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Extrapolated range expression for electrons down tel0 eV

C. Inguimbert, J. Pierron, M. Belhaj, J. Puech

Abstract—. The “extrapolated range” of electrons is a very down to few tens of eV. This has been used to exthe
practical physical parameter widely used in many aplications. validity domain of the range/energy formula prombsey

The commonly used analytical expressions are givetassicaly for \weper [9, 11] which now ranges from few tens of @V to
energies down to ~1 keV. An empirical equation forthe several tens of MeV

extrapolated range of electrons in condensed mattehas been
formulated. It is given for 41 different elements ad for energies

ranging from ~10 eV up to some tens of MeV. II. RANGE AND EXTRAPOLATED RANGE

. ()

Index terms— Space Environment, electron, extrapoltad range. ] | i
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l. INTRODUCTION 1 MeV :

The extrapolated range of electrons is a measurieof electron
penetration distance of electrons in solid materids

knowledge is of great interest in many differentmdins that
operate or are subject to electron beams. Fornostahe

electron spectroscopy [1] is based on high-resmiuti £ 120§

measurements on the characteristics of emittedrefecthat £ T

escape only from a depth of a few nanometers. Hahi® <= S 80 Extrapolated range

kind of surface analysis method requires the kndgéeof the ‘&E .

range of electrons, for energies down to few tehe\o The T & 40 range

discussed Secondary-Electron-Emission (SEE) propkss & © l

also an important role in the performance of vasidevices £ o 11 ‘ ‘ ‘ ‘

[2, 3]. Depending on the application, the materiale © 0 0.5 1 1.5 2

rigorously selected in order to enhance or lowee th 100 -

secondary-electron emission. In the field of spaceg g 80 1

technologies, we can mention the case of multipacto% & c

phenomenon that may occur in Radio-Frequency (RF) § % 60 -

components of satellites [4]. For example, in miawge and § <5 04 Extrapolated range

millimeter wave power tubes, low secondary-electron g % 2 1 MeV electron in Al range

emission materials are required in order to previm % g 20 Ny I
g2 D

triggering of this multipactor effect. In this segghe electron = = o | ‘ T~ v

extrapolated range is a fondemental parameter coryrosed
in SEE yield models [5, 6].

In the past, many studies have led to the pubtinatif several
empirical formulas [7-16]. Most of them have beearduced
from experimental transmission measurements. Butow

energy, below 1 keV, the existing experimental iclifties In a target material, the incident electrons aogved down by
make the evaluation of the extrapolated range ioglstiip successive inelastic interactions with electronsthaf target
quite difficult. Consequently, the validity domaird the atoms. Subsequent to these interactions, eacltlpaias an
analytical expressions that can be found in tleedture [7-16] individual trajectory. The path length of this &ejory is the
extend at best down to ~1keV. However some apjoicst total distance traveled until the electron comesest. This
such as secondary electron emission need modeasargldistance remains absolutely unknown since the behaV a

down to some eV. In that work, we propose to uddoate particle beam follows statistical laws which onlyake it

Carlo electron transport code (OSMOSEE [17, 18]) possible to define an average path length knowtheaérange”
determine numerically the extrapolated ranges @felectrons of the particles. At a given energy E, the ranggeiined as the
average of path lengths of the electrons in a sefinite slab.

C. Inguimbert, J. Pierron & M. Belhaj are with ONER2 av. E. Belin, It can be evaluated by the integral of the reciptanf the

31055 Toulouse, France (tel: 33-562252734, emaitopping power (dQ/dx) over energy from a finalato initial
christophe.inguimbert@onera.fry. Puech is with CNES, 18 av. E. Belig|ye.
31401 Toulouse cedex, France.
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Fig. 1. Definition of the range and the extrapalatenge of electrons.




E 1 is dependent of the energy of the electrongn(mg/cm?, k =
ranng) = IO WdQ (1) 412, n = 1.265 — 0.0954 In(E)Sometime is found to be
A dependent of the absorber [8]. Weber [9] proposdifarent
X . . . .
expression, valids for aluminum in the energy radi® keV,

This value is called the Contlnuous-SIqmn.g-Dongev]_ Kobetich and Katz [10, 11] extended this rebtb the
Approximation (CSDA) range. But, for many applicais, the 0.3 keV- 20 MeV range by adjusting the constants:
projections of the paths of the particles in a gidérection,

representative of the studied geometry, can havenose B

practical importance. For electrons, that are lyigiattered, X=A 1"(@ (3)
two parameters are commonly used: the extrapoledade

and the practical range. The extrapolated rangm®iismonly where x is the practical rangeE the kinetic energy of the
defined as the point where the tangent at the sttegectionelectrons, A=5.37 IHg/cm?/keV, B=0.9815 and C=3.12340
of the transmission curve intersects with the théds axis (X-keVv? [10]. Kobetich [11] improved this formula making i
axis) [15, 16] (fig.1). Analogously, the practizahge can bedependent on the atomic number Z of the material:

defined by some autors, with the depth-dose curvdace of

the transmission curve. According to these defingi the A= (1.06[2'038 + 0.18)><10‘°3g/cm?.kev

practical range and extrapolated range differ iighut they

have often been used interchangeably. In the preseik we B=022(Z "+ 078 (4)
will focus on the definition of the extrapolatedhge. C= (1.1[2-029 + 021)x10‘°3 | keV
© 102 1 The practical range calculated with this modelrsspnted in
Fig. 2 for four different materials (Pb, Cu, Al & CSome other
101 A models can be found in the literature [12-16]. Mokthem
suppose the practical range to tend to zero acuprth a
power law, and contrary to the Weber expressiozy tire not
g' 109 1 Weber model [9, 10, 11] relevant on the whole energy range. The Weber egjme has
o also the advantage to be able to either expressxtingpolated
@ ; range x as a function of the enerdy or inverselyE as a
@ 107" 1 function of x. This work proposes to improve this model
E (formula (2) & (3)) [9] in order to extend its vdity down to
.E 10_2 i 10 eV.
D
E M. Low ENERGYMONTE CARLO TRANSPORT CODE
g 103 1
g For that purpose, the Monte Carlo code OSMOSEE ]87,
m 104 1 dedicated to the transport of low-energy electnwio imatter
Pb has been used. Incident electrons traveling in la seith
Cu energies in the [eV, keV] range, are scatteredastally in
109 A collisions with the electrons of the material. Imatt energy
Al domain the scattering with the valence electronsthie
106 L. C o dominant loss mechanism. An effective way to evaluhe
! ' ' ' ' ' interaction cross sections with these valence relest is based
104 102 100 102 on the complex dielectric function theory [19, 20he version

2.3 of the OSMOSEE code [18] is based on that fosmaand
Energy (MeV) the use of the optical data of reference [21]. Aailed
Fig. 2. Range vs. energy of electrons Weber forr@)i& (3). description of the code can be found in refererjé@$ and
[18]. The general methodology is briefly remindeuten
A number of authors have proposed empirical ramgegy The inelastic interactions of incident electronghvélectrons of
expressions describing the electron extrapolatees in the target atoms are modeled using the energyfiossion:
various materials [7-16]. The aluminum has beerfdoy the -1
most extensively studied material. The range energy Om ——— (5)
relationships are most of time of the form: g(ha), q)
x=Kk[E" oyWherehw and q are respectively the energy and momentum
transfers of the electrorg(hw,q) is the complex dielectric
Katz and Penfold [7] have drawn up a very thoroughction of the target material. The energy-loscfion at g=0
compilation of numerous experimental results famghum is obtained from optical data [21], fitted by a sétDrude-
and have proposed an empirical formula for theagxlated functions, then extended t@:@ using dispersion relations [19,
range of electrons with energy comprised betweekeMand 20]. The differential interaction cross sectiongisen by the
3 MeV. In this expression, widely used in the pan factor following expression:



-1
e(hew,q)

d*AME)_ 1
dhwldq 78,E

T

q

(6)

| s

The inelastic mean free paths are deduced by etiegr of
equation (6) onhw,q) domains defined by laws of energy a
momentum conservation [20, 21].

Individual and collective interactions with eleatiso of the
conduction band are treated. The interaction ceesgions
with the core electrons are also extracted accgrdinthis
formalism. The coulombic elastic interactions witie atoms

are modeled according to the interaction cross i®gct

calculated with the ELSEPA code that performs #ativistic
(Dirac) partial-wave calculations for scattering by local
central coulombic potential [22]. Up to now, onliareée
different materials have been implemented in théIOSEE
code: aluminum, silver and silicon. OSMOSEE2.3 ¢o
allows the quantification of different quantitiesick as
backscattered electron vyield, secondary electrorissiom
yield, transmission probabilities, range and exdtaged range
of electrons. The transmission probabilities ande
extrapolated ranges have been evaluated for tke thifferent
materials (Al, Ag, Si) (Fig. 3, Fig. 4 & Fig.5). €ke functions

have been used in order to define and parameterize

energy/range analytical formula relevant down t6 eV.

V. TRANSMISSION PROBABILITY
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Aluminum target
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Fig. 3. Transmission probability of normally incideelectrons on

aluminum targets. The incident energies are inrémge [5 eV, 1.5

keV]. The calculations have been performed with Mente Carlo

code OSMOSEE 2.3.

0.1

The extrapolated range is deduced from the trassonis
probability calculated with OSMOSEE2.3 Monte Catlode
according to the method describe in the sectidRig. 1). The
transmission functions have been evaluated foretdiferent
materials (Al, Si, Ag) as a function of the incideziectron
energy. They are presented in the figures 3 & 4afominum
and silver. The penetration depths are higherimadum than
in silver which have a higher density. For 1.5 keMctrons
the penetration depth can reach hundred of nanosnéte

aluminum. It reaches only 20 nm in silver. On tloatcary, at
low energy around few eV the penetration depthhia two
materials are comparable (~ nm).

1 =
0.9 -
0.8 -
0.7 -

OSMOSEE 2.3

: Silver target

o o
U o

Probability
o
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o o
oW

0.1 100
Depth (nm)

Fig. 4. Transmission probability of normally incideelectrons on
silver targets. The incident energies are in timged5 eV, 1.5 keV].
fthe calculations have been performed with the Mdbéelo code

OSMOSEE 2.3.

V. EXTRAPOLATED RANGE

A. Monte Carlo extrapolated range
A Si28 OSMOSEE 2.3

107 o Ag47, OSMOSEE 2.3 ‘/
100 L » Al13, OSMOSEE 2.3

E Al 13, Weber formula [11]

[ ——Ag 47, this work
101 = o [11]

E _Si14, thiswork

I ——Al 13, this work

102 %
103 ¢
104 E

100 E

Extrapolatedrange (g/cm?)

104 ¢

10'? E

104
10

104 102

E (MeV)
Fig. 5. Electrons range/energy function given by fitrmula (6) and

compared to OSMOSEE 2.3 Monte Carlo calculatiorsdoB some

hundred of eV the Weber model (Grey curdg)es not reproduce

faithfully the Monte Carlo simulations.

100 102



For Si, Al, and Ag target materials, and accordingthe B. Analytical expression
method described in Fig. 1, the extrapolated ranfi@scident

electrons,
probabilities calculated with OSMOSEE2.3 (Fig. 3-&. 4). with both the Monte Carlo simulations of OSMOSEH dhe
The extrapolated ranges show a typical behavioutoat experimental data of ref. [11] (Fig. 5). But belest keV the
energy (Fig. 5). Below some hundred of eV, theapdtated Weber formula (2) is no more applicable. As cansben on
range reaches a kind of plateau region which ldepkends onFig. 5, below 1 keV, the commonly used power low
the material (Fig. 5). expressions [7, 8, 12-16] are not able to predictectly the

have been extracted from the transmisgibove some keV, the Weber formula is in good agergm

practical range of electrons. Consequently, the &Vetmodel
[9, 11] has been extended to be relevant in thelevtilomain

10000 - of energy.
inelastic MEP In our new expression (6), the use of the modaNeber (2)
[11] is maintained for energies greater than 14¥.kBelow
004 | 0 - Elastic MFP this energy, the formula (2) has been replaced dowi0 eV,
by a power law function (6) dependent of the absorBs can
- 100 - : be seen in Fig. 5, the analytical expression pewid
S Aluminum extrapolated ranges in very good agreement withMoate
o Carlo simulations OSMOSEE2.3.
= 10 -
x=D(E+E,)" 10eV < E < E, = 145keV
1 -
B
x=AEl-——— E = E, = 145keV
0.1 : . . . . (1+CE)
0.1 1 10 100 1000 10000
E-EF (&V) with the following parameters

Fig. 6. Mean free path of electrons in aluminungéar The inelastic
mean free path increases strongly below 50 eV. Ehastic Eo =145 keV
interaction becomes the dominant process.

Rya = 910 g/cne

At these energies, the transport of electron igedriby two

kinds of interactions: The inelastic electron/alect A= (1-06[2_038 + 0.18)><10'°3g/cm?.kev

interactions, that lead to important energy losses] the  _ - 0055
ST ) . = + 0.
elastic interactions with the nuclei, that deflsttongly the B=022[F 078

trajectory of the moving electrons without any @yelioss. At C = (1_1[2‘029 + 021)x10‘03g/ cnekeV

very low energy (<~50 eV), the elastic interactiarith nuclei

become more and more important. As can be seerigprBFE —
for aluminum, around ~10 eV the elastic mean frathps an '
order of magnitude smaller than the inelastic mieaa path. B

At these low energies, the electrons are strongiytered by E

the nuclear interactions while conserving theirrgpe The

transport of electrons can be assimilated to aarnevalk G ERO,AI
motion. The electrons are highly scattered witteout energy
loss, until an inelastic interaction occurs, legdihe particle
to come to rest. Hence, the electron is able toetra
relatively long distance before being stopped byiretastic AE{l—}
interaction. The extrapolated range of the elestismo more

proportional to the incident energy, and the ramgevgy D= =
function stabilizes (Fig. 5). A plateau region isserved on (Eo + Er)
the practical range function at low energy. Theelesf this
plateau region changes from a material to anoffigr §) as a
function of the relative values of the inelasticl atastic mean
free pathes.

T =

(7

As can be seen in formula (6) and (7), this modgdethds on
two main parametersk( G) that must be defined for each
different material. These two parameters have lbeéned for



41 different elements with the help of the ref. [[2¥he practical range being assumed to vary similarlyhe CSDA

method of calibration is described in the followsegrtion. range, this factor has been directly applied to phactical
range function. This approach has been validated by
C. Parameters of the model comparison with the Monte Carlo simulations (fiy. 5

Second, theF factor has been chosen in a way that the

At low energy, below .14'5 keV the Weber .expreséim derivative of the extrapolated range dx/dE varieshe energy
been replaced by a simple power law relationship tf@t range [1 keV, 10 keV], in a similar way as the irsee of the

depends on the two parameters F and G. The powtar fa stopping power given in ref. [23]. The values of th factors

and the critical rangerRQ,N have been .evaluated for 4r}re also listed for the 41 elements of refereng if2the table
different elements, according to the stopping povedculated 1. As can be seen in this table, F varies from tp.6o 1.8 for

at low energy by Shinotsuka [23]. For electron g'rwz varvi I
. ying from 3 up to 73. These values remainhia tange
between 50 eV and 30 keV, Shinotzuka [23] haveutaled, (1.3<...<1.7) of the standard values used in thedlitee to fit

with the full Penn algorithm, the stopping powermonr
experimental energy-loss-function data. The CSDAgeaof

these 41 elements has been calculated by integrafidhe Table 1: G and F parameters for the 41 elemenisfofL9].

the experimental range data [7, 16].

reverse of the stopping power (formula 1). Theymesented Z G E

for 8 different elements in Fig. 7. Both CSDA ranged 3 0.06 1776
stopping power curves have been used to paranetde 4 0.6¢ 1.75¢
factors F and G for 41 different elements. 6 0.7€ 1.73¢
11 0.09 1.719
1023 12 0.4 1.714

13 1 1.69¢

14 0.5¢ 1.6%6
19 0.14 1.656

104 21 0.9 1.6¢

- 22 1.2¢ 1.67
= 23 1.69 | 1.657
D 24 1.93 1.64
Y 26 2.0¢ | 163€
g 105 27 3.1 | 1.65¢
£ 28 2.49 | 1.649
-3 29 241 | 1.634

8 32 1.64 1.65
39 1.17 1.624
10° 41 332 | 1599

42 3.8€ 1.59¢

44 3.97 1.59:2
45 3.62 1.599

10® ' i i 46 331 16

10 100 1000 10000 a7 301 162t

Energy (eV) 49 2.12 1.601

50 2.67 1.6

Fig. 7. Electrons CSDA range/energy function calted with the 55 032 1.50¢

stopping power of Shinotzuka [19] 64 186 16
. . 65 2.13 1.627
ngcordlng to the CSDA range curves, G(Z) has besfimed 66 516 1622
72 4,22 1.57¢

G(Z): fcsaz (SOEV) 73 597 | 1577

Fcspaal (508V)

Where fs4az iS the CSDA range of 50 eV electrons in the N
material Z, and g, alS the equivalent range in aluminum. T ?a_n ble seen n Figure 5d for the threle t%stem(_ahts, the
values are given in table 1 for the 41 elementsefeference2Naytica EXpression provides extrapolate ranges/ery
[23]. Of course G = 1 for aluminum. G represents @SDA good agreement with the Monte Carlo simulations of
range of a given element relatively to the aluminurhe O_SMOSEEZ'& T_he plateau region at low energy isodyred
aluminum has been chosen as a reference matesizaybe itfauthfully for Al, Si and Ag. This validates the gmach chosen

has been extensively studied during the past, andehmanyf(zr th_e parameterizzgtiom based Ot?] the us? (.)f tbe;r:k?
data are available in the litterature for this edetn The SIOPPING POwer [23]. However this conclusion s



temperated according to the uncertainty within dieéinition [13] B. Rao, N. Subba, ", A simple formula for ttrensmission and
of the practical range at these low energies. Frome absorption of monoenergetic electrondyuicl. Instr. Meth, vol. 44,
reference to another, some discrepancies can b=vellson pp.155-15k€)5, 1966. ] e e A

the practical range values [19, 24, 25]. This & thse at low[4] T- Tabata, P. Andreo, K. Shinoda, "An analfiemula for the

. : extrapolated range of electrons in condensed ragetiNucl. Instr.
energy, where the simulations depend closely on used Meth, vol. 119, no. 4, pp.463-470, 1996.

mean _free path, which can suffer a relatively Ialggertainty, [15] T. Tabata, V. Moskvin, P. andreo, V. Lazuri, Rogov,

especially around some tens of eV, where the itielasean “gxrapolated ranges of electrons determined froeangmission and
free path grows up rapidly. In conclusion, the aacy of the projected-range straggling curvesRad. Phys. Chemvol. 64, pp.
model is expected to be good down to 50 eV. It ¢dut 161-167, 2002.

extrapolated with a fairly good reliability down 1@ eV. But, [16] D. Tan and B. Heaton, "Simple empirical reda for electron
in any case, below around some tens of eV, thespan of CSDA range and electron energy losépll. Rad.. Isat vol. 45, no.
electrons can be assimilated to a random walk matiw the 4: PP. 527-528, 1994.

definition of a representative average extrapolatadge 17 9- Roupie, O Jbara, T Tondu, M Belhaj, andiddh "The study
becomes questionable. of electron emission from aluminum in the very lpwmary energy

range using Monte Carlo simulationsJ" of Phys. D: Appl. Phys
vol. 46, pp.1-9, 2013.

[18] J. Pierron, C. Inguimbert, M. Belahj ,and Tin€ste, "Monte-
Carlo low-energy electron transport in metals fcandary emission
applications, 'LEE2015Conference Austria, 10-15 Sept 2015.

L ol [19] A. Valentin, M. Raine et al., Geant4 physics processes for
condensed matter is given for 41 elements. The microdosimetry simulation: very low energy electemmetic models

been parameterlzed according to the stopping ppwded for electrons in silicon, Nucl. Instr. and Meth. in Phys. Res.\BI.
at low energy in ref. [23]. The range of applicatiof the 2gg pp. 66-73, 2012.

formula goes from ~10eV up to some tens of MeV. fhoee [20] J. P. Ganachaud and M. Cailler, "A Monte-Carédculation of
different materials (Al, Si, Ag), this model is sted to be in the secondary electron emission of normal metal§he model, "
good agreement with the Monte Carlo simulationsthe Surf. Scivol. 83, pp. 498-518, 1979.

OSMOSEE2.3 code. In the future, the validation Ishal [21] E. D. Palik, "Handbook of Optical ConstantsSaflids, " ISBN:

consolidated by extension to some other materials. 978-0-12-544415-6, 1997. ) )
[22] F.Salvat, A. Jablonski, C. J. Poweklsepa—Dirac partial-wave

calculation of elastic scattering of electrons @aditrons by atoms,
positive ions and moleculesComp. Phys. Comvol. 165, no. 2, pp.

VI. CONCLUSION
An analytic formula for the extrapolated range lefc&ons in

VIl. REFERENCES

[1] H. Seiler, "Secondary electron emission in $eanning electron
microscope, ‘J. Appl. Phys vol. 54. no. 1, pp. 1-18, 1983.

[2] K. Ohmi, "Beam photoelectron interactions insfimn storage
rings, "Phys Rev. Lett., vol. 75. no. 8, pp.1526-1529, 1995

[3] N. Balcon, D. Payan, M. Belhaj, T. Tondu, V.glimbert,
"Secondary electron emission on space materiauation of the
total secondary electron yield from surface potntieasurements,
IEEE Trans. Plasma. Scivol. 40, no. 2, February 2012.

[4] M. Mostajeran, M. Lamehi Rachti, "Importancerafmber of gap
crossings on secondary emission in the simulatiomaf sided
multipactor, “J. of Instr vol. 5, pp. 1-12, August 2010.

[5] G. F. Dionne, "Effects of secondary electrorattgring on
secondary emission yield curves]."Appl. Phys vol. 44. no. 12, pp.
5361-5364, December 1973.

[6] G. F. Dionne, "Origin of secondary-electron esion yield curve
parameters, J. Appl. Phys.vol. 46, no. 8 pp. 3347-3351, augu
1975.

[7] L. Katz and A.S. Penfold, "Range-Energy Relasidor Electrons
and the Determination of Beta-Ray End-Point Energiey
Absorption, "Rev. Mod. Physvol. 24, no. 1, pp. 45-61, 1952.

[8] T. Tabata, R. Ito and S. Okabe, " Generalizethismpirical
equations for the extrapolated range of electrdNsicl. Instr. and
Meth Vol. 103, pp.85-91, 1972.

[9] K. H. Weber, "Eine einfache reichweite-enerbiziehung fur
elektronen im energiebereich von 3 keV bis 3 MeWuCcl. Instr.
and Meth vol. 25, pp. 261-264, 1964.

[10] E. J. Kobetich, R. Katz, "Energy deposition d&gctron beams
and delta rays, Phys. Rewol. 170, pp. 391-396, 1968.

[11] E. J. Kobetich, R. Katz, "Electron Energy Dpsgion, " Nucl.
Instr. And Methvol. 71, pp. 226-230, 1969.

[12] C. Feldman, "Range of 1-10 keVelectrons inidsl" Phys.
Rev, vol. 117, no. 2, pp. 451-454, 1960.

157-190, 2005.

[23] H. Shinotsuka; S. Tanuma; C. J. Powell; D. Renn,
"Calculations of electron stopping powers for 4&neéntal solids
over the 50 eV to 30 keV range with the full Pefgodathm, " Nucl.
Inst. and Meth. in Phys. Res. ®l. 270, pp. 75-92, 2012.

[24] O. Kurniawan and V.K.S. Ong, “Investigation @nge-energy
relationships for low-energy electron beams incsili and gallium
nitride”, Scanningvol. 29, n°6, pp. 208-286, 2007

[25]A. Akkerman, M. Murat and J. Barak, “Monte Gadalculations
of electron transport in silicon and related efidfor energies of 0.02-
200 keV",J. Appl. Phys.vol. 106, n°11, pp. 113703-12,2009.

st



Office National d'Etudes et de Recherches Aérospatiales
2 avenue Edouard Belin - BP 74025
31055 TOULOUSE Cedex 4
Tél.: +33562 25 25 25
http://www.onera.fr





