class name G4eMultipleScattering)
• Positron annihilation into two gammas (class name G4eplusAnnihilation)
• Positron annihilation into two muons (class name G4AnnihiToMuPair)
• Positron annihilation into hadrons (class name G4eeToHadrons)

• Muon processes
• Ionisation and delta ray production (class name G4MuIonisation)
• Bremsstrahlung (class name G4MuBremsstrahlung)
• e+e- pair production (class name G4MuPairProduction)
• Multiple scattering (class name G4MuMultipleScattering)

• Hadron/ion processes
• Ionisation (class name G4hIonisation)
• Ionisation for ions (class name G4ionIonisation)
• Ionisation for heavy exotic particles (class name G4hhIonisation)
• Ionisation for classical magnetic monopole (class name G4mplIonisation)
• Multiple scattering (class name G4hMultipleScattering)
• Bremsstrahlung (class name G4hBremsstrahlung)
• e+e- pair production (class name G4hPairProduction)

• Coulomb scattering processes
• Alternative process for simulation of single Coulomb scattering of all charged particles (class name
G4CoulombScattering)

• Alternative process for simulation of single Coulomb scattering of ions (class name
G4ScreenedNuclearRecoil)

• Processes for simulation of polarized electron and gamma beams
• Compton scattering of circularly polarized gamma beam on polarized target (class name
G4PolarizedCompton)

• Pair production induced by circularly polarized gamma beam (class name
G4PolarizedGammaConversion)

• Photo-electric effect induced by circularly polarized gamma beam (class name
G4PolarizedPhotoElectricEffect)

• Bremsstrahlung of polarized electrons and positrons (class name G4ePolarizedBremsstrahlung)
• Ionisation of polarized electron and positron beam (class name G4ePolarizedIonisation)
• Annihilation of polarized positrons (class name G4eplusPolarizedAnnihilation)

• Processes for simulation of X-rays and optical protons production by charged particles
• Synchrotron radiation (class name G4SynchrotronRadiation)
• Transition radiation (class name G4TransitionRadiation)
• Cerenkov radiation (class name G4Cerenkov)
• Scintillations (class name G4Scintillation)

• The processes described above use physics model classes, which may be combined according to particle energy.
It is possible to change the energy range over which different models are valid, and to apply other models
specific to particle type, energy range, and G4Region. The following alternative models are available in the
standard EM sub-library:
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• Ionisation in thin absorbers (class name G4PAIModel)
• Ionisation in thin absorbers (class name G4PAIPhotModel)
• Ionisation in low-density media (class name G4BraggIonGasModel)
• Ionisation in low-density media (class name G4BetheBlochIonGasModel)
• Multiple scattering (class name G4UrbanMscModel)
• Multiple scattering (class name G4WentzelVIModel)
• Multiple scattering (class name G4LowEWentzelVIModel)

It is recommended to use physics constructor classes provided with reference physics lists (in subdirectory
source/physics_lists/constructors/electromagnetic of the Geant4 source distribution):

• default EM physics (class name G4EmStandardPhysics)
• optional EM physics providing fast but less acurate electron transport due to "Simple" method of step limitation

by multiple scattering, reduced step limitation by ionisation process and enabled "ApplyCuts" option (class
name G4EmStandardPhysics_option1)

• optional EM physics providing fast but less acurate electron transport due to "Simple" method of
step limitation by multiple scattering and reduced step limitation by ionisation process (class name
G4EmStandardPhysics_option2)

• EM physics for simulation with high accuracy due to "UseDistanceToBoundary" multiple scattering
step limitation and usage of G4UrbanMscModel for all charged particles, reduced finalRange
parameter of stepping function optimized per particle type, alternative model G4KleinNishinaModel
for Compton scattering, enabled Rayleigh scattering, enabled fluorescence, enabled nuclear stopping,
G4IonParameterisedLossModel for ion ionisation, 20 bins per energy decade of physics tables, and 10
eV low-energy limit for tables (class name G4EmStandardPhysics_option3)

• Combination of best EM models for simulation with high accuracy includes "UseDistanceToBoundary"
multiple scattering step limitation, RangeFactor = 0.02, reduced finalRange parameter of stepping
function optimized per particle type, enabled Rayleigh scattering, enabled fluorescence, enabled nuclear
stopping, enable accurate angular generator for ionisation models, G4LivermorePhotoElectricModel,
G4LowEPComptonModel below 20 MeV, G4PenelopeGammaConversionModel below
1 GeV, G4PenelopeIonisationModel fro electrons and positrons below 100 keV,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(class name G4EmStandardPhysics_option4)

• Models based on Livermore data bases for electrons and gamma, enabled Rayleigh scattering,
enabled fluorescence, enabled nuclear stopping, enable accurate angular generator for ionisation models,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(G4EmLivermorePhysics);

• Models for simulation of linear polarized gamma based on Livermore data bases for electrons and gamma
(G4EmLivermorePolarizedPhysics);

• Models based on Livermore data bases and new model for Compton scattering G4LowEPComptonModel,
new low-energy model of multiple scatetring G4LowEWenzelMscModel (G4EmLowEPPhysics);

• Penelope2008 models for electrons, positrons and gamma, enabled Rayleigh scattering, enabled
fluorescence, enabled nuclear stopping, enable accurate angular generator for ionisation models,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(G4EmPenelopePhysics);

• Low-energy Geant4-DNA physics (G4EmDNAPhysics).
• Alternative low-energy Geant4-DNA physics (G4EmDNAPhysics_option1). Uses

G4LowEWentzelVIModel elastic scattering model for electrons.

Examples of the registration of these physics constructor and construction of alternative combinations of options
are shown in basic, extended and advanced examples, which can be found in the subdirectories examples/
basic, examples/extended/electromagnetic and examples/advanced of the Geant4 source
distribution. Examples illustrating the use of electromagnetic processes are available as part of the Geant4  release.

Options are available for steering of electromagnetic processes. These options may be invoked
either by UI commands or by the new C++ interface class G4EmParameters. The interface
G4EmParameters::Instance() is thread safe, EM parameters are shared between threads, and parameters
are shared between all EM processes. This class has the following public methods:

• SetLossFluctuations(G4bool)
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Coulomb 0.81±0.05 
G4EmStandardPhysicsWVI 0.82±0.05 
G4EmStandardPhysicsSS 0.82±0.05 
G4EmStandardPhysics_option4 0.74±0.06 
GSBRF 0.95±0.03 
WentzelBRF 0.79±0.05 

p-valueBoschloo = 0.003  
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To use the electromagnetic physics data files are needed. The user should set the environment variable
G4LEDATA to the directory with this files. These files are distributed together with Geant4 and can be obtained
via Geant4 download web page. For Geant4 version 10.1 G4EMLOW6.41 data set is required.

5.2.1.1.  Electromagnetic Processes
The following is a summary of the electromagnetic processes available in Geant4.

• Photon processes
• Gamma conversion (also called pair production, class name G4GammaConversion)
• Photo-electric effect (class name G4PhotoElectricEffect)
• Compton scattering (class name G4ComptonScattering)
• Rayleigh scattering (class name G4RayleighScattering)
• Muon pair production (class name G4GammaConversionToMuons)

• Electron/positron processes
• Ionisation and delta ray production (class name G4eIonisation)
• Bremsstrahlung (class name G4eBremsstrahlung)
• Multiple scattering (class name G4eMultipleScattering)
• Positron annihilation into two gammas (class name G4eplusAnnihilation)
• Positron annihilation into two muons (class name G4AnnihiToMuPair)
• Positron annihilation into hadrons (class name G4eeToHadrons)

• Muon processes
• Ionisation and delta ray production (class name G4MuIonisation)
• Bremsstrahlung (class name G4MuBremsstrahlung)
• e+e- pair production (class name G4MuPairProduction)
• Multiple scattering (class name G4MuMultipleScattering)

• Hadron/ion processes
• Ionisation (class name G4hIonisation)
• Ionisation for ions (class name G4ionIonisation)
• Ionisation for heavy exotic particles (class name G4hhIonisation)
• Ionisation for classical magnetic monopole (class name G4mplIonisation)
• Multiple scattering (class name G4hMultipleScattering)
• Bremsstrahlung (class name G4hBremsstrahlung)
• e+e- pair production (class name G4hPairProduction)

• Coulomb scattering processes
• Alternative process for simulation of single Coulomb scattering of all charged particles (class name
G4CoulombScattering)

• Alternative process for simulation of single Coulomb scattering of ions (class name
G4ScreenedNuclearRecoil)

• Processes for simulation of polarized electron and gamma beams
• Compton scattering of circularly polarized gamma beam on polarized target (class name
G4PolarizedCompton)

• Pair production induced by circularly polarized gamma beam (class name
G4PolarizedGammaConversion)

• Photo-electric effect induced by circularly polarized gamma beam (class name
G4PolarizedPhotoElectricEffect)

• Bremsstrahlung of polarized electrons and positrons (class name G4ePolarizedBremsstrahlung)
• Ionisation of polarized electron and positron beam (class name G4ePolarizedIonisation)
• Annihilation of polarized positrons (class name G4eplusPolarizedAnnihilation)

• Processes for simulation of X-rays and optical protons production by charged particles
• Synchrotron radiation (class name G4SynchrotronRadiation)
• Transition radiation (class name G4TransitionRadiation)
• Cerenkov radiation (class name G4Cerenkov)
• Scintillations (class name G4Scintillation)

• The processes described above use physics model classes, which may be combined according to particle energy.
It is possible to change the energy range over which different models are valid, and to apply other models
specific to particle type, energy range, and G4Region. The following alternative models are available in the
standard EM sub-library:
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• Ionisation in thin absorbers (class name G4PAIModel)
• Ionisation in thin absorbers (class name G4PAIPhotModel)
• Ionisation in low-density media (class name G4BraggIonGasModel)
• Ionisation in low-density media (class name G4BetheBlochIonGasModel)
• Multiple scattering (class name G4UrbanMscModel)
• Multiple scattering (class name G4WentzelVIModel)
• Multiple scattering (class name G4LowEWentzelVIModel)

It is recommended to use physics constructor classes provided with reference physics lists (in subdirectory
source/physics_lists/constructors/electromagnetic of the Geant4 source distribution):

• default EM physics (class name G4EmStandardPhysics)
• optional EM physics providing fast but less acurate electron transport due to "Simple" method of step limitation

by multiple scattering, reduced step limitation by ionisation process and enabled "ApplyCuts" option (class
name G4EmStandardPhysics_option1)

• optional EM physics providing fast but less acurate electron transport due to "Simple" method of
step limitation by multiple scattering and reduced step limitation by ionisation process (class name
G4EmStandardPhysics_option2)

• EM physics for simulation with high accuracy due to "UseDistanceToBoundary" multiple scattering
step limitation and usage of G4UrbanMscModel for all charged particles, reduced finalRange
parameter of stepping function optimized per particle type, alternative model G4KleinNishinaModel
for Compton scattering, enabled Rayleigh scattering, enabled fluorescence, enabled nuclear stopping,
G4IonParameterisedLossModel for ion ionisation, 20 bins per energy decade of physics tables, and 10
eV low-energy limit for tables (class name G4EmStandardPhysics_option3)

• Combination of best EM models for simulation with high accuracy includes "UseDistanceToBoundary"
multiple scattering step limitation, RangeFactor = 0.02, reduced finalRange parameter of stepping
function optimized per particle type, enabled Rayleigh scattering, enabled fluorescence, enabled nuclear
stopping, enable accurate angular generator for ionisation models, G4LivermorePhotoElectricModel,
G4LowEPComptonModel below 20 MeV, G4PenelopeGammaConversionModel below
1 GeV, G4PenelopeIonisationModel fro electrons and positrons below 100 keV,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(class name G4EmStandardPhysics_option4)

• Models based on Livermore data bases for electrons and gamma, enabled Rayleigh scattering,
enabled fluorescence, enabled nuclear stopping, enable accurate angular generator for ionisation models,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(G4EmLivermorePhysics);

• Models for simulation of linear polarized gamma based on Livermore data bases for electrons and gamma
(G4EmLivermorePolarizedPhysics);

• Models based on Livermore data bases and new model for Compton scattering G4LowEPComptonModel,
new low-energy model of multiple scatetring G4LowEWenzelMscModel (G4EmLowEPPhysics);

• Penelope2008 models for electrons, positrons and gamma, enabled Rayleigh scattering, enabled
fluorescence, enabled nuclear stopping, enable accurate angular generator for ionisation models,
G4IonParameterisedLossModel for ion ionisation, and 20 bins per energy decade of physics tables,
(G4EmPenelopePhysics);

• Low-energy Geant4-DNA physics (G4EmDNAPhysics).
• Alternative low-energy Geant4-DNA physics (G4EmDNAPhysics_option1). Uses

G4LowEWentzelVIModel elastic scattering model for electrons.

Examples of the registration of these physics constructor and construction of alternative combinations of options
are shown in basic, extended and advanced examples, which can be found in the subdirectories examples/
basic, examples/extended/electromagnetic and examples/advanced of the Geant4 source
distribution. Examples illustrating the use of electromagnetic processes are available as part of the Geant4  release.

Options are available for steering of electromagnetic processes. These options may be invoked
either by UI commands or by the new C++ interface class G4EmParameters. The interface
G4EmParameters::Instance() is thread safe, EM parameters are shared between threads, and parameters
are shared between all EM processes. This class has the following public methods:

• SetLossFluctuations(G4bool)

Efficiency (α=0.01) 
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TABLE III
EFFICIENCY CALCULATED FOR DIFFERENT SIMULATION CONFIGURATIONS AND GEANT4 VERSIONS, IN THREE ENERGY RANGES

1-20 keV 20-100 keV �100 keV

Configuration 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02

Urban 0.08±0.02 0.16±0.03 0.16±0.03 0.16±0.03 0.22±0.04 0.25±0.04 0.25±0.04 0.21±0.04 0.63±0.06 0.64±0.06 0.64±0.06 0.64±0.06
UrbanBRF 0.16±0.03 0.10±0.03 0.16±0.03 0.16±0.03 0.33±0.04 0.29±0.04 0.38±0.04 0.39±0.04 0.68±0.06 0.63±0.06 0.63±0.06 0.63±0.06
GS 0.51±0.04 0.57±0.04 0.56±0.04 0.56±0.04 0.32±0.04 0.18±0.04 0.16±0.04 0.16±0.04 0.77±0.06 0.52±0.07 0.55±0.06 0.55±0.06
GSBRF 0.37±0.04 0.38±0.04 0.57±0.04 0.57±0.04 0.51±0.05 0.46±0.05 0.14±0.05 0.14±0.05 0.95±0.03 0.61±0.06 0.55±0.06 0.55±0.06
GSBRF1 0.35±0.04 0.42±0.04 0.42±0.04 0.45±0.05 0.44±0.05 0.45±0.05 0.61±0.06 0.59±0.06 0.57±0.06
GSERF 0.32±0.04 0.31±0.04 0.32±0.04 0.49±0.05 0.43±0.05 0.46±0.05 0.63±0.06 0.61±0.06 0.59±0.06
GSPWA 0.15±0.03 0.15±0.03 0.15±0.03 0.17±0.04 0.15±0.04 0.15±0.04 0.61±0.06 0.61±0.06 0.61±0.06
GSPWABRF 0.39±0.04 0.16±0.04 0.16±0.04 0.44±0.05 0.11±0.05 0.11±0.05 0.57±0.06 0.55±0.06 0.55±0.06
GSPWAERF 0.44±0.04 0.44±0.04 0.44±0.04 0.51±0.04 0.46±0.04 0.47±0.04 0.52±0.07 0.55±0.07 0.55±0.07
WentzelBRF 0.27±0.03 0.27±0.04 0.27±0.04 0.27±0.04 0.17±0.04 0.18±0.04 0.18±0.04 0.19±0.04 0.80±0.05 0.82±0.05 0.82±0.05 0.82±0.05
WentzelBRFP 0.47±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.45±0.04 0.44±0.04 0.43±0.04 0.43±0.04 0.86±0.05 0.86±0.05 0.84±0.05 0.84±0.05
Coulomb 0.49±0.04 0.36±0.04 0.36±0.04 0.37±0.04 0.46±0.05 0.46±0.05 0.46±0.05 0.46±0.05 0.80±0.05 0.79±0.05 0.79±0.05 0.80±0.05
CoulombMott <0.01 <0.01 <0.01 <0.01 0.16±0.03 0.16±0.03 <0.02 0.96±0.03 0.96±0.03
EmLivermore 0.13±0.03 0.11±0.03 0.11±0.03 0.11±0.03 0.29±0.04 0.24±0.04 0.24±0.04 0.25±0.04 0.61±0.06 0.61±0.06 0.61±0.06 0.61±0.06
EmStd 0.13±0.03 0.08±0.03 0.08±0.03 0.08±0.03 0.19±0.04 0.16±0.03 0.16±0.03 0.16±0.03 0.71±0.06 0.86±0.05 0.86±0.05 0.86±0.05
EmOpt1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt3 0.21±0.03 0.17±0.03 0.17±0.03 0.17±0.03 0.14±0.03 0.19±0.04 0.19±0.04 0.19±0.04 0.68±0.06 0.75±0.06 0.75±0.06 0.75±0.06
EmOpt4 0.23±0.03 0.10±0.03 0.10±0.03 0.10±0.03 0.21±0.04 0.24±0.04 0.24±0.04 0.24±0.04 0.73±0.06 0.66±0.06 0.66±0.06 0.68±0.06
EmWVI 0.45±0.04 0.36±0.04 0.36±0.04 0.36±0.04 0.46±0.05 0.47±0.05 0.47±0.05 0.47±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmSS 0.46±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.51±0.05 0.53±0.05 0.53±0.05 0.53±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmGS 0.58±0.04 0.58±0.04 0.58±0.04 0.18±0.04 0.19±0.04 0.19±0.04 0.54±0.06 0.50±0.06 0.50±0.06

TABLE IV
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH

DIFFERENT CONFIGURATION OPTIONS OF THE GOUDSMIT-SAUNDERSON MODEL IN GEANT4 10.2P02

GSBRF <20 keV GSPWAERF 20-100 keV GSPWA �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

GS 0.903 0.807 0.873 0.850 0.763 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF1 0.015 0.011 0.013 0.012 0.022 0.789 0.688 0.753 0.731 0.750 1.000 0.847 0.917 1.000 0.737
GSERF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984 1.000 0.847 0.917 1.000 0.737
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSPWAERF 0.039 0.029 0.033 0.033 0.058 0.702 0.566 0.681 0.615 0.498

EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.342 0.254 0.280 0.280 0.277

TABLE V
EFFICIENCY OF GOUDSMIT-SAUNDERSON CONFIGURATIONS WITH
RANGEFACTOR-0.10 IN A SIMULATION ENVIRONMENT BASED ON

GEANT4 10.2P01

Option <20 keV 20-100 keV �100 keV

GS 0.65 ± 0.04 0.21 ± 0.04 0.54 ± 0.06
GSBRF 0.62 ± 0.04 0.20 ± 0.04 0.54 ± 0.06
GSERF 0.37 ± 0.04 0.47 ± 0.04 0.57 ± 0.06
GSPWA 0.19 ± 0.03 0.21 ± 0.04 0.64 ± 0.06
GSPWABRF 0.18 ± 0.04 0.15 ± 0.03 0.63 ± 0.06
GSPWAERF 0.43 ± 0.04 0.47 ± 0.05 0.59 ± 0.06

Goudsmit-Saunderson modeling options to reproduce experi-
mental backscattering data at those energies.

The �-version of Geant4 recommends a lower value of
the RangeFactor parameter (0.10 instead of 0.12) for the
Goudsmit-Saunderson multiple scattering model in the prede-
fined G4EmStandardPhysicsGs PhysicsConstructor; its effect
on the compatibility of simulation with experiment obtained
with the various model options has been investigated in the

same simulation context as with Geant4 10.2p01 and is is
documented in Table V. The efficiencies are qualitatively
similar to those listed in Table III.

2) Evaluation of the evolution of the implementation:
The implementation of the Goudsmit-Saunderson multiple
scattering model does not appear do have consistently evolved
towards better compatibility with experiment from Geant4
10.1p03 to 10.2p02. Fig. 2 illustrates some examples of the
evolution associated with the GSBRF simulation configuration.

A substantial drop in efficiency above 100 keV is ob-
served in Table III with the Goudsmit-Saunderson multiple
scattering implementation in Geant4 10.2 with respect to the
value achieved with the implementation in Geant4 10.1p03,
irrespective of the options selected for the calculation of the
screening parameter and for the step limitation algorithm. The
deterioration of compatibility with experiment is confirmed
in the results obtained with the 10.2p01 and 10.2p02 ver-
sions. This decrease does not appear to be due to the larger
value of the RangeFactor parameter recommended for the
new implementation, as comparable results are obtained with
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TABLE III
EFFICIENCY CALCULATED FOR DIFFERENT SIMULATION CONFIGURATIONS AND GEANT4 VERSIONS, IN THREE ENERGY RANGES

1-20 keV 20-100 keV �100 keV

Configuration 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02

Urban 0.08±0.02 0.16±0.03 0.16±0.03 0.16±0.03 0.22±0.04 0.25±0.04 0.25±0.04 0.21±0.04 0.63±0.06 0.64±0.06 0.64±0.06 0.64±0.06
UrbanBRF 0.16±0.03 0.10±0.03 0.16±0.03 0.16±0.03 0.33±0.04 0.29±0.04 0.38±0.04 0.39±0.04 0.68±0.06 0.63±0.06 0.63±0.06 0.63±0.06
GS 0.51±0.04 0.57±0.04 0.56±0.04 0.56±0.04 0.32±0.04 0.18±0.04 0.16±0.04 0.16±0.04 0.77±0.06 0.52±0.07 0.55±0.06 0.55±0.06
GSBRF 0.37±0.04 0.38±0.04 0.57±0.04 0.57±0.04 0.51±0.05 0.46±0.05 0.14±0.05 0.14±0.05 0.95±0.03 0.61±0.06 0.55±0.06 0.55±0.06
GSBRF1 0.35±0.04 0.42±0.04 0.42±0.04 0.45±0.05 0.44±0.05 0.45±0.05 0.61±0.06 0.59±0.06 0.57±0.06
GSERF 0.32±0.04 0.31±0.04 0.32±0.04 0.49±0.05 0.43±0.05 0.46±0.05 0.63±0.06 0.61±0.06 0.59±0.06
GSPWA 0.15±0.03 0.15±0.03 0.15±0.03 0.17±0.04 0.15±0.04 0.15±0.04 0.61±0.06 0.61±0.06 0.61±0.06
GSPWABRF 0.39±0.04 0.16±0.04 0.16±0.04 0.44±0.05 0.11±0.05 0.11±0.05 0.57±0.06 0.55±0.06 0.55±0.06
GSPWAERF 0.44±0.04 0.44±0.04 0.44±0.04 0.51±0.04 0.46±0.04 0.47±0.04 0.52±0.07 0.55±0.07 0.55±0.07
WentzelBRF 0.27±0.03 0.27±0.04 0.27±0.04 0.27±0.04 0.17±0.04 0.18±0.04 0.18±0.04 0.19±0.04 0.80±0.05 0.82±0.05 0.82±0.05 0.82±0.05
WentzelBRFP 0.47±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.45±0.04 0.44±0.04 0.43±0.04 0.43±0.04 0.86±0.05 0.86±0.05 0.84±0.05 0.84±0.05
Coulomb 0.49±0.04 0.36±0.04 0.36±0.04 0.37±0.04 0.46±0.05 0.46±0.05 0.46±0.05 0.46±0.05 0.80±0.05 0.79±0.05 0.79±0.05 0.80±0.05
CoulombMott <0.01 <0.01 <0.01 <0.01 0.16±0.03 0.16±0.03 <0.02 0.96±0.03 0.96±0.03
EmLivermore 0.13±0.03 0.11±0.03 0.11±0.03 0.11±0.03 0.29±0.04 0.24±0.04 0.24±0.04 0.25±0.04 0.61±0.06 0.61±0.06 0.61±0.06 0.61±0.06
EmStd 0.13±0.03 0.08±0.03 0.08±0.03 0.08±0.03 0.19±0.04 0.16±0.03 0.16±0.03 0.16±0.03 0.71±0.06 0.86±0.05 0.86±0.05 0.86±0.05
EmOpt1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt3 0.21±0.03 0.17±0.03 0.17±0.03 0.17±0.03 0.14±0.03 0.19±0.04 0.19±0.04 0.19±0.04 0.68±0.06 0.75±0.06 0.75±0.06 0.75±0.06
EmOpt4 0.23±0.03 0.10±0.03 0.10±0.03 0.10±0.03 0.21±0.04 0.24±0.04 0.24±0.04 0.24±0.04 0.73±0.06 0.66±0.06 0.66±0.06 0.68±0.06
EmWVI 0.45±0.04 0.36±0.04 0.36±0.04 0.36±0.04 0.46±0.05 0.47±0.05 0.47±0.05 0.47±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmSS 0.46±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.51±0.05 0.53±0.05 0.53±0.05 0.53±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmGS 0.58±0.04 0.58±0.04 0.58±0.04 0.18±0.04 0.19±0.04 0.19±0.04 0.54±0.06 0.50±0.06 0.50±0.06

TABLE IV
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH

DIFFERENT CONFIGURATION OPTIONS OF THE GOUDSMIT-SAUNDERSON MODEL IN GEANT4 10.2P02

GSBRF <20 keV GSPWAERF 20-100 keV GSPWA �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

GS 0.903 0.807 0.873 0.850 0.763 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF1 0.015 0.011 0.013 0.012 0.022 0.789 0.688 0.753 0.731 0.750 1.000 0.847 0.917 1.000 0.737
GSERF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984 1.000 0.847 0.917 1.000 0.737
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSPWAERF 0.039 0.029 0.033 0.033 0.058 0.702 0.566 0.681 0.615 0.498

EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.342 0.254 0.280 0.280 0.277

TABLE V
EFFICIENCY OF GOUDSMIT-SAUNDERSON CONFIGURATIONS WITH
RANGEFACTOR-0.10 IN A SIMULATION ENVIRONMENT BASED ON

GEANT4 10.2P01

Option <20 keV 20-100 keV �100 keV

GS 0.65 ± 0.04 0.21 ± 0.04 0.54 ± 0.06
GSBRF 0.62 ± 0.04 0.20 ± 0.04 0.54 ± 0.06
GSERF 0.37 ± 0.04 0.47 ± 0.04 0.57 ± 0.06
GSPWA 0.19 ± 0.03 0.21 ± 0.04 0.64 ± 0.06
GSPWABRF 0.18 ± 0.04 0.15 ± 0.03 0.63 ± 0.06
GSPWAERF 0.43 ± 0.04 0.47 ± 0.05 0.59 ± 0.06

Goudsmit-Saunderson modeling options to reproduce experi-
mental backscattering data at those energies.

The �-version of Geant4 recommends a lower value of
the RangeFactor parameter (0.10 instead of 0.12) for the
Goudsmit-Saunderson multiple scattering model in the prede-
fined G4EmStandardPhysicsGs PhysicsConstructor; its effect
on the compatibility of simulation with experiment obtained
with the various model options has been investigated in the

same simulation context as with Geant4 10.2p01 and is is
documented in Table V. The efficiencies are qualitatively
similar to those listed in Table III.

2) Evaluation of the evolution of the implementation:
The implementation of the Goudsmit-Saunderson multiple
scattering model does not appear do have consistently evolved
towards better compatibility with experiment from Geant4
10.1p03 to 10.2p02. Fig. 2 illustrates some examples of the
evolution associated with the GSBRF simulation configuration.

A substantial drop in efficiency above 100 keV is ob-
served in Table III with the Goudsmit-Saunderson multiple
scattering implementation in Geant4 10.2 with respect to the
value achieved with the implementation in Geant4 10.1p03,
irrespective of the options selected for the calculation of the
screening parameter and for the step limitation algorithm. The
deterioration of compatibility with experiment is confirmed
in the results obtained with the 10.2p01 and 10.2p02 ver-
sions. This decrease does not appear to be due to the larger
value of the RangeFactor parameter recommended for the
new implementation, as comparable results are obtained with

Efficiency evolution with Geant4 version 
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TABLE VIII
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH THE

GOUDSMIT-SAUNDERSON MODEL AND WITH OTHER SIMULATION CONFIGURATIONS IN GEANT4 10.2P02 BELOW 100 KEV

Geant4 10.2p02 GSBRF <20 keV Geant4 10.2p02 GSPWAERF 20-100 keV

Geant4 10.1p03 Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

Urban < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001 0.001 0.001
UrbanBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.281 0.225 0.246 0.240 0.206
WentzelBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
WentzelBRFP < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.591 0.502 0.536 0.536 0.469
Coulomb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984
CoulombMott < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmLivermore < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001 0.001 0.001
EmStd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt2 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt3 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmWVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 1.000 1.000 1.000 1.000 1.000
EmSS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.504 0.423 0.532 0.462 1.000
EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

TABLE IX
P-VALUES DERIVING FROM CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH THE MOST EFFICIENT

PREDEFINED PHYSICSCONSTRUCTORS IN EACH ENERGY RANGE AND USING OTHER SIMULATION CONFIGURATIONS, WITH GEANT4 10.2P02

EmGS <20 keV EmSS 20-100 keV EmStd �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

Urban < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.015 0.009 0.010 0.010 0.011
UrbanBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.060 0.044 0.048 0.048 0.047 0.009 0.005 0.006 0.006 0.006
GS 0.807 0.713 0.793 0.752 0.657 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSBRF 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSBRF1 0.011 0.008 0.009 0.009 0.016 0.285 0.229 0.250 0.250 0.571 0.003 0.002 0.002 0.002 0.002
GSEGSRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.350 0.285 0.311 0.312 0.970 0.138 0.003 0.003 0.003 0.003
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.003 0.003 0.003 0.003
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWAEGSRF 0.029 0.021 0.024 0.024 0.041 0.504 0.423 0.532 0.462 1.000 0.001 < 0.001 < 0.001 < 0.001 < 0.001
WentzelBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.798 0.607 0.681 0.653 1.000
WentzelBRFP < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.181 0.141 0.154 0.154 0.244 1.000 0.792 0.870 1.000 1.000
Coulomb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.350 0.285 0.311 0.312 0.970 0.460 0.324 0.528 0.395 0.825
CoulombMott < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.094 0.050 0.072 0.198
EmLivermore < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.003 0.003 0.003 0.003
EmStd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt2 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt3 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.234 0.154 0.209 0.176 0.274
EmOpt4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.043 0.025 0.029 0.029 0.038
EmWVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.504 0.423 0.532 0.462 1.000 0.798 0.607 0.681 0.653 1.000
EmSS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.798 0.607 0.681 0.653 1.000
EmGS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

other electron scattering models.

D. Single Scattering Model Based on the Mott Cross Section
No backscattered electrons are observed in simulations

using the single scattering model based on the Mott cross
section included in Geant4 10.2. The cause of this anomaly
was corrected in the version released in Geant4 10.2p01.

The efficiency of simulations involving the CoulombMott
configuration is documented in Table III: it is low below
100 keV, consistent with the documented model specifications,
while it is the highest achieved with Geant4 10.2p01 by any
of the simulation configurations subject to evaluation above
100 keV. Statistical tests do not have sufficient discriminant
power to appraise differences in compatibility with experiment
between 100 keV and the nominal lower applicability limit

of 200 keV due to the scarce amount of experimental data
available in this energy range. Although the Geant4 documen-
tation says that the G4eSingleCoulombScatteringModel model
is applicable to scattering between electrons and medium-light
nuclei, no significant difference related to the target atomic
number is observed regarding the capability to reproduce the
experimental fraction of backscattered electrons.

The modifications implemented in Geant4 10.2p01 to ad-
dress physical correctness have severely affected the computa-
tional performance of the simulation. As illustrated in Fig. 3,
simulations involving the CoulombMott configuration in the
Geant4 10.2p01 environment are approximately two orders of
magnitude slower than those involving the previously existing
Geant4 single scattering model G4eCoulombScatteringModel,
which in turn imposes a significant penalty with respect
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TABLE VIII
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH THE

GOUDSMIT-SAUNDERSON MODEL AND WITH OTHER SIMULATION CONFIGURATIONS IN GEANT4 10.2P02 BELOW 100 KEV

Geant4 10.2p02 GSBRF <20 keV Geant4 10.2p02 GSPWAERF 20-100 keV

Geant4 10.1p03 Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

Urban < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001 0.001 0.001
UrbanBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.281 0.225 0.246 0.240 0.206
WentzelBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
WentzelBRFP < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.591 0.502 0.536 0.536 0.469
Coulomb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984
CoulombMott < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmLivermore < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001 0.001 0.001
EmStd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt2 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt3 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmWVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 1.000 1.000 1.000 1.000 1.000
EmSS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.504 0.423 0.532 0.462 1.000
EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

TABLE IX
P-VALUES DERIVING FROM CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH THE MOST EFFICIENT

PREDEFINED PHYSICSCONSTRUCTORS IN EACH ENERGY RANGE AND USING OTHER SIMULATION CONFIGURATIONS, WITH GEANT4 10.2P02

EmGS <20 keV EmSS 20-100 keV EmStd �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

Urban < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.015 0.009 0.010 0.010 0.011
UrbanBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.060 0.044 0.048 0.048 0.047 0.009 0.005 0.006 0.006 0.006
GS 0.807 0.713 0.793 0.752 0.657 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSBRF 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSBRF1 0.011 0.008 0.009 0.009 0.016 0.285 0.229 0.250 0.250 0.571 0.003 0.002 0.002 0.002 0.002
GSEGSRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.350 0.285 0.311 0.312 0.970 0.138 0.003 0.003 0.003 0.003
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.003 0.003 0.003 0.003
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWAEGSRF 0.029 0.021 0.024 0.024 0.041 0.504 0.423 0.532 0.462 1.000 0.001 < 0.001 < 0.001 < 0.001 < 0.001
WentzelBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.798 0.607 0.681 0.653 1.000
WentzelBRFP < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.181 0.141 0.154 0.154 0.244 1.000 0.792 0.870 1.000 1.000
Coulomb < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.350 0.285 0.311 0.312 0.970 0.460 0.324 0.528 0.395 0.825
CoulombMott < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.094 0.050 0.072 0.198
EmLivermore < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.003 0.003 0.003 0.003
EmStd < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt2 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
EmOpt3 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.234 0.154 0.209 0.176 0.274
EmOpt4 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.043 0.025 0.029 0.029 0.038
EmWVI < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.504 0.423 0.532 0.462 1.000 0.798 0.607 0.681 0.653 1.000
EmSS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.798 0.607 0.681 0.653 1.000
EmGS < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

other electron scattering models.

D. Single Scattering Model Based on the Mott Cross Section
No backscattered electrons are observed in simulations

using the single scattering model based on the Mott cross
section included in Geant4 10.2. The cause of this anomaly
was corrected in the version released in Geant4 10.2p01.

The efficiency of simulations involving the CoulombMott
configuration is documented in Table III: it is low below
100 keV, consistent with the documented model specifications,
while it is the highest achieved with Geant4 10.2p01 by any
of the simulation configurations subject to evaluation above
100 keV. Statistical tests do not have sufficient discriminant
power to appraise differences in compatibility with experiment
between 100 keV and the nominal lower applicability limit

of 200 keV due to the scarce amount of experimental data
available in this energy range. Although the Geant4 documen-
tation says that the G4eSingleCoulombScatteringModel model
is applicable to scattering between electrons and medium-light
nuclei, no significant difference related to the target atomic
number is observed regarding the capability to reproduce the
experimental fraction of backscattered electrons.

The modifications implemented in Geant4 10.2p01 to ad-
dress physical correctness have severely affected the computa-
tional performance of the simulation. As illustrated in Fig. 3,
simulations involving the CoulombMott configuration in the
Geant4 10.2p01 environment are approximately two orders of
magnitude slower than those involving the previously existing
Geant4 single scattering model G4eCoulombScatteringModel,
which in turn imposes a significant penalty with respect
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TABLE III
EFFICIENCY CALCULATED FOR DIFFERENT SIMULATION CONFIGURATIONS AND GEANT4 VERSIONS, IN THREE ENERGY RANGES

1-20 keV 20-100 keV �100 keV

Configuration 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02

Urban 0.08±0.02 0.16±0.03 0.16±0.03 0.16±0.03 0.22±0.04 0.25±0.04 0.25±0.04 0.21±0.04 0.63±0.06 0.64±0.06 0.64±0.06 0.64±0.06
UrbanBRF 0.16±0.03 0.10±0.03 0.16±0.03 0.16±0.03 0.33±0.04 0.29±0.04 0.38±0.04 0.39±0.04 0.68±0.06 0.63±0.06 0.63±0.06 0.63±0.06
GS 0.51±0.04 0.57±0.04 0.56±0.04 0.56±0.04 0.32±0.04 0.18±0.04 0.16±0.04 0.16±0.04 0.77±0.06 0.52±0.07 0.55±0.06 0.55±0.06
GSBRF 0.37±0.04 0.38±0.04 0.57±0.04 0.57±0.04 0.51±0.05 0.46±0.05 0.14±0.05 0.14±0.05 0.95±0.03 0.61±0.06 0.55±0.06 0.55±0.06
GSBRF1 0.35±0.04 0.42±0.04 0.42±0.04 0.45±0.05 0.44±0.05 0.45±0.05 0.61±0.06 0.59±0.06 0.57±0.06
GSERF 0.32±0.04 0.31±0.04 0.32±0.04 0.49±0.05 0.43±0.05 0.46±0.05 0.63±0.06 0.61±0.06 0.59±0.06
GSPWA 0.15±0.03 0.15±0.03 0.15±0.03 0.17±0.04 0.15±0.04 0.15±0.04 0.61±0.06 0.61±0.06 0.61±0.06
GSPWABRF 0.39±0.04 0.16±0.04 0.16±0.04 0.44±0.05 0.11±0.05 0.11±0.05 0.57±0.06 0.55±0.06 0.55±0.06
GSPWAERF 0.44±0.04 0.44±0.04 0.44±0.04 0.51±0.04 0.46±0.04 0.47±0.04 0.52±0.07 0.55±0.07 0.55±0.07
WentzelBRF 0.27±0.03 0.27±0.04 0.27±0.04 0.27±0.04 0.17±0.04 0.18±0.04 0.18±0.04 0.19±0.04 0.80±0.05 0.82±0.05 0.82±0.05 0.82±0.05
WentzelBRFP 0.47±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.45±0.04 0.44±0.04 0.43±0.04 0.43±0.04 0.86±0.05 0.86±0.05 0.84±0.05 0.84±0.05
Coulomb 0.49±0.04 0.36±0.04 0.36±0.04 0.37±0.04 0.46±0.05 0.46±0.05 0.46±0.05 0.46±0.05 0.80±0.05 0.79±0.05 0.79±0.05 0.80±0.05
CoulombMott <0.01 <0.01 <0.01 <0.01 0.16±0.03 0.16±0.03 <0.02 0.96±0.03 0.96±0.03
EmLivermore 0.13±0.03 0.11±0.03 0.11±0.03 0.11±0.03 0.29±0.04 0.24±0.04 0.24±0.04 0.25±0.04 0.61±0.06 0.61±0.06 0.61±0.06 0.61±0.06
EmStd 0.13±0.03 0.08±0.03 0.08±0.03 0.08±0.03 0.19±0.04 0.16±0.03 0.16±0.03 0.16±0.03 0.71±0.06 0.86±0.05 0.86±0.05 0.86±0.05
EmOpt1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt3 0.21±0.03 0.17±0.03 0.17±0.03 0.17±0.03 0.14±0.03 0.19±0.04 0.19±0.04 0.19±0.04 0.68±0.06 0.75±0.06 0.75±0.06 0.75±0.06
EmOpt4 0.23±0.03 0.10±0.03 0.10±0.03 0.10±0.03 0.21±0.04 0.24±0.04 0.24±0.04 0.24±0.04 0.73±0.06 0.66±0.06 0.66±0.06 0.68±0.06
EmWVI 0.45±0.04 0.36±0.04 0.36±0.04 0.36±0.04 0.46±0.05 0.47±0.05 0.47±0.05 0.47±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmSS 0.46±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.51±0.05 0.53±0.05 0.53±0.05 0.53±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmGS 0.58±0.04 0.58±0.04 0.58±0.04 0.18±0.04 0.19±0.04 0.19±0.04 0.54±0.06 0.50±0.06 0.50±0.06

TABLE IV
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH

DIFFERENT CONFIGURATION OPTIONS OF THE GOUDSMIT-SAUNDERSON MODEL IN GEANT4 10.2P02

GSBRF <20 keV GSPWAERF 20-100 keV GSPWA �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

GS 0.903 0.807 0.873 0.850 0.763 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF1 0.015 0.011 0.013 0.012 0.022 0.789 0.688 0.753 0.731 0.750 1.000 0.847 0.917 1.000 0.737
GSERF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984 1.000 0.847 0.917 1.000 0.737
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSPWAERF 0.039 0.029 0.033 0.033 0.058 0.702 0.566 0.681 0.615 0.498

EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.342 0.254 0.280 0.280 0.277

TABLE V
EFFICIENCY OF GOUDSMIT-SAUNDERSON CONFIGURATIONS WITH
RANGEFACTOR-0.10 IN A SIMULATION ENVIRONMENT BASED ON

GEANT4 10.2P01

Option <20 keV 20-100 keV �100 keV

GS 0.65 ± 0.04 0.21 ± 0.04 0.54 ± 0.06
GSBRF 0.62 ± 0.04 0.20 ± 0.04 0.54 ± 0.06
GSERF 0.37 ± 0.04 0.47 ± 0.04 0.57 ± 0.06
GSPWA 0.19 ± 0.03 0.21 ± 0.04 0.64 ± 0.06
GSPWABRF 0.18 ± 0.04 0.15 ± 0.03 0.63 ± 0.06
GSPWAERF 0.43 ± 0.04 0.47 ± 0.05 0.59 ± 0.06

Goudsmit-Saunderson modeling options to reproduce experi-
mental backscattering data at those energies.

The �-version of Geant4 recommends a lower value of
the RangeFactor parameter (0.10 instead of 0.12) for the
Goudsmit-Saunderson multiple scattering model in the prede-
fined G4EmStandardPhysicsGs PhysicsConstructor; its effect
on the compatibility of simulation with experiment obtained
with the various model options has been investigated in the

same simulation context as with Geant4 10.2p01 and is is
documented in Table V. The efficiencies are qualitatively
similar to those listed in Table III.

2) Evaluation of the evolution of the implementation:
The implementation of the Goudsmit-Saunderson multiple
scattering model does not appear do have consistently evolved
towards better compatibility with experiment from Geant4
10.1p03 to 10.2p02. Fig. 2 illustrates some examples of the
evolution associated with the GSBRF simulation configuration.

A substantial drop in efficiency above 100 keV is ob-
served in Table III with the Goudsmit-Saunderson multiple
scattering implementation in Geant4 10.2 with respect to the
value achieved with the implementation in Geant4 10.1p03,
irrespective of the options selected for the calculation of the
screening parameter and for the step limitation algorithm. The
deterioration of compatibility with experiment is confirmed
in the results obtained with the 10.2p01 and 10.2p02 ver-
sions. This decrease does not appear to be due to the larger
value of the RangeFactor parameter recommended for the
new implementation, as comparable results are obtained with
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TABLE III
EFFICIENCY CALCULATED FOR DIFFERENT SIMULATION CONFIGURATIONS AND GEANT4 VERSIONS, IN THREE ENERGY RANGES

1-20 keV 20-100 keV �100 keV

Configuration 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02 10.1p03 10.2 10.2p01 10.2p02

Urban 0.08±0.02 0.16±0.03 0.16±0.03 0.16±0.03 0.22±0.04 0.25±0.04 0.25±0.04 0.21±0.04 0.63±0.06 0.64±0.06 0.64±0.06 0.64±0.06
UrbanBRF 0.16±0.03 0.10±0.03 0.16±0.03 0.16±0.03 0.33±0.04 0.29±0.04 0.38±0.04 0.39±0.04 0.68±0.06 0.63±0.06 0.63±0.06 0.63±0.06
GS 0.51±0.04 0.57±0.04 0.56±0.04 0.56±0.04 0.32±0.04 0.18±0.04 0.16±0.04 0.16±0.04 0.77±0.06 0.52±0.07 0.55±0.06 0.55±0.06
GSBRF 0.37±0.04 0.38±0.04 0.57±0.04 0.57±0.04 0.51±0.05 0.46±0.05 0.14±0.05 0.14±0.05 0.95±0.03 0.61±0.06 0.55±0.06 0.55±0.06
GSBRF1 0.35±0.04 0.42±0.04 0.42±0.04 0.45±0.05 0.44±0.05 0.45±0.05 0.61±0.06 0.59±0.06 0.57±0.06
GSERF 0.32±0.04 0.31±0.04 0.32±0.04 0.49±0.05 0.43±0.05 0.46±0.05 0.63±0.06 0.61±0.06 0.59±0.06
GSPWA 0.15±0.03 0.15±0.03 0.15±0.03 0.17±0.04 0.15±0.04 0.15±0.04 0.61±0.06 0.61±0.06 0.61±0.06
GSPWABRF 0.39±0.04 0.16±0.04 0.16±0.04 0.44±0.05 0.11±0.05 0.11±0.05 0.57±0.06 0.55±0.06 0.55±0.06
GSPWAERF 0.44±0.04 0.44±0.04 0.44±0.04 0.51±0.04 0.46±0.04 0.47±0.04 0.52±0.07 0.55±0.07 0.55±0.07
WentzelBRF 0.27±0.03 0.27±0.04 0.27±0.04 0.27±0.04 0.17±0.04 0.18±0.04 0.18±0.04 0.19±0.04 0.80±0.05 0.82±0.05 0.82±0.05 0.82±0.05
WentzelBRFP 0.47±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.45±0.04 0.44±0.04 0.43±0.04 0.43±0.04 0.86±0.05 0.86±0.05 0.84±0.05 0.84±0.05
Coulomb 0.49±0.04 0.36±0.04 0.36±0.04 0.37±0.04 0.46±0.05 0.46±0.05 0.46±0.05 0.46±0.05 0.80±0.05 0.79±0.05 0.79±0.05 0.80±0.05
CoulombMott <0.01 <0.01 <0.01 <0.01 0.16±0.03 0.16±0.03 <0.02 0.96±0.03 0.96±0.03
EmLivermore 0.13±0.03 0.11±0.03 0.11±0.03 0.11±0.03 0.29±0.04 0.24±0.04 0.24±0.04 0.25±0.04 0.61±0.06 0.61±0.06 0.61±0.06 0.61±0.06
EmStd 0.13±0.03 0.08±0.03 0.08±0.03 0.08±0.03 0.19±0.04 0.16±0.03 0.16±0.03 0.16±0.03 0.71±0.06 0.86±0.05 0.86±0.05 0.86±0.05
EmOpt1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41±0.06 0.39±0.06 0.39±0.06 0.39±0.06
EmOpt3 0.21±0.03 0.17±0.03 0.17±0.03 0.17±0.03 0.14±0.03 0.19±0.04 0.19±0.04 0.19±0.04 0.68±0.06 0.75±0.06 0.75±0.06 0.75±0.06
EmOpt4 0.23±0.03 0.10±0.03 0.10±0.03 0.10±0.03 0.21±0.04 0.24±0.04 0.24±0.04 0.24±0.04 0.73±0.06 0.66±0.06 0.66±0.06 0.68±0.06
EmWVI 0.45±0.04 0.36±0.04 0.36±0.04 0.36±0.04 0.46±0.05 0.47±0.05 0.47±0.05 0.47±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmSS 0.46±0.04 0.35±0.04 0.35±0.04 0.35±0.04 0.51±0.05 0.53±0.05 0.53±0.05 0.53±0.05 0.82±0.05 0.82±0.05 0.82±0.05 0.82±0.05
EmGS 0.58±0.04 0.58±0.04 0.58±0.04 0.18±0.04 0.19±0.04 0.19±0.04 0.54±0.06 0.50±0.06 0.50±0.06

TABLE IV
P-VALUES DERIVING FROM THE ANALYSIS OF CONTINGENCY TABLES THAT COMPARE THE COMPATIBILITY WITH EXPERIMENT OBTAINED WITH

DIFFERENT CONFIGURATION OPTIONS OF THE GOUDSMIT-SAUNDERSON MODEL IN GEANT4 10.2P02

GSBRF <20 keV GSPWAERF 20-100 keV GSPWA �100 keV

Configuration Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM Fisher �2 Z-pooled Boschloo CSM

GS 0.903 0.807 0.873 0.850 0.763 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSBRF1 0.015 0.011 0.013 0.012 0.022 0.789 0.688 0.753 0.731 0.750 1.000 0.847 0.917 1.000 0.737
GSERF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.893 0.789 0.853 0.836 0.984 1.000 0.847 0.917 1.000 0.737
GSPWA < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSPWABRF < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.702 0.566 0.681 0.615 0.498
GSPWAERF 0.039 0.029 0.033 0.033 0.058 0.702 0.566 0.681 0.615 0.498

EmGS 1.000 0.902 0.949 1.000 0.861 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.342 0.254 0.280 0.280 0.277

TABLE V
EFFICIENCY OF GOUDSMIT-SAUNDERSON CONFIGURATIONS WITH
RANGEFACTOR-0.10 IN A SIMULATION ENVIRONMENT BASED ON

GEANT4 10.2P01

Option <20 keV 20-100 keV �100 keV

GS 0.65 ± 0.04 0.21 ± 0.04 0.54 ± 0.06
GSBRF 0.62 ± 0.04 0.20 ± 0.04 0.54 ± 0.06
GSERF 0.37 ± 0.04 0.47 ± 0.04 0.57 ± 0.06
GSPWA 0.19 ± 0.03 0.21 ± 0.04 0.64 ± 0.06
GSPWABRF 0.18 ± 0.04 0.15 ± 0.03 0.63 ± 0.06
GSPWAERF 0.43 ± 0.04 0.47 ± 0.05 0.59 ± 0.06

Goudsmit-Saunderson modeling options to reproduce experi-
mental backscattering data at those energies.

The �-version of Geant4 recommends a lower value of
the RangeFactor parameter (0.10 instead of 0.12) for the
Goudsmit-Saunderson multiple scattering model in the prede-
fined G4EmStandardPhysicsGs PhysicsConstructor; its effect
on the compatibility of simulation with experiment obtained
with the various model options has been investigated in the

same simulation context as with Geant4 10.2p01 and is is
documented in Table V. The efficiencies are qualitatively
similar to those listed in Table III.

2) Evaluation of the evolution of the implementation:
The implementation of the Goudsmit-Saunderson multiple
scattering model does not appear do have consistently evolved
towards better compatibility with experiment from Geant4
10.1p03 to 10.2p02. Fig. 2 illustrates some examples of the
evolution associated with the GSBRF simulation configuration.

A substantial drop in efficiency above 100 keV is ob-
served in Table III with the Goudsmit-Saunderson multiple
scattering implementation in Geant4 10.2 with respect to the
value achieved with the implementation in Geant4 10.1p03,
irrespective of the options selected for the calculation of the
screening parameter and for the step limitation algorithm. The
deterioration of compatibility with experiment is confirmed
in the results obtained with the 10.2p01 and 10.2p02 ver-
sions. This decrease does not appear to be due to the larger
value of the RangeFactor parameter recommended for the
new implementation, as comparable results are obtained with

Efficiency 

Compatibility with experiment 
modelold vs. modelnew: p < 0.001  
(Fisher, Boschloo, Z-pooled, Barnard, χ2) 
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Incorrect OR slow? 
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G4eSingleCoulombScatteringModel based on  Mott cross section 

Geant4 10.2 
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The model with the highest compatibility 
with experiment in Geant4 10.2p02, 

but... .. 

G4eSingleCoulombScattering
Model 

no backscattered 
electrons! 

G4eCoulombScattering
Model 

OK 
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Distilled wisdom  
Understand your experimental context 
Master the simulation problem domain 
Beware of dependencies in your simulation  
Trust objective, quantitative validation references 
‒  Do not trust laundry detergent advertisement 

Sometimes new is better than old, sometimes it is not 
Collect and evaluate pertinent experimental data  
‒  Many, from different experiments, if possible 
‒  All what shines (is published) is not gold… 

Use statistics to compare simulation and experiment 
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Measure, measure, measure… 
Epistemology of science Statistical data analysis 

detailed results  papers 


