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Abstract—The Geant4 Simulation Toolkit provides an ample electrons, protons and alpha particles. These tests include the
set of complementary and alternative physics models for both calculation of:
electromagnetic and hadronic processes, describing the interac- . -
tion of particles with matter. We present a short overview of the - the total attem_Jat'on Coeﬁ'c_'ems’
actual state of the physics models provided by Geant4 and the - the cross sections of the singular processes of photons,
results of a series of detailed tests for the quantitative validation - electron stopping power and continuously slowing down
of the electromagnetic processes. The Geant4-based test results approximation (CSDA) range,

are compared to protocol references commonly adopted in the  _ ; ; ;
medical physics domain (NIST and ICRU). proton _stop_plng power and continuously slowing down
approximation (CSDA) range,

Index Terms—Geant4, Electromagnetic Physics, Validation, - « particles stopping power and continuously slowing
Protocol Data. down approximation (CSDA) range,

in a set of selected materials. The validation has involved

l. INTRODUCTION both Standard and Low Energy electromagnetic Geant4 Pa-
ckages.
EANT4 is an Object-Oriented Toolkit [1] for the simu-The testing activity has involved simple experimental set-
lation of the passage of particles through matter. ups, with the scope of observing the behavior of the various

Geant4 offers an ample set of complementary and alternative@dels with respect to the reference data, independently from
physics models based either on theory, on experimental datate specific geometrical configuration adopted and from the
on parameterisations. In particular, Geant4 provides Packagesector features. Under these conditions, it has been possi-
specialized for modeling both electromagnetic and hadrorie to observe the different behavior of the specific Geant4
physic interactions. electromagnetic Packages in the same experimental set-up.
The validation of Geant4 physics models with respect to ex-
perimental data and protocol references is obviously a critical ||
issue, fundamental to the reliability of the Geant4 physics ]
models. The Geant4 electromagnetic Packages handle the elec-
This paper presents the results of the validation of Geant4 el§@magnetic interactions of leptons, photons, hadrons and
tromagnetic models with respect to recognised reference dagps: In particular they include multiple scattering, ioniza-
protocols of thenternational Commission on Radiation Unitstion, bremsstrahlung, positron annihilation, photoelectric ef-
and Measuremen@CRU) [2] and reference data provided byfeCt; Compton and Rayleigh scattering, gamma conversion,
the National Institute of Standards and Technolog{egST) Synchrotron and transition radiatiodierenkov effect, refrac-

[3]. The aim is to demonstrate the accuracy and reliability &en, reflect_lon, absorbtion, scmtll_latl_on, fluorescence, Auger
the Geant4 electromagnetic physics models by means of a @igct, Particle Induced X-ray Emission (PIXE) [1].

of tests concerning the electromagnetic processes of photdRsthis study we present the results concerning the following
Geant4 electromagnetic Packages:
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while the atomic nucleus is fixed.€., the recoil momentum A. Photon attenuation coefficients

is neglected). The Standard Package is mainly addressed tRonochromatic photon beams impinge on a slab of a chosen
the high energy physics domain. material. The result of the test is the attenuation coefficfent
calculated as follows:

B. Low Energy Package: evaluated data driven approach po_o 1 I (N)

L o
The Low Energy Package [1], [9] extends the range of P dp \No

accuracy of electromagnetic interactions down to lower ewherep is the density of the target materidljs the thickness

ergy than the Standard Package. This Low Energy Packajethe slab along the photon incident directiaN, is the

approach exploits evaluated data libraries (EPDL97 [4], EEDWmber of incident monochromatic photor$,is the number

[5] and EADL [6]) that provide data for the calculation ofof photons emerging from the target without interacting.

the cross-sections and the sampling of the final state for thee photon total attenuation coefficients have been calculated

modeling of photon and electron interactions with matter. Tragtivating the photoelectric effect, the Compton effect, the pair

current implementation of low energy electron and photdggroduction. In the case of testing the Low Energy Package, the

processes can be used down to 250. eV. The Low Enerfg@yleigh effect is also modeléd

Package handles the ionization by hadrons and ions [10], [1The singular photon processes are activated one by one to

It adopts different models depending on the energy range aralidate the individual cross sections.

the particle charge. In the high energy domainq. MeV) the

Bethe-Bloch formula, while in the low energy one (L. keV g Stopping power and CSDA range

for protons) the free electron model are applied respectively. InThe stopping power and the CSDA range have been calcu-

the intermediate energy range parameterized models base(il nd ; F|>p tg P i adparticl _?_h : tal

experimental data from the Ziegler [12] and ICRU [2] review$ c¢ 'Or EIectrons, protons andparticies. 1he experimenta

are implemented; corrections due to the molecular struct c%ndmons are the same for the three types of particles.

. - ch type of particle is generated with a chosen energy from
of materials and the effect of the nuclear stopping power ;t%lge ce?/][t)er ofpa box fiIIged with one of the materialsg?i/sted
taken into account. '

above.
The multiple scattering and the energy loss fluctuations are
C. Low Energy Package: analytic approach not active, in agreement with the stopping power and CSDA

The physics models developed for the Penelope Simg9¢ definitions.

lation Toolkit (PENetration and Energy Loss of Positrons

and Electrons) [7] have been implemented in Geant4 as an IV. REFERENCE DATA

alternative and independent set of processes in the Low Energyhe reference data adopted are ICRU and NIST. The XCOM

Package. The models, that have been specifically develogliedabase reports the photon cross sections and attenuation

for Monte Carlo simulation, are based on an approach whicbefficients. The sum of the interaction coefficients for the in-

combines numerical databases with analytical cross sectitimidual processes is equal to the total attenuation coefficient.

models for the different interaction mechanisms. In particularhis database comprehends all the elements of the periodic

they include low-energy and atomic effects.q. Doppler table over a wide range of energies. The XCOM database

broadening, shell effects) and can be applied to energies frderives from references: [13], [14], [15], [16].

a few hundred eV to about 1. GeV [8]. ESTAR generates stopping powers and CSDA ranges for elec-

trons which are the same as those tabulated in ICRU Report 37

[17], while PSTAR and ASTAR generate the stopping powers

and CSDA ranges for protons amdparticles on the basis of
The experimental set-up was specific to the the physitSRU Report 49 [18].

guantity object of the test, and it reproduced the same ex-

perimental conditions of the reference data. V. STATISTICAL ANALYSIS

In each test, we evaluated the behavior of the electromagneti%Om arisons between reference data and Geantd simu-
models in a selected group of materials: beryllium, aluminum P

silicon, iron, germanium, silver, gold, lead, uranium and wat ions obtained by means of the specific eIectromagnetic.
with the aim of studying the particles interaction with material§aCkages have been performed by means of a Goodness-of-Fit

IIl. EXPERIMENTAL SET-UP OF THE TESTS

. : - : atistical Toolkit [21], specialised in the comparison of data
covering the entire periodic table of the elements in terms oo . : L
. . i . istributions. This Toolkit was selected because it is an up-
the atomic number Z. The behavior of particles in water w

a . X L i
studied as well because of the importance of this material %S"i‘ted’ versatile, flexible tool providing a variety of powerful
medical physics applications and sophisticated Goodness-of-Fit algorithms for physics data

The conditions of the tests were fixed to reach a gocia_d]alyS'S' . . .
: . gF any physical quantity of interest and for any element
compromise between the calculation accuracy and the use Of . . .
considered, the aim of the comparison was to test whether the
CPU resources.
The next SUbseCt'onS describe in detail the specific experimentrie rayleigh effect is not available in the Geant4 Standard electromagnetic
tal set-up adopted in each test. physics Package.
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Fig. 1. Total attenuation coefficient in uranium as a function of the photon
incident energy.
physical quantity obtained with Geant4 specific electromag- Eectron CSDA Renge - Lead
netic Packages agreed with reference data all over the range (Geanta6.2)
of energies E. Table | summarises the specific Geant4 models L B L e AL B L B L e AL B
activated for the specific particles considered.
Among the ones available in the Goodness-of-Fit Statistical
. . L @d®
Toolkit, we selected the Chi-squared test, as this is the only ﬁ@
Goodness-of-Fit algorithm including data uncertainties in the ®
computation of the test statistics. The Goodness-of-Fit Statisti-
cal Toolkit returned the computed Chi-squared value together
with the number of degrees of freedom and the p-value of the
comparison. The p-value represents the probability that the
test statistics has a value at least as extreme as that observed,
assuming that the null hypothesis is true. Obviously p-values
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VI. RESULTS Fig. 2. Electron CSDA range in lead as a function of the electron incident

For all the physical quantities considered, Geant4 is alfiBery:
to reproduce with high accuracy the reference data with any

physical electromagnetic model. As an example, a few of th? the total att i Hicient. elect {ODDi
results of the test are shown in the following figures: of the lotal attenuation coetnicient, electron stopping power

hotons-Fia. 1 sh th total att i fr_and proton stopping power tests) are plotted as a function of
- photons.Fig. 1 shows the x-ray total attenuation CoeMMiy, o atomic number Z of the selected elements. In any case,

cient in uranium, as visible in the three figures, we obtained a p-value higher
) _eIectrons:Flg. 2 represents the CSDA range of electronman the confidence level set. This led to the acceptance of
in lead, . ) the null hypothesis, stating that there is no difference between
- protons: Fig. 3 represents the stopping power of ProtoNRterence data and Geant4 simulations. The oscillations of the
n a'””.“'””m’ . . p-values as a functions of the atomic number Z are ascribable
T o pgrtmlgs: F.'g' 4 represents the stopping power @f to the differences of the physics models contained in Geant4.
particles in silver.
The Goodness-of-Fit tests performed for all the selected VII. CRITICAL DISCUSSION AND CONCLUSIONS
elements demonstrate that all the Geant4 electromagnetic
Packages can simulate with great accuracy all the specific Photons
physical quantities considered in the whole energy range- The three Geant4 models reproduce total attenuation
selected. All the statistical comparisons, in fact, led to the coefficients with high accuracy, the two Low Energy
acceptance of the null hypothesis, stating that there is not a approaches exhibiting the best agreement with reference
statistical difference between reference data and the specific data.
Geant4 simulations. Fig. 5, 6 and 7 represent three examples Concerning photoelectric cross section, the three Geant4
of the Goodness-of-Fit test results: the p-values (respectively models reproduce reference data with high accuracy;



Proton Stopping Power - Aluminum Attenuation Test
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Fig. 3. Proton stopping power in aluminum as a function of the proton
incident energy. Fig. 5. Goodness-of-Fit test results concerning the total attenuation coeffi-

cient plotted as a function of the atomic number Z of the selected elements
(Standard: black diamonds, Low Energy EPDL: black squares, Low Energy
Penelope approach: empty circles). All the p-values obtained are higher than
(Geantd.6.2) the confidence level sety(= 0.05).
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Fig. 4. « stopping power in silver as a function of theincident energy. 0 10 20 30 40 50 60 70 8 90

the two Geant4 Low Energy models exhibit the beéﬁ;’g. 6. Goodness-of-Fit test results concerning the electron stopping power
plotted as a function of the atomic number Z of the selected elements

agreement. . ) ) (Standard: black diamonds, Low Energy EPDL: black squares, Low Energy
Both Compton scattering and pair production cross se®enelope approach: empty circles). All the p-values obtained are higher than

tions are reproduced with high accuracy by the thré@e confidence level set (= 0.05).
Geant4 models; the Geant4 Low Energy EPDL model

exhibits the best agreement with reference data. original data; this is meant to be a verification of the
In the case of Rayleigh scattering cross sections, the  Geant4 simulation dedicated to this specific test.
Geant4 models seemed to be in disagreement with the

reference data for some materials. The disagreemﬂén
between NIST reference data and data coming from o o
the recent library EPDL97 within the range of energies The validation test exhibited that all the three Geant4

between 1. keV and 1. MeV has been already underlin8gysics models are in excellent agreement with the NIST

and discussed in a recent paper [22]. In his paper tf@ference data; the test has not pointed out any particular
author concluded that EPDL97 [4] is the most up-datedifference among the three approaches.

complete and consistent data library available at the )

moment. As shown in Fig. 8 in the case of a gol§- Protons andv particles

slab, Rayleigh cross section from XCOM and EPDL The Geant4 Low Energy Package contains ICRU 49 pa-

present major deviations. The results obtained with tlameterisation as one of its models. In this case the compa-
Geant4 Low Energy EPDL approach reproduce the EPDIson between Geant4 simulations and reference data is to be

Electrons
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Fig. 7.

4
Goodness-of-Fit test results concerning the proton stopping pOV\[/e]r '97 version
plotted as a function of the atomic number Z of the selected eleme

Geant4 simulation models for electrons, photon, protons and
« particles with respect to the ICRU and NIST references.

All the models for electrons, photons and protons are found

in good agreement with the reference data; fomparticles

the Geant4 Low Energy Package exhibits a good agreement
over the whole energy range, while the Standard Package is
in agreement with the reference for energies above 0.05 MeV.
A guantitative statistical analysis has allowed to point out the

respective strengths of the various Geant4 models in detail,
for each of the physics distributions reported in the ICRU and

NIST references.
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