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lonization cross sections for low energy electron
transport
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Abstract— Two models for the calculation of ionization cross [14], and Geant4 models for microdosimetry simulation in
sections by electron impact on atoms, the Binary-EncouteBethe  water [15].
and the Deutsch-Mark models, have been implemented; they are  The developments described in this paper address the prob-

intended to extend and improve Geant4 simulation capabilies | f endowi | | le Monte Carl
in the energy range below 1 keV. The physics features of the em of endowing a general purpose, large scale vonte L.ario

implementation of the models are described, and their diffeences System fpr the f_irst. time with the capability of simulating
with respect to the original formulations are discussed. Rsults electron impact ionisation down to the scale of a few tens

of the verification with respect to the original theoretical sources of electronvolts for any target element. For this purpose,
and of extensive validation with respect to experimental d& odels of electron impact ionization cross sections slétab

are reported. The validation process also concerns the ionation ¢ tend G ta bilities in the | h
cross sections included in the Evaluated Electron Data Liary 0 €X!€Nd L€anta capabiiities in the low energy range have

used by Geant4 for low energy electron transport. Among the Peen implemented and validated with respect to a large set of
three cross section options, the Deutsch-litk model is identified ~experimental measurements.
as the most accurate at reproducing experimental data overhe The validation process, which involves experimental data
energy range subject to test. pertinent to more than 50 elements, also addresses the ion-
Index Terms—Monte Carlo, simulation, Geant4, electrons, ization cross sections encompassed in the Evaluated &hectr
ionization. Data Library (EEDL) [16], which are used in Geant4 low
energy electromagnetic package [17], [18]. To the best ef th
I. INTRODUCTION authors’ knowledge, this is the first time that EEDL is subjec

. . . to extensive experimental benchmarks below 1 keV.
ARIOUS experimental research topics require the capa-

b|||ty Of Simulating eIeCtron interactions W|th matter ave || OVERV|EW OF ELECTRON IONIZATION IN GEANT4
a wide range - from the nano-scale to the macroscopic one
some examples are ongoing investigations on nanotechy}ologI
based particle detectors, scintillators and gaseous tdesec

The Geant4 toolkit provides various implementations of
ectron ionization based on a condensed-discrete particl

radiation effects on semiconductor devices, backgroufed tsf transport scheme. Two .Of them, respe_ct_lvely based on EEDL
[19] and on the analytical models originally developed for

on X-ray telescopes and biological effects of radiation. the Penelope [9] Monte Carlo system, are included in the

Physics tools for the simulation of electron interactions a ) . .
. . low energy electromagnetic package; another implememtati
available in all Monte Carlo codes based on condensed an\al 9y 9 b 9 P

mixed transport schemes [1], like EGS [2], [3], FLUKA [4],|s available in the standard [20] electromagnetic package.

addition, a specialized ionization model for interactiavitgh
E]O] ngr::ra[\?]r;u[zgéshgcl\l:sri(te[%azs)nifg:s [?)]aggg zﬁlzhsethin layers of material, the photoabsorption-ionizati&l)
' § . . : del [21], is implemented in Geant4.
transport schemes typically handle particles with eneltgya The EEDL data library tabulates electron ionization cross

1 keV; Geant4 and Penelope extend their coverage below tgé%tions in the energy range between 10 eV and 100 GeV, nev-
limit. ’

In the | d bel 1 keV. led “t ertheless, due to intrinsic limitations of the accuracy BOE
n e" ower energy enc below €V, so-calle _raClénd its companion Evaluated Photon Data Libray (EPDL) [22]
structure” codes handle particle interactions based arratis

t t sch “th ide simulati bilitisidd highlighted in the documentation of these compilations e
ransport scnemes, they provide simuiation capabiitra of Geant4 low energy models based on them was originally

to a single target, or a small number of target materials, apéjcommended for incident electron energies above 250 eV

are typically developed for specific application purpoSesne 19]. This limit of applicabili “ »
. pplicability was an “educated guess
examples of such codes are OREC [11], PARTRAC uzéather than a rigorous estimate of validity of the theogdtic

Grosswendt's Monte Carlo for nanodosimetry [13], TRAMO alculations tabulated in EEDL and EPDL. The lower energy
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lonization models suitable for microdosimetry simulatiorexploitation of the developed models in different contexith
which operate in a discrete particle transport scheme, apeat versatility, without imposing the burden of inherita
available in Geant4 for electron interactions in water [15from a pre-defined interface, since policies are syntagndeid,
they are applicable for energies down to the electronvaliesc rather than signature-oriented.
The cross section models implemented in that context arePreliminary evaluations [32], [33] indicate that policgded
specific to one material (liquid water); due to lack of pegtin design contributes to achieve better computational perfor

experimental data, their validation is still pending. mance than conventional inheritance in the calculation of
cross sections, thanks to compile-time binding. This featu
I1l. SOFTWARE DEVELOPMENT PROCESS is relevant to the computationally intensive domain of Mont

. s _ .Carlo particle transport, especially at low energies, wher
The developments described in this paper adopt an |te¥at|é¢ P P b y 9

. . . o screte transport methods, involving a large number gisste
incremental process consistent with the Unified Procesp [2 b 9 9 o

The feat d its d ted in the followi i nd accounting for individual collisions with the interiact
€ fealures and results documented in the foflowing Ses Ic)medium, may be required for precise calculation.

correspond to the first cycle of a wider project concernirgg th The classes responsible for the calculation of ionization

development and asses_sm_ent of models for mulfu-s_ca_ler@tectcross sections conform to the cross section policy defined in
transport [26], [27], which is motivated by multi-discipéry

. v 7 32], [33]. The policy consists of &rossSectiorfunction,
experimental applications. A characterizing feature oé t

i ) . . ; . hose arguments are associated with characteristics of the
Unified Process, which differentiates it from other widesat g

fware lif | dels adopti tall 128 b incident particle and the target atom; it returns the valfie o
software lite-cycle models a opt!ng a waterfall [ ] a0, the cross section calculated in the conditions specifiechby t
is the production of concrete deliverables even at intefated

. i arguments.
stages of the project: this development cycle has enableg

the validation and comparative evaluation of differentgiby c. |mplementation

models, and has produced a data library usable in rnultipleThe Binary-Encounter-Bethe and Deutsch-Mark models are

environment. . . . ._implemented according to the analytical formulations degi
e e o e o oo iy e ofginl autnors. The mplementaon s based a
the publication of this paper latest revisions of. the modelg avq|lable in the I|teratyre.
’ Both cross section calculations involve a few atomic param-
eters; the Deutsch-Mark model also involves some empirica
A. Physics models parameters derived from fits to experimental data. The soft-

The developed software tools concern the calculation aW@r® implementation is based on the parameters documented
validation of cross sections for the ionization of an atom bjp the literature by the original authors of the theoretical
electron impact at energies below 10 keV: they are focusBtPdels; alternative sources were used in the software imple
on the total cross section for single ionization, namely tHBentation, when the original sources are not publicly acces
emission of one electron from a neutral atom, irrespectiéPle, or not specified. The differences of the implemeatai
of the shell from which the electron is emitted. Collectivith respect to the original models and their implications a
phenomena and solid state effects are outside their scepedigcussed in detail in the following sections.

well as the treatment of electron interactions with mattep . .
than ionization. D. Software Verification and Validation

Two ionization cross section models, which specifically The verification process ascertained whether the cross
address the low energy range, have been implemented: $86tions calculated by the software implementation of the
Binary-Encounter-Bethe (BEB) model [29] and the DeutsctREB and DM models are consistent with the original values
Mark (DM) [30] model. Their accuracy at reproducing exbublished by the respective authors. The validation pces
perimental data is extensively investigated in the follgvi INvolves comparisons with experimental data to ascertain
sections, along with the validation of the ionization cros¥hether the two new models and the EEDL data library
sections included in EEDL, currently used by Geant4. describe electron io.n.iza'gion Cross s_ectipns accurately. _

The theoretical models adopted in the software implemen—The software_verlﬁcatlon and validation follow the guide-
tation have a wider scope of applicability: they can catrulalines of the pertinent IEEE Standard [34]. Neverthelessseh
cross sections for the ionization of individual shells aglwe WO processes are intertwined: the verification of compéib
for multiple ionized atoms and for molecules. The assessmdjth original calculations cannot be completly disjoinorin
of these additional capabilities is intended to be the dhpéc the assessment whether any detected discrepancies would
further cycles in the software process, to be documenteddfiect the model accuracy significantly with respect to expe

dedicated papers. imental data. _ -
Some of the reference cross section values for the verifica-

_ tion and validation process, which are not available in nume
B. Software design ical format, were digitized from published plots by means of
The software adopts a policy-based class design [31]; thiee Engauge [35] software. The uncertainty associatedtivith
technique was first introduced in a general-purpose Mordgitization process was evaluated by digitizing plots séo
Carlo system in [15]. This programming paradigm allows thentries were known a priori; it is smaller than 1%.



IV. THE BINARY-ENCOUNTER-BETHE MODEL In the above equationkis the incident electron energyandu
are normalized incident and kinetic energiess the principal
guantum number (only taken into account when greater than
The Binary-Encounter-Bethe model is a simplified versiopy, g, is the Bohr radius an® is the Rydberg constant. The
of the Binary-Encounter-Dipole (BED) model [29] propose®EB model involves three atomic parameters for each subshel
by K_im and Rudd to calculate electron impact ionisation srogf the target atom, as shown [0 (1): the electron bindinggner
sections. B, the average electron kinetic energyand the occupation
The BED model combines a modified form of the Mott crossumberN. The sum over all subshellsgives the total cross
section [36] with the Bethe theory [37]. Mott theory desesb section; in practice, only the valence shell and a few outer
the collision of two free electrons: it is expected to giveubshells contribute significantly to determine the totalss
good results for small impact parameters, or hard collsiorsection value.
but it must be corrected for large impact parameters, or softin equation[{lL), the term associated with the first logarith-
collision, where dipole interaction is prevalent, espigiat mic function represents distant collisions (i. e. large atip
high incident electron energies. Several attempts have bgframeters) dominated by the dipole interaction, and the re
made to simultaneously describe hard and soft collisioB5{3 of the terms represent close collisions described by thet Mot
[41], but they generally failed in finding the proper mixingcross section; the second logarithmic function originétes

between these two different physical situations. the interference of direct and exchange scattering.
The BED model was proposed to describe in a parameter-

free fashion the impact of a free electron on a bound one: )
it is able to determine the proper mixing by requiring th&: Implementation of the BEB model
asymptotic behaviour of the ionization cross section to co- The BEB cross section model is implemented according to
incide with the one obtained in Bethe’s theory, but som@]).
issues remain open on how to describe within the modelThe atomic parameters originally used by the authors of the
the fact that the outgoing primary and secondary electropdel have been documented in the literature only for a small
are undistinguishable. This crucial feature is includety @am number of target elements; therefore, to satisfy the reguént
the Mott cross section. These shortcomings can explain egeneral applicability in a large scale Monte Carlo system
observed difference between the predictions of the BED aaflernative compilations of parameters, covering the whol
Deutsch-Mark model, which, as discussed in the followingeriodic system, are utilized in the software implementati
section, is to a large extent a phenomenological descnigfio  The electron binding energies (except for the valence elec-
ionization processes. tron) and average electron kinetic energies appearingen th
The BED model prescribes procedures to evaluate tbfiginal formulation of the Binary-Encounter-Bethe model
energy distribution of the ejected electron for each subshgerive from relativistic Dirac-Fock calculations [43]nse the
using the binding energy, average kinetic energy and dip@€ginal numerical values are not publicly available, thesre
oscillator strength for each subshell. The agreement of BEBplaced in the code implementation by the values reported i
with known experimental data is of the order of 10% in thin the Evaluated Atomic Data Library (EADL) [44]. EADL
region from the threshold to some keV. was also used in the software implementation to retrieve the
The oscillator strengths required in the BED formula casccupation numbers of each subshell, since the source sé the
be obtained by theoretical calculations or experimental-phparameters in the original BEB calculations is not exgicit
toionization cross sections; nevertheless, they are ngityeadocumented in the literature.
available for every atom and for each subshell. Although The choice of EADL in the software implementation as
the BED model shows qualitatively good agreement withn alternative source of the atomic parameters was mainly
experimental data for many atoms (e.g. H, He, Ne, Rlctated by the limited availability of compilations of nrea
[29], [42], the difficult availability of these component§its electron energies covering the whole periodic system;rothe
formulation limits its practical use. parameters, such as atomic binding energies and occupation
The BEB model [29] was proposed as a simplification of theumbers, were taken from the same source for consistency.
BED model, when the differential dipole oscillator stremig ~ Both in the original formulation of the model and in the
unknown. It assumes a simple form for the oscillator striesigt software implementation the binding energy for the valence
which approximates the shape of the oscillator strength felectron is obtained from the compilation of experimertaki
ionization of the ground state of hydrogen. ization energies [45] included in the NIST (National Instit
The BEB cross section for the ionization of substielé of Standards and Technology) Physics Reference Data.
given by:

A. Theoretical background

S S {In(t) (1 a i) L1_1_In(] c. verification of the BEB model implementation
Tot+(u+l)/n| 2 t2 t t+(11 The correctness of the BEB model implementation was
where: verified by comparing quantitatively cross sections caltad

with the same atomic parameters (binding energies, idbizat
potentials and electron kinetic energies) used by the malgi

T U o (RN
t=5 v=p §=dmagN (E) (@ authors with reference values published in the literatlire



i —— S V. THE DEUTSCHMARK MODEL
£ ] A. Theoretical background
- Ip-f"".li The Deutsch-Mark formalism was originally developed for
5 °F f . E the calculation of atomic ionization cross sections [3Dhas
“‘g b P -b_ql ] been subject to evolution [46]-[50] since its first formidat
5 F @ . 1 The DM model has its origin in a classical binary encounter
g 3F u B approximation derived by Thomson [51] and its improved
;o -, ; form by Gryzinski [52].
5 f * ", E The current expression of the DM formula calculates the
. i_ﬂ! e, E atomic cross sectiompy, for single ionization as the sum
0 ol over all partial ionization cross sections correspondmghe
ok T . removal of a single electron from a given atomic subshell,
Energy (eV) characterized by quantum numbersand! as:
Fig. 1. BEB cross section for electron impact on gallium ckited by the ODM = Z gnlﬂ'rilfnlbgfl) (u) <M) 3)
software (white squares) and original values (black s@)aes a function of il u
energy.
¥ In this formular,,; is the radius of maximum radial density
of the atomic subshell with quantum numbersand and
. o o &q is the electron occupation number in that subshegll;
i ] are weighting factors, which were determined by the origina
s b 1 authors from a fitting procedure [30], [46] using experinaént
- . ] cross section data. The quantity represents the reduced
SE o L ooooooo%oo b energyE/E,;, whereE is the energy of the incident electron
) ; K %o, ] andE,,; is the ionization energy of the subshell identified/by
5 1sf L éééééééﬁﬁé% % 1 and!/ quantum numbers. In the original authors’ calculations
g r o éé ééﬁﬁooo 1 the values of,; were taken from Desclaux’s compilation [53]
2 1r ° §§ ﬁﬁﬁ;%o . and ionization energies form Lotz’s compilation [54] of ietic
6 - éﬁ %;;oo ] binding energies. The,,; constant is close to one except
05 - © .* **%%ggé for electrons in thed orbital. The sum extends over all the
i ooi- ] subshells of the target atom.
O S The energy-dependent function has the form:
Energy (eV)
B () = T2, @
Fig. 2. Effect of atomic parameters on BEB cross section lecteon impact 1+ (u/A3)P

on nitrogen: cross sections calculated by the implementétivare (white h A A A d tants. that det ined
squares) with parameters as in secfion IV-B, original \al(l#ack squares), whereA;, A, Az andp are constants, that were determine

calculations as in sectidn IViB except for atomic binding@myes taken from from measured cross sections for the various valuesarid!

Lotz's compilation as in the DM model (asterisks) and forrage electron [49] [50]_ The superscripj refers to the number of electrons
kinetic energies as in the original formulation (white migées), and with all ’

atomic parameters taken from EADL (white circles). in the subshell identified by and!.

B. Implementation of the DM model

results of the software implementation are consistent wigh 1€ DM cross section model is implemented according to

original references; an example is illustrated in Fig. 1. (3). Most of the parameters in the implementation are taken

] ) from the sources documented by the original authors.
Nevertheless, as discussed in secfion 1V-B, the software im 1 yajues of the radius of maximal radial density derive

plementation uses different values of the the atomic pal@®ie 5 the review by Desclaux [53] as in the original model.

involved in [1), since the original ones are documented onffe parameters of the energy dependent function are those
for a small number of elements. The resulting cross SeCt'P(Eborted in an original reference [49].

values are sensitive to this modification, as one can observe\iomic electron binding energies derive from the compila-
in Fig.[d; the extent of alteration with respect to the orain tion by Lotz [54], as in the original calculations, with the

values depends on the element. exception of the binding energies for the valence electron,

An extensive investigation of the effect of atomic electrowhich are taken from NIST collection of ionization energies
binding energies on various physics quantities relevant [@b5] for consistency with the BEB implementation: however,
Monte Carlo particle transport, including the cross sedio Lotz's and NIST ionization energies are equivalent with50.0
calculated by the BEB model, is reported in [55]. The effedtignificance [55]. Occupation numbers are also taken from
of atomic parameters on the accuracy of the BEB model dtST Physics Reference Data, while their source is not
reproducing experimental data is discussed in se€fion VIl explicitly documented in the original formulation.
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Fig. 3. DM cross section for electron impact on carbon cakea by the Fig. 4. DM cross section for electron impact on gadoliniuritgiated by the
software (white triangles) and original values (blackrgkes), as a function software (white triangles) and original values (blackrigkes), as a function
of energy. of energy.

Weighting factors in the software implementation are taken 06
from original publications [46] and [47] (the former limde i
to the 7s orbital); although more recent values have been
determined by the original authors [56], they could not be
utilized in the current implementation, as they are not bl
documented.

05 [ N

04 - n

C. Verification of the DM model implementation

Average |0 ¢ ated * Foriginall / Foriginal

The formulation of the DM model was revised in 2004; 02 r ¢ N ]
therefore, only cross section values published since théh [ g ° . . " ]
[49], [57], [58] were considered as a reference in the softwa ! oo * e L. ¢
verification process. o X f.'f‘.“'?f""‘?m.ﬁ”?‘._m_mo‘m:”r

Original cross section values concerning 48 atoms were © 10 20 30 40 5 6 70 80 90 100
retrieved from the literature and compared to the corregpon Atomic number

ing values calculated by the software for the purpose of

verification. Two examples of these comparisons are itistr F19- 5 Average relative difference between DM cross sesticalculated by
. . . . . the software and original values, as a function of the atamimber Z.

in Fig.[3 and#. As shown in Figl 5, in more than 2/3 of the test
cases the average difference between original and cadculat

values is smaller than 5%; nevertheless, for a few target

elements (namely argon, cerium and gadolinium) it is greate ~ VI. THE EVALUATED ELECTRON DATA LIBRARY
than 20%. Goodness-of-fit tests comparing the distribgtimn
original and calculated cross sections confirm the rejaatio
the null hypothe§|§ .Of compat|.b|llty W|th_O.05 significanie of ionization cross sections resulting from theoreticdtgia-
these cases exhibiting large discrepancies. .

The most probable source of the observed discrepancﬁ'gsns' o ] )
between original and calculated values is the differentoget FOr close collisions, the calculations use Seltzer's modi-
weighting factors used in the software implementation arft§ation [59] of Maller’s binary collision cross section [50
in recent Deutsch-Mark calculations, as discussed iniggectWhich takes into consideration the binding of atomic elesr
VBl This assumption was tested by empirically adjusting tHn a_g_iverj subshell. qu distant c<_)l_lisions, they use Sefize
weighting factors values in the software implementatios; anodification [S9] of Weizsacker-Williams’ method [61],2§

a result of this operation, cross section values compatiffis approach is similar to the BED model in that it requires
within 1% with recently published reference ones could Hgowledge of the dipole oscillator strengths of the tarbat,
obtained for the elements exhibiting large discrepancies Reing primarily designed for high energy incident elecsian
Fig. [B. Nevertheless, for better traceability of the resaf May lead to unrealistic results below a few hundred eV.

the software, the published weighting factors of [46] an@][4 Calculations by Scofield [63] were used to take into account
were retained in the implementation. the density effect; this correction is significant for inrséell

The role of these discrepancies on the capability of tlmeoss sections for incident electron energies above a few
DM model implementation to reproduce experimental data mindred MeV, but this effect sets in at lower energies foeput
discussed in sectidn VIII. shells.

The Evaluated Electron Data Library includes tabulations



VII. VALIDATION OF ELECTRON CROSS SECTION MODELS significant for some elements: for instance, it represemsem

The electron ionization cross sections calculated by the Bnan 20% of single ionization for lead [102]. _
and DM models. and those tabulated in EEDL are validatedSOMe €xperiments measured absolute cross sections; some
through compari,son with experimental data report relative values with respect to other referenceschvh
Cross sections for the ionization of atoms based on the BEE either experimental er theoretlc.al cel_culaﬂons. Beti'h-
and DM models have been previously subject to compariselgues have drawbacks: the intrinsic difficulty of mak|_ng ac
with experimental measurements (e.g. [46], [49], [57],][580ur_ate abselute Cross sec_tlon_me_asurenjents and the fitssibi
[68]-[71]); these comparisons involve a limited number Oqf introducing a s_ystematlc bias in relatlve measurements.
target elements and experimental data sets, and rely oitagual Other features likely to be associated with systematicedfe
tive visual appraisal of the compatibility between models a can be identified in contradictory measurements of singte an

measurements. They concern calculations performed by I8! (counting or gross) ionization cross sections: in som
original authors, which, as discussed in the previous Gesti cases (for instance, as _reported_ In [1(_)2]_an<_j [108], [10%) t
in some cases cannot be reproduced, as not all the origifigPerimental cross section for single ionization appeager

parameters in the model formulation are publicly documegntd@n measurements of total gross or counting cross section,

To the best of the authors’ knowledge, the accuracy of tH@'Ch S'”Q'e |on|zat_|on shoulq be "?‘ component. .
EEDL ionization cross section calculations has not yet been-a'9€ discrepancies are evident in some of the experimental
quantitatively documented in the literature. data. Some data sets pertaining to the same target element

The validation process described in this paper concefd€ Patently inconsistent; systematic effects are likegsent
the cross sections calculated by the software implementati? SOMe cases, where the Wald-Wolfowitz test [151] detects
which, being intended for open source release along with thgquences of posmve or ”eg,a“"e d|fferences betweerriexpe
publication of this paper, are reproducible. It involves idav mental deta sets, which are incompatible ,W'th randomness.
collection of experimental data than previously published_The wide heterogeneity of the experimental data com-
Hligcates the validation process; it suggests caution in the

comparisons and concerns a larger number of elements; mad _ ;
over, the compatibility between the models and experinient3terpretation of results of agreement, or disagreemértheo

measurements is estimated quantitatively, based ontigtakis theoretical models with individual measurements, and ¢gedu
analysis methods. ’ to privilege a statistical analysis over a wide experimenta

sample as an indicator of the reliability of the theoretical

_ models for use in particle transport.
A. Experimental measurements

The v_alidation of the three electron ic_mization cross secti g Analysis method
models is based on a large set of experimental data [73] {[150 o i _
collected in the literature. The experiments were perfatme |N€ analysis is articulated over two stages: the first one
with different techniques and measured a variety of physig@stimates the compatibility between cross section models a
observables, which are not always exhaustively documenf@gPerimental data; the second one evaluates whether e thr

in the related publications. Some papers do not report t.m;odels exhibit any significant differences in their comipiati

uncertainties of the measurements. ity with experiment. o
The reference data include measurements of single ionizaCr0Ss sections are compared by means of statistical meth-

tion, i.e. the emission of a single electron as a result of tQ&S: goodness-of-fit testing to evaluate the compatibity

primary electron’s impact, as well as experiments that did nthe simulation models With experime_ntal measurements for
distinguish whether more than one electron had been emitRf" €lement, and categorical analysis based on contingenc
from the target atom. When multiple ionization is involved, {@Ples to evaluate the overall differences in compatibikiith
further possible source of ambiguity depends on whether tR&P€riment across the models. . o
measurements concerned the so-called “total countingsscro The null hypothesis in the goodness-of-fit tests is defined as

section, which accounts for the number of ions produced the equivalence of the simulated and experimental data-dist
butions subject to comparison. Unless differently spetifiee

Ocounting = Za"* (5) significance level of the tests, defined as p-value detengini
. ., _ o the region of rejection of the null hypothesis, is 0.05.

or the so-called "total gross” cross section, which is deter Gqqqness of fit tests are performed on pairs of cross section
mined by measuring the total ion current, distributions; for this purpose theoretical BEB and DM &o0s

Tgross = Z not (6) sections are calculated at the same energie_s as the exptﬂime_

data, and EEDL cross sections corresponding to these esergi

wheren represents the number of ionizations. Multiple ionare obtained through interpolation from tabulated values.
ization is generally small with respect to single ionizatior Two types of goodness of fit tests, implemented in the
instance, for several elements cross sections for double itatistical Toolkit [152], [153], are exploited in the \ddition
ization amount to a few percent of those for single ionizatioprocess: they? [154] test and three tests for unbinned dis-
and cross sections for triple ionization are approximasely tributions based on the empirical distribution functioreir
order of magnitude smaller than for double ionization [102fomplementary characteristics address some peculgiitie
Nevertheless, the contribution of double ionization may ke experimental sample, like the lack of documentation of



TABLE |
PERCENTAGE OF TEST CASES IN WHICH CROSS SECTION MODELS ARE COATIBLE WITH EXPERIMENTAL DATA

All Single Absolute Single
ionization | measurement | Absolute
No. data sets| 107 75 73 44
<20 eV BEB 74t+4 715 81+5 80+6
DM 75t4 755 81+5 8416
EEDL 36+5 39146 38+6 43+7
No. data sets| 129 90 83 49
BEB 63+5 67+5 53+6 53+8
20-50 ev DM 7144 | 7645 64+6 69+7
EEDL 17+4 2145 13+4 1646
No. data sets| 124 91 81 50
BEB 40+5 42+6 37+6 38+7
50-100 eV DM 6615 70+5 6416 7017
EEDL 18+4 2445 943 1445
No. data sets| 127 93 81 51
BEB 4445 51+6 38+6 45+8
100-250 eV | py 7044 | 7445 6746 73+7
EEDL 39+5 49+6 28+5 4147
No. data sets| 79 58 43 26
BEB 62+5 7615 58+6 81+6
250 eV-1 keV | oy 78+4 | 86+4 7245 8545
EEDL 67+5 79+5 6516 88+5
No. data sets| 25 22 12 11
<1 keV BEB 56+5 6416 7515 8216
DM 88+3 9143 9243 91+4
EEDL 72+4 73+5 100-12 100-15

some experimental uncertainties or their questionabimatt, appearing as the most accurate at reproducing experiment)
and mitigate the risk of possible systematic effects in the taken as a reference in the categorical analysis; the othe
validation results related to the mathematical formutatba models are compared to it by means of contingency tables,

single algorithm. to determine whether they exhibit any statistically sigpaifit
Among non-parametric goodness-of-fit tests, the test difference of compatibility with measurements.
takes into account experimental uncertainties explicltlys Contingency tables are built on the basis of the results of

applied in this analysis whenever experimental errors efe goodness of fit tests on individual data samples, which are
ported in the literature and the experimental sample stibjec classified respectively as “fail” or “pass” according to ther
test encompasses at least five data (i.extheest is considered the hypothesis of compatibility of experimental and cadoed
applicable according to statistics practice). Wetest statistic data is rejected or not according to the combined criterion.
is affected by the correct appraisal of the experimentarerr  The null hypothesis in the analysis of a contingency table
their unrealistic estimation may lead to incorrect conidnos consists of assuming the equivalence of the two categories
regarding the rejection of the null hypothesis. of models it compares, regarding their compatibility with
The Kolmogorov-Smirnov [155], [156], Anderson-Darlingexperiment.
[157], [158] and Cramer-von Mises [159], [160] tests are Contingency tables are analyzed with Fisher's exact test
applied to all comparisons. They are the only means of coifd61] and with they? test applying Yates continuity correction
paring distributions when experimental errors are unknowfl62]; the latter ensures meaningful results even with kmal
or the sample size is too small for the® statistic to be number of entries in the table. Pearsqd test [163] is
meaningful; they provide complementary information aboalso performed on contingency tables, when their content is
the compatibility of the compared distributions in the saseonsistent with its applicability. The use of differentteefn
where they? test is applicable, but the experimental errorthe analysis of contingency tables contributes to the rless
might have not been estimated realistically. of the results, as it mitigates the risk of introducing systéic
A criterion is defined to combine the results of the differergffects, which could be due to the peculiar mathematical
tests: the null hypothesis is not rejected if either the lpiwaf features of a single test.
the x? test or the p-values of at least two out of three unbinnedA 0.05 significance level is set to determine the rejection
goodness-of-fit tests are larger than the significance.lé¥e of the null hypothesis in the analysis of contingency tables
combined criterion privileges the outcome of thetest, which unless specified differently.
takes into account experimental uncertainties expliciiyd The statistical analysis is articulated in energy rangés re
requires some evidence of consistency from unbinned testsit to the problem domain. The higher end above 1 keV is
to accept the hypothesis of compatibility with experiment icovered by all general-purpose Monte Carlo codes for partic
cases where experimental errors are unknown, or might haxensport; it is considered a conventional régime of dalcu
been underestimated. tion of electron-photon interactions with matter. The emyer
The cross section model exhibiting the largest numbeange between 250 eV and 1 keV is relevant to simulation
of test cases where the null hypothesis is not rejected (iagplications using the Geant4 low energy electromagnetic



package, regarding the validation of the current models an 100
the comparison with other specialized cross section mode % |
not yet available in Geant4. The lower energy end, up to i
few tens of eV, pertains to microdosimetry or nanodosimetry
the validation results assess how the implemented model
which specifically address this domain, would extend Geant
simulation capabilities for applications not yet covergctie
toolkit. The assessment in the intermediate range quéntita
investigates the possibility of extending the applicapilbf
existing Geant4 models below the current nominal limit of
250 eV, or the need of new models, such as those studied
this paper, to fill the gap between the domain of microdosime
try simulation and conventional particle transport codes.
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VIIl. RESULTS

The cross sections calculated by the BEB, DM and EEDL

models are pIotted_ln FIM?Z along W'_th e)(pe”m(:"nn_i_i'daFig. 6.  Fraction of test cases in which cross sections catledl by

The results of their quantitative comparisons are detdited the implemented models are compatible with experimentah da 0.05

the next section, while possible sources of systematicisife significance level: BEB model (blue squares), DM model (klangles)
. . . . . . and EEDL (red circles). The fraction is calculated over tHeole collection

which might affect the validation of the simulation modelS,; 44t sets.

are discussed in the following sections.

Energy range (eV)

100

A. Compatibility with experimental data

The results of goodness-of-fit tests over all experimente
data samples are summarized in Table I; they report th
percentage of test cases in which the null hypothesis i
not rejected, i.e. the theoretical models describe the da
adequately. The table lists results for different expentake
data types: the whole data sample, single ionization cros
sections, absolute measurements, and absolute meastsem:
of single ionization.

The results over the whole data sample are visualized i
Fig.[8, where one can observe that the DM model exhibits th 10
best overall compatibility with experimental data, whilE[BEL 0 . . . . .
capability at reproducing measurements drops signifigantl 0-20  20-50 50-100 100-250 250-1000 >1000
below the limit of 250 eV recommended for its use in Geant4

Fig.[4 summarizes the results in relation to elements rathe
than individual experimental data sets; it shows the peaggn ) ) ) )
of efements subject 0 test for which the null hypothesisis 5, 721 fsements subjet o est o which crassans caouted
rejected for at least one set of experimental measuremBmMs. set at 0.05 significance level: BEB model (blue squares), Dtieh (black
trend is quite similar to that observed in Fig. 6, with the DMriangles) and EEDL (red circles).
model exhibiting in general the best capability at caldntat
cross sections compatible with experiment.

Due to the discrepancies of measurements discussedsignificant. The results are summarized in Tallés Il land I,
section[VII-A, the results reported in Tadle | and FigH.]6-7/espectively comparing the compatibility of the BEB model
should not be interpreted straightforwardly as estimatehe and of EEDL over the whole collection of data samples,
efficiency of the implemented models at calculating corregnd in Table IV regarding the compatibility with at least one
cross sections The presence of experimental data affegtedeperimental sample per element.
systematic errors contributes to underestimate the acgwfa ~ The outcome of this statistical analysis supports the quali
theoretical models, which may appear compatible with onlytative appraisal of Fid.16 arid 7. Over the whole collection of
subset of experimental data samples: Eid. 38 and[Fig. 48 data samples, in the low energy range up to 50 eV the BEB
an example. On the other hand, the contradiction of patentiyodel is equivalent to the DM one, while EEDL is statistigall
discrepant theoretical models that appear compatible wghRuivalent to the DM model above 250 eV. If one considers
discrepant experimental data sets contributes to ovarasti the compatibility with at least one experimental data set pe
the accuracy: examples are Fig] 40 and Eig. 50. element, the BEB model is statistically equivalent to the DM

The categorical analysis estimates whether the diffeencme also above 250 eV.
of the models in compatibility with experiment are statiatly Some possible sources of systematic effects, which may
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Energy range (eV)



bias the results of the validation process, are analyzeten t 100

following sections. 90 |

B. Data used in the determination of DM parameters %0
Some of the parameters in the formulation of the Deutsch
Mark model are determined from a fit to experimental data
The reuse of experimental data to which model parametel
were fit should be taken into account in the calculation of
the number of degrees of freedom in the goodness-of-fit tes
concerning those experimental data sets. Nevertheless, t
calculation of proper degrees of freedom is hindered by th
difficulty of ascertaining which experimental data weredise
for the determination of the weighting factors used in the DM 0
model implementation, and what was actually fit. 0-20 20-100  100-250 250-1000  >1000
In the earliest version of the model the fit was based ol
a few experimental data sets for rare gases and uraniuim
identified in [46], that were considered reliable by the o Fig g Fraction of test cases in which BEB cross sectionsutated with
authors of the DM model. A later revision [164], which reortdifferent atomic atomic parameters [l (1) are compatibléh vexperimental
a subset o the weighiing factors mplemented i the sofewafels % 05 SECcs fwel i pasrirs e et Il
mentions the inclusion of cross sections of small molecines somyiation (pink diamonds) and as in section IV-B except tloe average
the determination of the new model parameters: this suggeséctron kinetic energies, which are as in the original rhémtenulation (white
a global fit for the determination of the weighting factors if§ircles). The analysis of compatibility reported in the tpie limited to the
. . . subset of elements for which the original parameters areirdeated in the
(3) involving a set of molecules and atoms, which would haygatyre.
scarce relation with the issue of the degrees of freedom in
goodness-of-fit tests concerning a single atom and a single
experimental data sample. experimental data concerning calculations based on @ligin
According to goodness-of-fit tests, some of the cross sggarameters are necessarily limited to the elements foriwhic
tions calculated by the software are incompatible with 0.0ariginal parameter values could be retrieved in the liteeat
significance with experimental data exploited in the orgin The differences in compatibility with experiment are small
fit of [46]: this finding hints that they retain weak memory ofind a categorical analysis based on contingency tables con-
having been involved in a fit for the determination of moddirms the equivalence of the different calculations. Nevert
parameters. A categorical analysis comparing the comgdiarless, apart from the lowest energy range, the cross sections
with experimental data used in the original authors’ fits arghlculated with the original parameters exhibit systecadiy
with data samples excluding them produces statisticallyveq greater compatibility with experiment than those resgltin
alent results. These observations suggest that the gaedhesfrom modified parameters. The difference in compatibility
fit analysis for the validation of the DM model applied in thigelated to different values of the average electron kinetic
paper is not significantly affected by the inclusion of a dmagnergies appears small; this observation suggests thataime
subset of experimental data, which may have been somergaurce of differences is related to atomic binding energies
involved in the determination of the model parameters. and occupation numbers. In particular, the value of the first
ionization potential plays a significant role in determuniie
C. Effect of BEB model parameters accuracy of BEB cross sections, as one can observe in Fig.

As sh . ol VL, th | £ th [9, which compares cross sections calculated with NIST and
S shown in S?Ct'o - the rep aqement of the atomig | jonization potentials. An extensive evaluation ofraio
parameters used in the original formulation affects theealf binding energies and their effect in particle transport ban

the cross sections calculated by the BEB model. The eﬁectf8 nd in [55]
different values of the atomic parameters on the compayibil ¢ apparent overall better performance of the model with

th.thhe model W'tr? :{neasuren;ents IS |Ilu§trat;,\.dh|gEFé@. %he original parameters suggests that improved accurady co
which compares the fraction of test cases in whic » CTOBR achieved by optimizing the source of the atomic binding

sections calculated with different atomic atomic paramsee energies to be used in the calculation. However, this is not a

E\)/e?re consistent with experimental data at 0.05 SIgn"’]e"’mstraightforward operation, since consistency should lseed

. . ith other atomic parameters, namely occupation numbets an
The influence of atomic parameters on the accuracy of t

cross sections has been estimated through a sensitivityséa m%(éter(l)_n kinetic energies, involved in the formulation bet
considering the compatibility with experiment:. Crosstests

were calculated with parameters as in the original model

formulation, as in the software implementation, and witR- Effect of DM model parameters

original average electron kinetic energies along with ttteeo  As discussed in sectidn VC, the cross sections calculated
parameters as described in seclion IV-B. The comparisaths why the software exhibit some differences with respect te¢ho

70 |
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TABLE Il
CONTINGENCY TABLES RELATED TODM AND BEB CROSS SECTION COMPATIBILITY WITH EXPERIMENTAL DATA

Energy Goodness-of-fit tesf All Single Absolute Single
ionization measurement Absolute
DM BEB | DM BEB | DM BEB DM BEB
Pass 80 79 56 53 59 59 37 35
<20 eV Fail 27 28 19 22 14 14 7 9
p-value Fisher test 1 0.714 1 0.783
p-value Pearsory? 0.876 0.583 1 0.580
p-value Yatesy? 1 0.714 1 0.782
DM BEB | DM BEB | DM BEB DM BEB
Pass 91 81 68 60 53 44 34 26
20-50 eV Fail 38 48 22 30 30 39 15 23
p-value Fisher test 0.235 0.250 0.208 0.146
p-value Pearsory? 0.187 0.188 0.156 0.097
p-value Yatesy? 0.235 0.250 0.208 0.147
DM BEB | DM BEB | DM BEB DM BEB
Pass 82 49 64 38 52 30 35 19
Fail 42 75 27 53 29 51 15 31
50-100 ev p-value Fisher test| < 0.00T Z0.001 0.00T 0.002
p-value Pearsory? < 0.001 < 0.001 0.001 0.001
p-value Yatesy? < 0.001 < 0.001 0.001 0.003
DM BEB | DM BEB | DM BEB DM BEB
Pass 89 56 69 47 54 31 37 23
Fail 38 71 24 46 27 50 14 28
100-250 eV 5 Aie Fisher test| < 0.00T 0.00T Z0.001 0.009
p-value Pearsory? < 0.001 0.001 < 0.001 0.005
p-value Yatesy? < 0.001 0.001 0.001 0.009
DM BEB | DM BEB | DM BEB DM BEB
Pass 62 49 50 44 31 25 22 21
Fail 17 30 8 14 12 18 4 5
250 eV - 1 keV ' — e Fisher test | 0.036 0236 0.758 T
p-value Pearsory? 0.024 0.155 0.175 not applicable
p-value Yatesy? 0.037 0.236 0.258 1
DM BEB | DM BEB | DM BEB DM BEB
Pass 22 14 20 14 11 9 10 9
> 1 keV Fail 3 11 2 8 1 3 1 2
p-value Fisher test 0.025 0.069 0.590 1
p-value Yatesy? 0.027 0.072 0.584 1

reported in recent publications by the original authorshaf t parameters may modify the value of cross sections without
model. affecting substantially the overall accuracy of the modihw

The observed discrepancy is not a source of concern for fi§SPect to experimental references.
accuracy of the software. In fact, when subject to the véitida It is worthwhile to note that, while a sensitivity analysik o
process described in sectibn VI, the calculated DM crote BEB model implementation to different values of atomic
sections are compatible with experimental data in most ef tRarameters appearing in its formulation, like electrordbig
test cases exhibiting relatively large discrepancies vétipect €nergies, was feasible, a similar procedure would not be
to recently published original values: apart from ceriunstraightforward for the DM model, whose formulation is the
gadolinium and dysprosium, all the elements exhibitingagge result of a global fit performed by the original authors.
than 10% average difference with respect to original refeze
are compatible with experimental data with 0.05 signifiean®&. Dependency on the type of cross section measurement

over the energy range covered by measurements; the calcurpe theoretical models considered in this paper concern the
lations for gadolinium and dysprosium are compatible witRy|culation of cross sections for single ionization, whihe
measurements above 20 eV. It is worthwhile to note that a'éQperimental data to which they are compared include both
the cross sections for cerium, gadolinium and dysprosiuReasurements of single and “total counting” or “total gross
recently published by the original authors [58] exhibitibie  cross sections, that also account for multiple ionization.
differences with respect to experimental data. Regardieg tyrinciple the former should be more reliable referencesifer
discrepancy between calculated and original cross sectam yajigation process, as the comparison would involve ctersis
argon, the controversial experimental situation depiatéelg. physics quantities; nevertheless, this assumption coeld b
BT hinders the assessment of which calculation would pdygyalidated by the heterogeneous quality of the experialent
more reliable cross sections. measurements discussed in secfion VlII-A.

The verification and validation analysis suggests thagmgiv Some of the experimental data involved in the validation
the quality of the available measurements, there is roamne relative cross sections with respect to reference salue
for some flexibility in the determination of the DM modeltaken from other theoretical or experimental sources: for
parameters deriving from a fit to experimental data: difiéreinstance, several cross sections are reported relativbieo t



CONTINGENCY TABLES RELATED TODM AND EEDL CROSS SECTION COMPATIBILITY WITH EXPERIMENTAL DATA

TABLE Il

Energy Goodness-of-fit tesf All Single Absolute Single
ionization measurement Absolute
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 80 38 56 29 59 28 37 19
<20 eV Fail 27 69 19 46 14 45 7 25
p-value Fisher test < 0.001 < 0.001 < 0.001 < 0.001
p-value Pearsory? < 0.001 < 0.001 < 0.001 < 0.001
p-value Yatesy? < 0.001 < 0.001 < 0.001 < 0.001
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 91 22 68 19 53 11 34 8
20-50 eV Fail 38 107 22 71 30 72 15 41
p-value Fisher test < 0.001 < 0.001 < 0.001 < 0.001
p-value Pearsory? < 0.001 < 0.001 < 0.001 < 0.001
p-value Yatesy? < 0.001 < 0.001 < 0.001 < 0.001
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 82 22 64 22 52 7 35 7
Fail 42 102 27 69 29 74 15 43
50-100 ev p-value Fisher test| < 0.001 Z0.001 20,001 Z0.001
p-value Pearsory? < 0.001 < 0.001 < 0.001 < 0.001
p-value Yatesy? < 0.001 < 0.001 < 0.001 < 0.001
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 89 49 69 46 54 23 37 21
Fail 38 78 24 47 27 58 14 30
100-250 eV e Fisher test| < 0.00T 0.00T Z0.001 0.003
p-value Pearsory? < 0.001 0.001 < 0.001 0.001
p-value Yatesy? < 0.001 0.001 < 0.001 0.003
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 62 53 50 46 31 28 22 23
Fail 17 26 8 12 12 15 4 3
250 eV - 1 keV ' — a e Fisher test 0.152 0462 0643 T
p-value Pearsory? 0.108 0.326 0.486 not applicable
p-value Yatesy? 0.153 0.461 0.642 1
DM EEDL | DM EEDL | DM EEDL | DM EEDL
Pass 22 18 20 16 11 12 10 11
> 1 keV Fail 3 7 2 6 1 0 1 0
p-value Fisher test 0.289 0.240 1 1
p-value Yatesy? 0.289 0.241 1 1

11

measurements of [78], while examples of normalization withhe analysis, summarized in Table$ V dnd VI, is based on
respect to theoretical calculations are the measuremdntscontingency tables, which report the “pass” and “fail” aute
[99] (relative to Bray’s calculations [165] at 15 eV) and obf goodness-of-fit tests associated with either category of
[103] (relative to McGuire's calculations [166] at 500 eV)measurements in the various energy ranges.
The normalization procedure is prone to introduce further The DM model exhibits equivalent compatibility with single
uncertainties and possible biases in the reference data.  jonization measurements and total (counting or gross) rexpe
The fraction of test cases which are compatible with expemental cross sections with 0.01 significance level over the
iment is shown in Figd_10-12 for different types of experiwhole energy range. The results are similar for the BEB model
mental references: the whole sample, measurements ogsingith the exception of energy range between 250 eV and 1 keV,
ionization only, absolute cross section measurements antyy where the hypothesis of equivalent compatibility with expe
absolute measurements of single ionization. The consigterment over the categories of single and total (counting osgjro
of the DM model with experiment appears independent froomoss section measurements is rejected with 0.01 significan
the type of reference data, while for BEB and EEDL crodRkegarding EEDL, equivalent behavior with respect to the two
sections one can observe some increased compatibility widitegories of experimental data is achieved at 0.01 signifie
measurements concerning single ionization. level only in the low energy range below 50 eV and above 1
The relative trend of compatibility with experiment of thekeV.
three cross section models is scarcely affected by theenafur The BEB and DM model exhibit statistically equivalent
the reference experimental data, as one can observe in Flg=havior at 0.01 significance level with respect to absolute
[I3fI5, to be compared with Fif] 6 reporting the fraction aind relative measurements, with the exception of the energy
compatible test cases for all types of measurement. range between 20 and 50 eV regarding the BEB model. No
The influence of the type of measurements in assessﬁ'}'gar trend can be identified in EEDL compatibility with eith
the accuracy of a given model has been estimated throuyhe of measurements.
an analysis of compatibility with alternative categories o The compatibility of the individual models with respect to
experimental references: single ionization and total togn different types of experimental measurements is refleated i
or gross cross sections, absolute and relative measuremethgeir comparative analysis reported in Table II: the resoft



TABLE IV
CONTINGENCY TABLES RELATED TO CROSS SECTION COMPATIBILITY WI'H AT LEAST ONE EXPERIMENTAL DATA SET PER ELEMENT
Energy Goodness-of-fit tesf  Models Models
DM BEB | DM EEDL
Pass 40 43 40 21
Fail 11 8 11 30
<20eV p-value Fisher test 0.612 < 0.001
p-value Pearsory?2 0.445 < 0.001
p-value Yatesy?2 0.611 < 0.001
DM BEB | DM EEDL
Pass 44 37 44 13
Fail 9 16 9 40
20-50 eV p-value Fisher test 0.162 < 0.001
p-value Pearsory?2 0.109 < 0.001
p-value Yatesy?2 0.170 < 0.001
DM BEB | DM EEDL
Pass 47 32 47 17
Fail 7 22 7 37
50-100 ev p-value Fisher test 0.001 < 0.001
p-value Pearsory>2 0.001 < 0.001
p-value Yatesy?2 0.002 < 0.001
DM BEB | DM EEDL
Pass 50 31 50 30
Fail 4 23 4 24
100-250 ev p-value Fisher test| < 0.001 < 0.001
p-value Yatesy? < 0.001 < 0.001
DM BEB | DM EEDL
Pass 28 24 28 24
Fail 7 11 7 11
250 eV - 1 keV p-value Fisher test 0.413 0.413
p-value Pearsomn? 0.274 0.274
p-value Yatesy? 0.412 0.412
DM BEB | DM EEDL
Pass 12 8 12 10
> 1 keV Fall 2 6 2 4
p-value Fisher test 0.209 0.648
p-value Yatesy? 0.209 0.645

100
90
80
70
60
50
40
30
20

Compatible experimental data sets (%)

10

Fig. 9.

level.

12

0-20

20-50

50-100

100-250 250-1000

Energy range (eV)

>1000

Fraction of test cases in which BEB cross sectionsutated
with NIST ionization potentials (black squares) or with EADnes (grey
diamonds) in[{lL) are compatible with experimental data @6 Gignificance

The sensitivity to the type of measurements above 250 eV
suggests that the equivalence of the BEB and DM models at
reproducing experimental data is somewhat marginal in this
energy range, therefore small variations in the experiaient
sample over which the two models are evaluated are prone to
perturb the outcome of their comparison.

From this analysis one can conclude that the evaluation
of the validity of the three models is scarcely affected by
the type of experimental data taken as references: the DM
model exhibits the best overall compatibility with expeeinh
and its comparison with the other models produces consisten
results at 0.01 significance level irrespective of the témpim
of measurement.

F. Excitation-autoionization

Apart from direct ionization, which accounts for the ejeati
of a bound electron directly into the continuum, additional
indirect channels of ionization may be important for open-
shell atoms, such as the excitation of an inner-shell elactr
to an upper bound state that leads to autoionization [69].

comparison with respect to the DM model are consistent fdheir contribution is generally included in the experinsnt
all types of measurements up to 250 eV, but above 250 eV timeasurements of total cross section for single ionization,
BEB model is statistically equivalent with 0.05 significarto  which do not distinguish direct and indirect channels.

the DM one with respect to measurements of single ionizationContributions of indirect channels are not taken into aotou
and absolute cross sections, while their compatibilitynsted by the BEB model, which describes only cross sections for
to 0.01 significance over the whole collection of data samplalirect ionization, while their non explicit treatment cdube
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TABLE V
CONTINGENCY TABLES COMPARING THE COMPATIBILITY OF THEORETCAL MODELS WITH SINGLE AND TOTAL (COUNTING OR GROS$ CROSS SECTION
MEASUREMENTS
Energy Goodness-of-fit test BEB DM EEDL
Single Total | Single Total | Single Total
Pass 53 26 56 24 29 9
Fail 22 6 19 8 46 23
<20eV p-value Fisher test 0.339 1 0.379
p-value Pearsory? 0.254 0.971 0.297
p-value Yatesy? 0.368 1 0.411
Single Total | Single Total | Single Total
Pass 60 21 68 23 19 3
Fail 30 18 22 16 71 36
20-50 eV p-value Fisher test 0.173 0.091 0.076
p-value Pearsory?2 0.167 0.058 not applicable
p-value Yatesy? 0.236 0.092 0.108
Single Total | Single Total | Single Total
Pass 38 11 64 18 22 0
Fail 53 22 27 15 69 33
50-100 eV p-value Fisher test 0.416 0.133 0.001
p-value Pearsory?2 0.396 0.101 not applicable
p-value Yatesy?2 0.522 0.154 0.004
Single Total | Single Total | Single Total
Pass 47 9 69 20 46 3
Fail 46 25 24 14 47 31
100-250 eV p-value Fisher test 0.017 0.125 < 0.001
p-value Pearsory?2 0.016 0.094 not applicable
p-value Yatesy?2 0.027 0.145 < 0.001
Single Total | Single Total | Single Total
Pass 44 5 50 12 46 7
Fail 14 16 8 9 12 14
250 eV - 1 keV p-value Fisher test < 0.001 0.011 < 0.001
p-value Pearsory>2 < 0.001 0.005 < 0.001
p-value Yatesy?2 < 0.001 0.014 < 0.001
Single Total | Single Total | Single Total
Pass 14 0 20 2 16 2
> 1 keV Fall 8 3 2 1 6 1
p-value Fisher test 0.072 0.330 1
p-value Yatesy?2 0.143 0.791 0.641
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Fig. 10. Fraction of test cases in which BEB cross sectioescampatible Fig. 11. Fraction of test cases in which DM cross sectionscarepatible
with experiment at 0.05 significance level, for differempég of measurements: with experiment at 0.05 significance level, for differerpeg of measurements:
all measurements (black squares), single ionization émijuares), absolute all measurements (black triangles), single ionizationii@vtiiangles), absolute
cross section measurements (grey squares) and absolusunereants of cross section measurements (grey triangles) and absoletsurements of
single ionization (crosses). single ionization (crosses).
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TABLE VI
CONTINGENCY TABLES COMPARING THE COMPATIBILITY OF THEORETCAL MODELS WITH ABSOLUTE AND RELATIVE CROSS SECTION MEASURBEIENTS
Energy Goodness-of-fit tes{ BEB DM EEDL
Absolute  Relative| Absolute Relative| Absolute  Relative
Pass 59 20 59 21 28 10
Fail 14 14 14 13 45 24
<20eV p-value Fisher test 0.020 0.054 0.395
p-value Pearsory? 0.016 0.035 0.368
p-value Yatesy? 0.030 0.061 0.494
Absolute  Relative| Absolute Relative| Absolute  Relative
Pass 44 37 53 38 11 11
Fail 39 9 30 8 72 35
20-50 eV p-value Fisher test 0.002 0.028 0.146
p-value Pearsory? 0.002 0.025 0.123
p-value Yatesy? 0.004 0.042 0.194
Absolute  Relative| Absolute Relative| Absolute  Relative
Pass 30 19 52 30 7 15
Fail 51 24 29 13 74 28
50-100 ev p-value Fisher test 0.448 0.557 < 0.001
p-value Pearsory? 0.438 0.533 < 0.001
p-value Yatesy? 0.561 0.671 0.001
Absolute  Relative| Absolute Relative| Absolute  Relative
Pass 31 25 54 35 23 26
Fail 50 21 27 11 58 20
100-250 ev p-value Fisher test 0.095 0.316 0.002
p-value Pearson? 0.079 0.265 0.002
p-value Yatesy? 0.117 0.361 0.003
Absolute  Relative| Absolute Relative| Absolute Relative
Pass 20 19 22 22 23 20
Fail 12 12 10 9 9 11
250 eV - 1 kev p-value Fisher test 1 1 0.595
p-value Pearson? 0.921 0.848 0.530
p-value Yatesy? 0.872 0.934 0.721
Absolute  Relative| Absolute Relative| Absolute Relative
Pass 9 5 11 11 12 6
> 1 keV Fail 3 8 1 2 0 7
p-value Fisher test 0.111 1 0.005
p-value Yatesy? 0.151 0.941 0.011
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Fig. 12. Fraction of test cases in which EEDL cross sectisascampatible

with experiment at 0.05 significance level, for differenpeyg of measurements:
all measurements (black circles), single ionization (etgircles), absolute
cross section measurements (grey circles) and absoluteune@aents of single

ionization (crosses).

partly mitigated by the semi-empirical nature of the Delitsc
Mark model. The results of the validation process in some
way reflect this different approach of the BEB and DM model
towards the physics phenomena that contribute to experimen
tally measured ionization cross sections.

The neglected contribution of excitation-autoionization
could be also a reason for the rather poor compatibility of
EEDL with experiment below 250 eV; nevertheless, no firm
conclusion can be drawn in this respect due to the scarce
documentation of how EEDL tabulations have been calculated

Methods to calculate cross sections for excitation-
autoionization are documented in the literature [69] andldio
be considered in future development cycles to include this
process among the interactions treated by Geant4.

IX. ELECTRON CROSS SECTION DATA LIBRARY

The minimalist character of the software design and its
minimal dependencies on other parts of Geant4 facilitage th
exploitation of the developments described in this paper.

The developed cross section classes can be used in asso-
ciation with the Geant4 toolkit for the simulation of eleutr
ionization as a discrete process, through the mechanism of a
policy host class as described in [15], [32], [33]. The BERBIan
DM cross section code can also be exploited for the creation
of data libraries to be used in the current Geant4 schems, thu
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Fig. 13. Fraction of test cases in which cross sections ldém by the Fig. 15. Fraction of test cases in which cross sections [z by the three
three models are compatible with single ionization measergs at 0.05 models are compatible with absolute measurements of siogigation cross
significance level: BEB model (blue squares), DM model (bl&tgangles) sections at 0.05 significance level: BEB model (blue sqya@d model

and EEDL (red circles). (black triangles) and EEDL (red circles).

= 0T X. CONCLUSION
°§ 0T Two models for the calculation of the cross sections for the
E 80 r + ionization of atoms by electron impact, specialized in the |
5 70} + energy range, have been implemented: the Binary-Encounter
£ 60 f i + 1 Bethe model and the Deutsch-Mark model. These models are
g 5 | | intended to extend and improve the current capabilities of
] 0 | ] Geant4 for precis_ion simulation of electron interactions.
8 + + The cross sections calculated by these models, as well as
s %0 i 1 those included in the Evaluated Electron Data Library, have
8 20} 1 been subject to extensive validation in the energy ranga fro
§ 10 | ¢ ¢ | a few eV to 10 keV.

0 , , , , , Among the cross section models analyzed in this paper,

020 2050 50-100 100-250 250-1000 >1000 the validation analysis has identified the Deutsch-Markleto

as the most accurate for modeling electron ionization over
the whole energy range considered in the test. The EEDL
cross sections exhibit statistically equivalent accuricyhe

Fig. 14. Fraction of test cases in which cross sections tztmliby the three energy range above 250 eV, in which they were originally
models are compatible with absolute ionization cross @ectieasurements at

0.05 significance level: BEB model (blue squares), DM molkeldk triangles) recommended for use_m Geant4; they _are not adequately
and EEDL (red circles). accurate to extend their usage below this threshold. In the

lower energy end the Binary Encounter Bethe models exhibits

statistically equivalent accuracy with respect to the Belt
extending Geant4 simulation capabilities below the cur28@ Mark one; nevertheless, its performance appears to degiad
eV limit recommended for the use of the EEDL library. higher energies, presumably because it does not account for

A data library consisting of tabulations of ionization csosother channels than direct ionization.

section calculated by the BEB and DM models has beenPossible sources of systematic effects, which could affect
produced exploiting the software developments describedthe accuracy of the implementation of the theoretical model
this paper; the cross sections are tabulated at the sangienethe outcome of the validation process, have been analyted. T
as in the EEDL data library. This data library can be usedet thalues of atomic parameters, namely atomic binding engrgie
place of the current EEDL data in connection with existing inplay a significant role in determining the accuracy of the
plementations of Geant4 ionization process, thus givimgse calculated cross sections.
to the extended energy coverage and the improved accuraci cross section data library has been developed, containing
of the new models in a transparent way. Its possible use is tabulations of ionization cross sections calculated by the
limited to Geant4; given its wider interest, it is intendedoe  software described in this paper; it is meant for publicasée
publicly distributed independently from Geant4 througle thfollowing the publication of this paper. The availabilityf o
Radiation Safety Information Computational Center (RSIC@ross section tabulations in a publicly distributed dabaaliy
following the publication of this paper. would extend the possibility of using them in other simulati

Energy range (eV)



systems than Geant4. [9]
The models investigated in this paper provide more extended
capabilities, that have not been exploited yet in the first
development cycle described in this paper: they can descrilfio]
the ionization of molecules, which could be of interest foe t
simulation of gaseous detectors and plasma interactions, a1
can calculate cross section for the ionization of innerlshel
thus enabling the simulation of atomic relaxation detesdin
by a vacancy in the shell occupation. Such extensions argh,
improvements, as well as the development of complementary
models for final state generation, are intended to be thecbbje
of further developments. [
The described developments for the first time endow a
general-purpose Monte Carlo simulation system of the ca:
pability of modeling electron ionization down to the energy
scale relevant to nanodosimetry, for target elements spgnn
the whole periodic system. Nevertheless, it is worthwhie t
recall that other phenomena, apart from direct ionizatibn o
atoms, should be taken into account for realistic simufatib
particle interactions at very low energies: further efferould
be invested for Geant4 to achieve full functionality fortpze
transport at nano-scale. [17]
Due to the already significant length of this paper and its
focus on cross section modeling and validation, applicatio
of the models to real-life experimental topics are meanteo bl18]
covered in dedicated papers.
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Fig. 37. Cross section, Z=28: EEDL (empty circles), BEB nia@enpty
squares), DM model (empty triangles) and experimental fitata Koparnski

reported in [46] (black circles).
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Fig. 38. Cross section, Z=29: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental fiata [102] (red
squares), [123] (black circles), [124] (blue trianglesyl 4h25] (pink stars).
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Fig. 39. Cross section, Z=30: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [126]

(black circles).
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Fig. 40. Cross section, Z=31: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental flata [127] (blue
triangles), [128] (red squares) and [129] (black circles).
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Fig. 41. Cross section, Z=32: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles).
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Fig. 42. Cross section, Z=33: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles).
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Fig. 43. Cross section, Z=34: EEDL (empty circles), BEB nia@enpty

squares), DM model (empty triangles) and experimental data [102]
(black circles).
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Fig. 44. Cross section, Z=35: EEDL (empty circles), BEB nia@enpty
squares), DM model (empty triangles) and experimental datean [111]
(black circles).
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Fig. 45. Cross section, Z=36: EEDL (empty circles), BEB nmia@enpty
squares), DM model (empty triangles) and experimental flata [76] (black
circles), [84] (blue triangles), [81] (red squares), [8BInk stars), [78] (green
upside-down triangles), [115] (turquoise asterisks) &8@] [black squares).
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Fig. 46. Cross section, Z=37: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental ffata [85] (blue
triangles), [86] (black circles), [98] (pink stars), [11@lrquoise asterisks),
[130] (red squares) and [131] (green upside-down triangles
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Fig. 47. Cross section, Z=38: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental filata [118] (blue
triangles), [106] (black circles) and [120] (red squares).
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Fig. 48. Cross section, Z=47: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles), [132] (red squares), [133] (blue triarsyle[134] (turquoise
asterisks), [135] (pink stars) and [124] (green upside+ddriangles).
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Fig. 49. Cross section, Z=48: EEDL (empty circles), BEB nia@enpty
squares), DM model (empty triangles) and experimental data [126]

(black circles).
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Fig. 50. Cross section, Z=49: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental data [127]
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Fig. 51. Cross section, Z=50: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental data [102]
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Fig. 52. Cross section, Z=51: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles).
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Fig. 53. Cross section, Z=52: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles).
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Fig. 54. Cross section, Z=53: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental datan [111]
(black circles).



Cross section (10™%cm?)

Energy (eV)

Fig. 55. Cross section, Z=54: EEDL (empty circles), BEB nia@enpty
squares), DM model (empty triangles) and experimental filata [78] (black
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Fig. 58. Cross section, Z=58: EEDL (empty circles), BEB mia@enpty

circles), [76] (red squares), [84] (blue triangles), [8tfden upside-down Squares), DM model (empty triangles) and experimental datm [143]
triangles), [136] (turquoise asterisks), [83] (pink s}afé15] (black squares) (Plack circles).

and [137] (black triangles).
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Fig. 56. Cross section, Z=55: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental flata [85] (black
circles), [86] (red squares), [98] (turquoise asteriskE38] (pink stars), [116]
(green upside-down triangles) and [139] (blue triangles).
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Fig. 57. Cross section, Z=56: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental flata [118] (pink
stars), [140] (red squares), [106] (blue triangles), [1@ilack circles), [120]
(green upside-down triangles), [142] (turquoise astsjisk
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Fig. 59. Cross section, Z=60: EEDL (empty circles), BEB mia@enpty

squares), DM model (empty triangles) and experimental data [143]
(black circles).
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Fig. 60. Cross section, Z=62: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental data [143]
(black circles) and [144] (red squares).
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Fig. 61. Cross section, Z=63: EEDL (empty circles), BEB ma@epty Fig. 64. Cross section, Z=68: EEDL (empty circles), BEB mia@enpty
squares), DM model (empty triangles) and experimental datan [141] squares), DM model (empty triangles) and experimental diatm [143]

(black circles) and [144] (red squares). (black circles).
T T T T T T T 12 U ——— T T T — T T
16 B [ ]
wb E w [ 4
e [ - e t ]
< ¥ 1 L8 f 4
=) r ] o [ ]
S ] 2 i sap ]
c r q c a] N
o r 1 o 6 - AAp % -
= 8 — - =3 L A % 4
|5} = - |5}
0] L ] ] b 4
7] L ] 7] L i
9 °r 7] g ar % %% -
8 [ ] 5 [ o 0000 000000 0 O + ]
4 ] [ o®@° i
L ] 2 o |
- = o] 4
2 g [ o ]
n 0] L 1
0 L s 0 L a | L L L TR | 3 L
10 10 10
Energy (eV) Energy (eV)

Fig. 62. Cross section, Z=64: EEDL (empty circles), BEB nio@enpty Fig. 65. Cross section, Z=69: EEDL (empty circles), BEB niogenpty
squares), DM model (empty triangles) and experimental daten [143] squares), DM model (empty triangles) and experimental daten [144]

(black circles). (black circles).
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Fig. 63. Cross section, Z=66: EEDL (empty circles), BEB nio@enpty Fig. 66. Cross section, Z=70: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental daten [143] squares), DM model (empty triangles) and experimental daten [143]
(black circles). (black circles) and [144] (red squares).
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Fig. 67. Cross section, Z=79: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental data [125]

(black circles).
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Fig. 68. Cross section, Z=80: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental diatan [145]
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Fig. 70. Cross section, Z=82: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [102]
(black circles), [146] (red squares), [147] (blue triarsylg148] (pink stars),
[142] (turquoise asterisks) and [149] (green upside-davamgles).
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Fig. 71. Cross section, Z=83: EEDL (empty circles), BEB mia@enpty

(black circles), Harrison (red squares), Jones (blue dgtés), Liska (pink squares), DM model (empty triangles) and experimental daten [102]
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Fig. 69. Cross section, Z=81: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [118]
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(black circles) and [109] (red squares).

(black circles).
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Fig. 72. Cross section, Z=92: EEDL (empty circles), BEB nio@enpty
squares), DM model (empty triangles) and experimental datan [150]
(black circles).
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