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Rigorous statistical data analysis
Goodness-of-fit tests w.r.t. experimental data 

+ categorical data analysis based on contingency tables

Geant4 “low energy” electromagnetic physics: based on EA/E/PDL, late ‘90s
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Evaluated Atomic Libraries
EADL (atomic)
EEDL (electron)
EPDL (photon)
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The world changes…
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…but the atomic E�DL have not changed much 
since the ‘60s

Nowadays, directly or indirectly used by all 
major Monte Carlo codes in scientific research 
and engineering applications, and by other 
specialized computational tools 

Originally photons only
Motivated by nuclear engineering use

User requirements, physics modelling approaches, computational methods 
have significantly evolved in the past decades 

EADL/EEDL/EPDL 
de facto orphan for >10 years

M. C. Han et al., “ First Assessment of ENDF/B-VIII 
and EPICS Atomic Data Libraries”, IEEE Trans. Nucl. Sci.,
vol. 63, no. 8, pp. 2268-2278, 2018.
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Atomic data and GNDS
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A format should serve the data. Which data?

Atomic parameters

Electron/photon
interactions 

Molecular?
Parameters propaedeutic to model 
electromagnetic interactions in particle 
transport codes  

Positrons
Protons/hadrons

Ions

Any additional processes
Any additional data 
Any different computational approaches 

w.r.t. current EEDL/EPDL?

Neglected in ENDF atomic data libraries
Needed by particle transport codes
Some data compilations exist
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Does GNDS serve atomic data? 
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ENDF data 
translation

Probably ~OK
(quick glance at the documentation, 
should be systematically verified)

A more modern approach to atomic data libraries would be 
beneficial to better reflect current user needs and to foresee 

future perspectives (research, rather than just service!) 

ENDL data�

Atomic parameters and electron/photon 
data currently used in transport codes�

New electron/photon data 
assessed as state of the art�

Data extensions and improvements�

A roadmap
for the data

and
for GNDS

ENDF data�
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Problem domain decomposition!
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GNDS documentation about electron ionization:
‟It is assumed that both the scattered and the recoil electrons continue 
in the direction of the incident electron, and that no kinetic energy is
transferred to the residual atom”.

A format standard should be agnostic to 
physics modelling assumptions and data content

BUT transparency is a requirement for physics data 
libraries to be used in scientific environments

We want the data content, origin, assumptions etc. to be documented

Metadata: to be defined to enrich the raw data with 
additional information to identify and characterize them  
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ENDL data
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HAN et al.: FIRST ASSESSMENT OF ENDF/B-VIII AND EPICS ATOMIC DATA LIBRARIES 2269

TABLE I

EPDL CONTENT

TABLE II

EADL CONTENT

retrievable, it was identified by parsing the respective data
files.

Along with their distribution as standalone data libraries,
EPDL, EEDL, and EADL in ENDF-6 format are also included
in the ENDF/B nuclear data system, where they are iden-
tified as photo-atomic, electro-atomic, and atomic relaxation
libraries, respectively.

The EADL, EEDL, and EPDL data libraries are widely
used by general-purpose Monte Carlo particle transport codes,
including EGSnrc [18], FLUKA [19], [20], Geant4 [21]–[23],
MCNP [24], and Penelope [25].

A. “Livermore” Data Libraries: EADL, EEDL, and EPDL

The three data libraries are intended to be mutually compat-
ible to facilitate their use in the electron–photon transport: they
cover the same elements, with atomic number from 1 to 100,
and the same energy range, from 10 eV to 100 GeV; they are
based on the same atomic parameters, e.g. they were created
using the same subshell electron binding energies.

The EPDL data library underwent several updates [14],
[26]–[30]; the latest version EPDL97, released by LLNL

in 1997, encompasses data to describe photon coherent and
incoherent scattering, the photoelectric effect, and pair and
triplet production. EPDL97 also incorporates the Evaluated
Excitation Data Library (EXDL), which includes data to
describe photoexcitation lines. Although EXDL is distributed
with EPDL97, it is configured as a separate file. An overview
of the EPDL physics content is summarized in Table I; further
details can be found in the previously cited references.

The EADL library was first released in 1991. It contains
data for isolated neutral atoms: subshell parameters, relaxation
parameters, and energy deposition terms. The parameters listed
for each subshell are the number of electrons, the electron
binding energy and kinetic energy, and the expectation value
of the radius. Relaxation data concern both the radiative and
nonradiative transitions. Fluorescence yields are derived from
transition probabilities, and energy deposition terms are esti-
mated taking into account transition probabilities and binding
energies.

The atomic subshell parameters collected in EADL are
based on theoretical calculations by Scofield [31]–[33] and
Chen et al. [34]–[37]; in addition to published references,

EADL/EEDL/EPDL content is different 
in ENDF and ENDL format

GNDS Consider encoding atomic parameters present 
in ENDL format 

Caveat Some parameters present in previous EADL versions 
have disappeared in EPICS 2017

The origin of many of these parameters is unknown (undocumented) 
Requirement: metadata to document the origin etc.
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Data known to be useful
Some atomic data compilations, not currently included 
in EADL/EEDL/EPDL, have been used in Monte Carlo 
particle transport codes for a long time
‒ e.g. Biggs’ Compton profiles to model Doppler broadening in 

Compton scattering
‒ e.g. probability of creating a vacancy in an atomic shell in Compton 

scattering

Survey of atomic parameters and electron/photon data 
in particle transport codes
Encoding in GNDS
‒ Possible with existing definitions? 
‒ Need GNDS extensions?

9
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Caravaggio, 
Incredulità di san Tommaso

Do EADL/EEDL/EPDL reflect the state of the art?

of physics content 
(e.g. cross sections)

of composite observables 
(e.g. energy deposition in a detector)

Only a small fraction of EADL, EEDL and EPDL data 
has been directly validated with respect to measurements

Validation

Main difficulty
Digging into the literature (over almost a century…) to extract 

experimental data, evaluate them for consistency, systematics etc.

State of the art: the best one can do with the existing body of knowledge
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Photoelectric effect
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§ Biggs-Lighthill

§ Brennan-Cowan

§ Chantler

§ Ebel

§ Elam  

§ EPDL97
§ Henke 

§ McMaster

§ PHOTX 

§ RTAB  

§ Storm-Israel 

§ Veigele

§ XCOM

§ Sabbatucci-Salvat (2016)
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Fig. 24. Total photoionization cross section at 661.6 keV as a function of the
atomic number Z.

TABLE IV
EFFICIENCY CALCULATED WITH RESPECT TO EXPERIMENTAL

OR SEMI-EMPIRICAL REFERENCE DATA

TABLE V
TEST OF EQUIVALENT COMPATIBILITY OF CALCULATED TOTAL CROSS

SECTIONS WITH EXPERIMENTAL OR SEMI-EMPIRICAL DATA

The efficiency at reproducing experimental and semi-
empirical reference data is reported in Table IV for all com-
pilations covering the selected energy range. One observes that
it is systematically lower, when semi-empirical data are consid-
ered as a reference in the comparison; the Wald-Wolfowitz test
rejects the hypothesis of randomness of the sequence of results
associated with experimental and semi-empirical references
with 0.01 significance.

Categorical analysis performed over the compatibility
of cross section calculations with experimental and semi-
empirical reference data confirms that the observed difference
is statistically significant in all cases, with the exception of the
Storm and Israel compilation. The p-values resulting from dif-
ferent tests over contingency tables are listed in Table V. The
null hypothesis of equivalent compatibility with reference data

TABLE VI
P-VALUES FROM DIFFERENT TESTS COMPARING THE COMPATIBILITY

WITH EXPERIMENT OF TOTAL CROSS SECTION MODELS WITH EXTENDED

ENERGY COVERAGE AND EPDL, FOR ENERGIES ABOVE 1 KEV

is rejected by all tests with 0.01 significance in the comparison
involving cross sections based on Scofield’s 1973 calculations
(EPDL, PHOTX, XCOM and Scofield’s own tabulations). For
the comparison concerning Biggs-Lighthill cross sections, the
null hypothesis is rejected by all unconditional tests and by
Pearson’s χ2 tests, while it is not rejected by Fisher’s exact
test, which is known to be more conservative than unconditional
tests. The insensitivity of the Storm and Israel model to the type
of reference data to which it is compared is related to its overall
lower compatibility with experiment reported in Table IV.

From these results one can infer that the use of semi-
empirical data as a reference in the comparison with photo-
electric cross sections would introduce systematic effects in the
validation process.

All the analyses reported in the following sections concern
experimental data samples only.

B. Evaluation of Total Cross Section Compilations with Wide
Energy Coverage

Some of the total cross section models considered in this
study cover a wide energy range: those based on Scofield’s
1973 non-relativistic calculations (including EPDL, PHOTX
and XCOM compilations), Storm and Israel’s compilation and
Biggs-Lighthill’s parameterization, both in its original form and
in the modified version used by Geant4. Their extended applica-
bility has contributed to their extensive use in particle transport
codes.

General purpose Monte Carlo codes have traditionally han-
dled photon interactions above 1 keV; extensions to lower
energies have been included only relatively recently in some
of them. The validation process has investigated the ability
of these cross section compilations to reproduce experimental
data as a function of energy, with special attention devoted to
characterizing the behaviour at low energies, below 1 keV.

The efficiency of total cross section models applicable from
1 keV up to the highest energy measurements included in the
experimental sample (approximately 1.2 MeV) is reported in
Table IV. The largest efficiency is achieved by EPDL (which
is also the basis of Penelope’s tabulations). Categorical tests
based on contingency tables, summarized in Table VI, show that
the differences in compatibility with experiment between the
various models and EPDL are not statistically significant in this
energy range.

Scofield’s 1973 (EPDL) 
non-relativistic calculations total

cross sections: state-of-the-art for 

Monte Carlo particle transport 

Total and shell (K, L1,2,3) cross sections

M. C. Han et al., “Validation of Cross Sections for Monte Carlo Simulation of the Photoelectric Effect”,
IEEE Trans. Nucl. Sci., vol. 63, no. 2, pp. 1117–1146, 2016.
T. Basaglia et al., “Evolutions in photoelectric cross section calculations and their validation”,
IEEE Trans. Nucl. Sci., vol. 67, no. 3, pp. 492-501, 2020.

Insufficient statistical evidence to 

prefer other calculations for 

inner shell cross sections 

Lack of experimental data to 

assess outer shell cross sections

ENDF data & GNDS OK
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Photon elastic scattering
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BATIČ et al.: PHOTON ELASTIC SCATTERING SIMULATION: VALIDATION AND IMPROVEMENTS TO GEANT4 1651

TABLE VII
DIFFERENTIAL CROSS SECTIONS: P-VALUES RESULTING FROM THE TEST, DATA SAMPLE ABOVE 90

TABLE VIII
TEST OUTCOME: TEST CASES COMPATIBLE WITH EXPERIMENT AT 0.01 SIGNIFICANCE LEVEL

TABLE IX
TEST OUTCOME, EXCLUDING DATA SENSITIVE TO K AND L SHELL EFFECTS: TEST CASES COMPATIBLE WITH EXPERIMENT AT 0.01 SIGNIFICANCE LEVEL

has been previously noted [109], [176] that the use of rela-
tivistic wavefunctions in the calculation of form factors often
produces less accurate results than use of nonrelativistic wave-
functions, although—to the best of our knowledge—the rela-
tive efficiency of these two calculation methods at reproducing
experimental data has not been yet quantified with statistical
methods.

The Penelope 2001 model is less accurate than more recent
versions of the code.
The inclusion of anomalous scattering factors in the calcula-

tions based on EPDL97 does not contribute to improve compat-
ibility with experiment, while accounting for anomalous scat-
tering improves the compatibility with experiment of calcula-
tions exploiting relativistic and modified form factors.

BATIČ et al.: PHOTON ELASTIC SCATTERING SIMULATION: VALIDATION AND IMPROVEMENTS TO GEANT4 1645

Fig. 2. Differential cross section as a function of scattering angle for representative energies and target elements: experimental measurements (black circles),
calculations based on S-matrix (SM, black empty squares) and on EPDL (red circles). The S-matrix calculations account for Rayleigh scattering and nuclear
Thomson scattering; S-matrix calculations limited to the Rayleigh scattering amplitude are shown as a blue dashed line. The sources of experimental data are
documented in Tables III and IV.

elastic scatteringmeasurements alongwith the values calculated
by representative simulation models for the same energy and
scattering angle settings.
Experimental differential cross sections are the result of all

the physics processes that contribute to photon elastic scattering,
while the simulation models evaluated in this paper account for
the Rayleigh scattering amplitude only or, in the case of the
model based on S-matrix calculations, for the sum of Rayleigh
and Thomson scattering amplitudes. This feature is evident in
Fig. 3, which includes some of the higher energy measurements
in the experimental data sample: other processes, such as Del-
brück scattering, should be taken into account in the simulation,

along with Rayleigh scattering, to model photon elastic scat-
tering accurately at higher energies. The plots also expose some
characteristics of the experimental data: systematic effects af-
fecting some of the measurements, and the presence of outliers
in the experimental sample.
The distributions in Figs. 4 and 5 illustrate the difference be-

tween calculated and measured differential cross sections, for
a few representative models: two options based on the form
factor approximation, respectively using the form factors tab-
ulated in EPDL97 and modified form factors with anomalous
scattering factors, and themodel based on S-matrix calculations.
Fig. 4 shows the relative difference between simulated and ex-

S-matrix calculations exhibit significantly better compatibility with 
experiment than EPDL approach based on form factor approximation

EPDL: Hubbell’s non-relativistic form factors

M. Batič, et al., “Photon elastic scattering simulation: Validation and improvements 
to Geant4”, IEEE Trans. Nucl. Sci., vol. 59, no. 4, pp. 1636–1664, 2012.

(but do not drop current form factor data: diversity of requirements!)

ENDF data & GNDS need extensions
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Electron ionisation cross sections
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Ionization Cross Sections for Low Energy
Electron Transport

Hee Seo, Maria Grazia Pia, Paolo Saracco, and Chan Hyeong Kim

Abstract—Two models for the calculation of ionization cross sec-
tions by electron impact on atoms, the Binary-Encouter-Bethe and
the Deutsch-Märk models, have been implemented; they are in-
tended to extend and improve Geant4 simulation capabilities in the
energy range below 1 keV. The physics features of the implementa-
tion of the models are described, and their differences with respect
to the original formulations are discussed. Results of the verifica-
tion with respect to the original theoretical sources and of extensive
validation with respect to experimental data are reported. The val-
idation process also concerns the ionization cross sections included
in the Evaluated Electron Data Library used by Geant4 for low en-
ergy electron transport. Among the three cross section options, the
Deutsch-Märk model is identified as the most accurate at repro-
ducing experimental data over the energy range subject to test.

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

I. INTRODUCTION

V ARIOUS experimental research topics require the capa-
bility of simulating electron interactions with matter over

a wide range—from the nano-scale to the macroscopic one:
some examples are ongoing investigations on nanotechnology-
based particle detectors, scintillators and gaseous detectors, ra-
diation effects on semiconductor devices, background effects on
X-ray telescopes and biological effects of radiation.

Physics tools for the simulation of electron interactions are
available in all Monte Carlo codes based on condensed and
mixed transport schemes [1], like EGS [2], [3], FLUKA [4],
[5], Geant4 [6], [7], MCNPX [8], Penelope [9] and PHITS [10].
General-purpose Monte Carlo codes based on these transport
schemes typically handle particles with energy above 1 keV;
Geant4 and Penelope extend their coverage below this limit.

In the lower energy end below 1 keV, so-called “track struc-
ture” codes handle particle interactions based on discrete trans-
port schemes; they provide simulation capabilities limited to
a single target, or a small number of target materials, and are
typically developed for specific application purposes. Some ex-
amples of such codes are OREC [11], PARTRAC [12], Gross-

Manuscript received May 18, 2011; revised October 07, 2011; accepted Oc-
tober 08, 2011. Date of current version December 14, 2011. This work was
supported in part by the National Nuclear R&D Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Sci-
ence and Technology (2010-0023825, 2010-0028913).

H. Seo and C. H. Kim are with the Department of Nuclear Engineering,
Hanyang University, Seoul 133-791, Korea (e-mail: shee@hanyang.ac.kr;
chkim@hanyang.ac.kr).

M. G. Pia and P. Saracco are with INFN Sezione di Genova, I-16146 Genova,
Italy (e-mail: mariagrazia.pia@ge.infn.it; paolo.saracco@ge.infn.it).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNS.2011.2171992

wendt’s Monte Carlo for nanodosimetry [13], TRAMOS [14],
and Geant4 models for microdosimetry simulation in water [15].

The developments described in this paper address the
problem of endowing a general purpose, large scale Monte
Carlo system for the first time with the capability of simulating
electron impact ionisation down to the scale of a few tens of
electronvolts for any target element. For this purpose, models
of electron impact ionization cross sections suitable to extend
Geant4 capabilities in the low energy range have been imple-
mented and validated with respect to a large set of experimental
measurements.

The validation process, which involves experimental data
pertinent to more than 50 elements, also addresses the ion-
ization cross sections encompassed in the Evaluated Electron
Data Library (EEDL) [16], which are used in Geant4 low
energy electromagnetic package [17], [18]. To the best of the
authors’ knowledge, this is the first time that EEDL is subject
to extensive experimental benchmarks below 1 keV.

II. OVERVIEW OF ELECTRON IONIZATION IN GEANT4

The Geant4 toolkit provides various implementations of elec-
tron ionization based on a condensed-discrete particle transport
scheme. Two of them, respectively based on EEDL [19] and on
the analytical models originally developed for the Penelope [9]
Monte Carlo system, are included in the low energy electromag-
netic package; another implementation is available in the stan-
dard [20] electromagnetic package. In addition, a specialized
ionization model for interactions with thin layers of material, the
photoabsorption-ionization (PAI) model [21], is implemented in
Geant4.

The EEDL data library tabulates electron ionization cross sec-
tions in the energy range between 10 eV and 100 GeV; never-
theless, due to intrinsic limitations of the accuracy of EEDL and
its companion Evaluated Photon Data Libray (EPDL) [22] high-
lighted in the documentation of these compilations, the use of
Geant4 low energy models based on them was originally recom-
mended for incident electron energies above 250 eV [19]. This
limit of applicability was an “educated guess” rather than a rig-
orous estimate of validity of the theoretical calculations tabu-
lated in EEDL and EPDL. The lower energy limit of Penelope’s
applicability is generically indicated by its authors as “a few
hundred electronvolts” [23]. The lower limit of applicability of
Geant4 standard electromagnetic package is 1 keV.

The validation of Geant4 models for electron transport based
on the EEDL data library and on Penelope-like models is doc-
umented in [24] for what concerns the energy deposition in ex-
tended media.

0018-9499/$26.00 © 2011 IEEE
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TABLE I
PERCENTAGE OF TEST CASES IN WHICH CROSS SECTION MODELS ARE COMPATIBLE WITH EXPERIMENTAL DATA

Fig. 6. Fraction of test cases in which cross sections calculated by the imple-
mented models are compatible with experimental data at 0.05 significance level:
BEB model (blue squares), DM model (black triangles) and EEDL (red circles).
The fraction is calculated over the whole collection of data sets.

systematic errors contributes to underestimate the accuracy of
theoretical models, which may appear compatible with only
a subset of experimental data samples: Figs. 37 and 47 are
an example. On the other hand, the contradiction of patently
discrepant theoretical models that appear compatible with
discrepant experimental data sets contributes to overestimate
the accuracy: examples are Figs. 39 and 49.

The categorical analysis estimates whether the differences of
the models in compatibility with experiment are statistically sig-
nificant. The results are summarized in Tables II and III, re-
spectively comparing the compatibility of the BEB model and
of EEDL over the whole collection of data samples, and in
Table IV regarding the compatibility with at least one experi-
mental sample per element.

Fig. 7. Fraction of elements subject to test for which cross sections calculated
by the implemented models are compatible with at least one experimental data
set at 0.05 significance level: BEB model (blue squares), DM model (black tri-
angles) and EEDL (red circles).

The outcome of this statistical analysis supports the qualita-
tive appraisal of Figs. 6 and 7. Over the whole collection of data
samples, in the low energy range up to 50 eV the BEB model is
equivalent to the DM one, while EEDL is statistically equivalent
to the DM model above 250 eV. If one considers the compat-
ibility with at least one experimental data set per element, the
BEB model is statistically equivalent to the DM one also above
250 eV.

Some possible sources of systematic effects, which may bias
the results of the validation process, are analyzed in the fol-
lowing sections.

B. Data Used in the Determination of DM Parameters

Some of the parameters in the formulation of the Deutsch-
Märk model are determined from a fit to experimental data. The

Total cross section models
�Deutsch-Märk (DM)
�Binary Encounter Bethe (BEB)
� EEDL

DM model reproduces total 
experimental cross sections better 

than EEDL below a few hundred eV
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 65, NO. 8, AUGUST 2018 2279

Validation of Shell Ionization Cross Sections for
Monte Carlo Electron Transport

Tullio Basaglia, Matteo Bonanomi, Federico Cattorini, Min Cheol Han , Gabriela Hoff , Chan Hyeong Kim ,

Sung Hun Kim, Matteo Marcoli, Maria Grazia Pia , and Paolo Saracco

Abstract— Theoretical and semi-empirical methods to calculate
electron impact ionization cross sections for atomic shells are
subject to validation tests with respect to a wide collection of
experimental measurements to identify the state of the art for
Monte Carlo particle transport. The validation process applies
rigorous statistical analysis methods. Cross sections based on the
EEDL Evaluated Electron Data Library, widely used by Monte
Carlo codes, and on calculations by Bote and Salvat, used in
the Penelope code, are generally equivalent in compatibility with
experiment. Results are also reported for various formulations
of the Binary-Encounter-Bethe and Deutsch-Märk models.

Index Terms— Cross sections, Geant4, ionization, Monte Carlo
simulation, software validation.

I. INTRODUCTION

THE study reported in this paper complements a previous
investigation [1] of ionization cross sections for electron

transport with respect to experimental data: the previous pub-
lication examined total cross sections, with special emphasis
on the low energy range up to a few keV, while the present
study concerns the ionization of atomic inner shells by electron
impact. Both studies aim to identify the state of the art for the
calculation of electron ionization cross sections in Monte Carlo
transport codes.

Modeling electron interactions with matter is a fundamental
task of any particle transport code. The ability to calcu-
late cross sections for the ionization of individual shells,
along with the capability to simulate the subsequent atomic
relaxation [2], [3], is required in a variety of experimental
environments: in materials analysis performed by electron-
probe microanalysis, in surface analysis performed through
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Auger electron spectroscopy and more generally in experi-
mental scenarios where the simulation of characteristic X-ray
or Auger electron emission is important.

Theoretical and semi-empirical models have been developed
over several decades to calculate electron impact ionization
cross sections for atomic shells; nevertheless, despite the
experimental relevance of these cross sections, limited doc-
umentation is available in the literature about quantitative val-
idation of their calculations. Comparisons with experimental
data, such as those concerning the Deutsch-Märk model [4],
often rest on the visual appraisal of plots only. A recent pub-
lication [5] illustrates comparisons between some theoretical
calculations and experimental data published up to May 2013;
however, it is limited to the domain of descriptive statistics,
lacking statistical inference. Objective quantification is also
missing in the assessment of the relative merits of the various
calculation methods: their relative ability to reproduce exper-
imental measurements has not been estimated with statistical
methods yet.

This paper evaluates quantitatively and objectively the capa-
bilities of several calculation methods of electron impact
ionization cross sections that are relevant for general purpose
Monte Carlo transport codes. The evaluation concerns K shell,
L and M subshell ionization cross sections, for which experi-
mental measurements are reported in the literature. Statistical
inference is applied both to validate cross section calculations
with respect to experimental measurements and to detect sig-
nificant differences in the ability of the various calculations to
reproduce experiment. The outcome of this process identifies
the state of the art in modeling electron impact ionization
cross sections for K, L and M shells in Monte Carlo particle
transport codes.

II. ELECTRON IMPACT IONIZATION CROSS SECTIONS

The validation study reported in this paper addresses the
calculation of electron impact ionization cross sections in
a pragmatic way, i.e. considering calculation methods that
are sustainable within the computational constraints of par-
ticle transport codes, either by implementing simple analyt-
ical formulations or by interpolating available tabulations of
theoretical cross section calculations. Since the focus is on
general-purpose Monte Carlo codes, only methods able to
calculate electron impact ionization for any shell, and covering
an extended electron energy range, are considered in the
validation tests.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/

K shell cross section 
No significant difference in 
compatibility with experiment is 
observed between EEDL and 
recent calculations by Bote-Salvat
in distorted wave approximation

L1,2,3 cross sections
Univocal conclusions limited by 
scarcity of experimental data

Calculations of inner-shell ionization by electron impact with the distorted-wave and plane-wave
Born approximations
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A method is described for computing total cross sections for the ionization of inner shells of atoms and
positive ions by impact of electrons and positrons with arbitrary energies. The method combines the relativistic
plane-wave Born approximation !PWBA" with a semirelativistic version of the distorted-wave Born approxi-
mation !DWBA". Formal expressions for the longitudinal and transverse generalized oscillator strengths
!GOSs" of closed shells are derived. Tables of GOSs for K shells and for L and M subshells of neutral atoms
have been calculated for a discrete grid of energy losses and recoil energies. A suitable interpolation scheme
allows the easy evaluation of PWBA ionization cross sections from these GOS tables. The difference between
the total ionization cross sections that result from the DWBA and the PWBA !considering the longitudinal
interaction only" has been calculated numerically for projectiles with kinetic energies up to 16 times the
ionization energy of the active shell. In this energy range, ionization cross sections with the accuracy of a
distorted-wave calculation are obtained by simply adding this difference to the cross section resulting from the
conventional PWBA. For higher energies, the cross section is obtained by multiplying the PWBA cross section
by an energy-dependent scaling factor that is determined by a single fitted parameter. Numerical results are
shown to agree with experimental data, when these are available.
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I. INTRODUCTION

Ionization of inner shells by electron impact is the main
source of characteristic x rays from materials irradiated by
energetic electron beams. Knowledge of accurate cross sec-
tions for electron-impact ionization is therefore required for a
quantitative understanding of processes involving the gen-
eration of characteristic x rays by electrons, such as those
found in electron-probe microanalysis and Auger electron
spectroscopy, x-ray generators, radiation dosimetry, and
plasma physics. These processes can be studied by means of
Monte Carlo simulation of coupled electron-photon trans-
port. The common practice in general-purpose Monte Carlo
codes #1–3$ is to rely on approximate cross sections evalu-
ated from the relativistic plane-wave Born approximation
!PWBA", usually with empirical low-energy corrections. The
PWBA provides an accurate description of the ionization
process only for electrons and positrons with kinetic energy
E higher than about 30 times the ionization energy U of the
active shell. Unfortunately, except for the innermost shells of
heavy elements, the ionization cross section takes its larger
values in the energy range where the PWBA is not accurate
and where the adopted empirical corrections are known to be
only roughly approximate.

It is worth mentioning that the experimental information
available on electron-impact ionization is fairly limited and
experimental data are frequently affected by considerable un-
certainties. Data for K-shell ionization available up to De-
cember 1999 were compiled by Liu et al. #4$, and only a few
additional measurements have been reported since then. For
most elements, K-shell ionization data are limited to a few

electron energies and, in cases where measurements from
different laboratories are available, relative differences be-
tween them usually exceed the magnitude of the estimated
experimental uncertainties. Measurements for L-shell ioniza-
tion are much less abundant and are affected by still larger
uncertainties. For M and outer shells only very few measure-
ments have been reported. Experimental data for ionization
by positron impact are still scarcer.

On the basis of this limited experimental information, a
number of empirical and semiempirical analytical formulas
for evaluating electron-impact ionization cross sections have
been proposed #5–8$. However, these formulas are valid only
in limited energy ranges, where enough experimental infor-
mation is available, and they are affected by the same uncer-
tainties as the experimental data. Calculations of K- and
L-shell ionization cross sections within the nonrelativistic
PWBA have been reviewed by Powell #9,10$. More recently,
Rez #11$ has reported similar calculations for K, L, and also
M shells. Scofield #12$ described a fully relativistic formula-
tion of the PWBA and gave total cross sections for K and L
shells of selected elements. Approximations based on the
PWBA have also been proposed by a number of authors,
usually by combining analytical approximate forms of the
generalized oscillator strength with phenomenological low-
energy corrections. Among the most elaborate of these for-
mulations are the binary-encounter Bethe model of Kim et
al. #13–15$ and the Deutsch-Märk formulation #16$. The
Weiszäcker-Williams method of virtual quanta used by Kol-
venstvedt #17$, Seltzer #18$, and others can also be regarded
as a simplification of the PWBA !see, e.g., Ref. #19$".

As indicated above, the PWBA is reliable only for projec-
tiles with kinetic energies well above the ionization thresh-
old. Comparisons of triply differential cross sections calcu-
lated from the PWBA with experimental data #20–23$ reveal
limitations of this approximation even for energies of the
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EEDL OK
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Need
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Further major extensions

e.g stopping powers
Data for particles other than electrons/photons 

Identify and document GNDS requirements
Verify if new format definitions are needed
How is requirements traceability implemented in 
GNDS project?
What are traceability items in GNDS project?

Resources are needed…
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Conclusion

15

We wish nuclear and atomic data to 
progress together in their transition to GNDS

A roadmap for 
electromagnetic data libraries and their GNDS encoding

+ adequate resources to do the wotk

Manifesto for Open Physics Data Libraries
IEEE Workshop (NSS-MIC), Manchester, 27 October 2019

Review paper in preparation for IEEE Trans. Nucl. Sci.

GNDS should effectively accommodate the requirements of atomic data 

Atomic data libraries have been “orphan” for a long time… 
need time to catch up 
(Support to our team’s research proposal to INFN would be helpful)


