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Abstract

A mixed algorithm for Monte Carlo simulation of relativistic electron and posilron transpodt in matter is described. Cross
sections (or the different inleraction mechanisms are approximated by expressions that permit the generation of random racks
by using purely analytical metheds. Hard elastic collisions, with scallering angle greater than a preselecied cuiofl value, and
hard inclaslic collisions and radiative cvents, with energy loss larger than given cotoff values, are simulated o detail. Soft
inferactions, with scamenng angle or energy loss [ess than the comesponding cutoffs, are simulated by means of multiple
scattening approaches, Thiz algorithm handles lateral displacements comectly and completely avoids difficulies related with
inlerface crossing. The simulation is shown to be stable under vararions of the adopted cutotfs; these can be made quite lange,
thus speeding up the simuiaton considerably, withoul alienng the resubts, The rchababity of ihe algonthm s demonsiraled
throwgh 8 comparison of simulation results with experimental data. Good agreement is found for ¢lectrons and positrons wilh

kingtic energics down 10 a few ke,

L. Introduction

The problem of the penetration and encrey boss of Tast
electrons in matter has attracted great atgnnon since Lhe
heginning of this century. Smnce mostof our knowledge about
nuclear, atomic, molecular and solid stale structure hes been,
and 152 being, achieved by uvsing electron beams 0 probe
matter, this problem is of fundamental interest. A detailed
descoption of clectron, and positon, transport 15 requimed
in & numher af fields such as beta-ray spectrometry 11,2],
electron mucroscopy [3] and lectron and positron surface
spectroscopy [4.5]. Accurate information on high energy
eleciron and positron transport 15 alse needed 10 radiation
dosimetry and radictherapy [6].

Electron muliple scattéring processes were birst treated on
the basis of the transport theory [7,8]. Since the heginning
of the sixties, with the increasing availamhbty of fast com-
puters, Monte Carle { MC) simulaton methods have been
developed and applied o many expenmental siuations | see
e.g. Ref. [%]). The characteristics of different MC simula-
tiom schemes depend mainly on the encrgy range of mnter-
cal, “Detailed” MC simulation [ 10,11 ] where aff scattering
evenis expenenced by an ebectron are described in chrono-
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logical succession, 15 feasible al low enengies. Detailed sim-
uiation is virtuelly exacl, re. simulation resalis are dent
cal 10 those obtained from the exact solution of the wrans-
port equation with the same acattering moded { except for
atatistical uncerainties ). For progressively higher energies,
however, the average number of scatienng events per track
increases pradually and eventually detailed simulation be-
comes unfeasible,

For high energmes, most of the MO codes cerrently avail-
able {e.g. ETRAN [9], EGS4 [12], GEANT [13]) have
récourse o multipke scattering theones which allow the sim-
ulation of the global effect of a large number of eventa in
a track segment of a given length (step). Following Herger
[ 14|, these simulation procedures will be referred 1o as
“condensed” MO methods. The multiple scattering Lhen-
res implemented in condensed simulation algonthms are
only approximate and lead 1o sysiematic cmors. which arise
miinly from the lack of knowledge about the spatial dis-
tribution of the particle after ravelling a grven path length.
These errors can be made evident by the dependence of the
simulation results on the sdopied step length [9]. To an-
alyze their magnitude, one can pectonm stmulatons of the
same experimental amangemeant with different siep lengths
Usually, it is foond that the results stabihze when reducing
the step length, butl the computalion lime increases rapidly,
roughly in proportion o the imverse of the step length, Thas,
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for each particular problem, one must reach & compromise
herwesn available computer ime and attainable accuracy. It
15 also worth noting that, owing to the nature of cerain mul-
tiple scatienng theories and/ or to the particular way they are
mnplemented in the simulation code, the use of very shon
step lengths may introduce antifacts in the simulation results.
For inslance, the muluple elastic scattering theory of Molitre
[15]). which is the one used in EGS4 based codes, 15 not ap-
plicable to step lengths shorer than a few times the elastic
mean free path [16,17] and multiple elastic scatering has
tw be switched off when the step length becomes smaller
than this value [ 18]. Evidently, stabilization for shor slep
lengths does not necessanly imply that stmulation reswhts ane
comect. Condensed schemes also have difficuites w prop-
erly fandle particle tracks in the vicinity of an interface, 1.e.
& surface separating two media of different compositions
[18].

A third class of sirmulaton schemes, the so-called "mixed™
simulation methods [ 14,19,20], combines detailed simula-
tion of hard events, i.e. events with polar scarering angle
& or energy loss W larger than previously selected cutoff
values s and W, with condensed simulation of soft inter-
acnons with & < #y or W< W, Owing 1o the fact that, for
high-energy electrons, the ditfercatial cross sections ( DCS)
for the vanous interaction processes decrease rapidly when
# or W increase, cutoffz can be selected such that the mean
number ol hard events per frack is sufficiently small to allow
therr detailed simulation (i.e. a few hundred at most). Hard
events cause large angular deflections and energy Josses,
which can only be properly reproduced through detailed
sirnulation. On the other hand, soft interactions have a mild
cffcet on the evolunon of the track, which can be accurately
simulated by using a muliple scantering approasch. Mixed
simulation is preferable o condensed simulation because i)
spatial distributions are more comecily simulated. i) racks
in the vicimity of interfaces are properly handled, and iii)
pussible dependencies of the results on user-defined param-
clers arg largely reduced.

In this paper we describe 4 mixed simulation alganthm
called FENELOWPE (an acronym that stands for PENctra
ton and Energy LOxs of Positrons and Electrons). The
adopted single scauering DCSs for inelastic collisions and
bremsstrahlung emission have been described by Salval
and Fermdindez-Varea [21]. Approximate simalation meth-
ods Tor elastic scaticring have been considered in previous
works [ 16.22]: here we adopt the W2D model introduced
in Ref. [22].

I Section 2 we consider vanious aspects of the adopted
single scatienng IDCSs and pertinent sampling wechnigues
nol covered in Refs, [21] and [22]. Mixed simulkation strate-
gres o speed up the simukation of high-enengy particles are
presented in Section 3, The complete simulation algorithm
1z described in Section 4. Section 5 contains an analysis of
the stability of the simulation results under changes in the
adopted cutoff values of the angular deflection and the en
ergy lozs. Finally, the reliahility of this simulation scheme

15 demonsirated by comparing simulation results and exper-
inenial data.

2, Single scattering muodel

Let us consider a fast particle, eleciron or positron, with
kinetic energy £ moving in a single-element medium of
atomic number 7, The extengion 1o compounds and mixtures
will be reated below, The number of atoms per unit volume
15 given by

NJI.F
W=l
AL (1)

where N, 15 the Avogadre nummber, o 18 the mass density of
the matenal and A, is the atomic weight.

The possible interactions ol the particle with the medium
are elasuc scallening, inelastic collisions and bremssiahlung
emisgion (and anmibilavon in the case of positrons ). Each
kind of inleraction is characterized by 2 single scatiering
atomic DCS, which delermines the associated mean free
path apd the probability density funcuons of the scattenng
angle & and the energy loss W in each individual interaction.
The DCSs adopted in PENELOPE are sofficiently accurate
for most practical simulation purposes and permit the ran-
dom sampling of the scatlering angle and the energy loss
completely analyfically, 30 thal sampling ermrors (hat could
oniginate from numercal interpolation are readily avedded,
It 15 worth pointing out that mudniple scamering distribytions
are quite insensitive 10 the fine details of the single scatter-
img DCRs. I the adopled 1CSs have a physicallv reason-
able shape, enly a few quantities, oblained by integrating
the DCS over 8 or W, have & direct influence on the simo
lation results | 16,23). As a consequence, a general purpose
simulation procedure can be made much simpler by using
analytical approximate DCSs leading 1o the corect values
of these relevant integrals.

The transport of photons is not included in the present
simulations, A code for the simulation of electron-photon
showers, which combines PENELOTE with a conventional
procedure to follow photon histories [ 24 ], s currently being
checked and will be described elsewhere.

2. 1. Elgstic scattering

Singhe elastic collisions are determined by the values of
the polar and azimuthal scattering angles, & and o respec-
rively. Assuiming that the scatiering potential has spherical
symmetry, singic and multiple scatering angular distnba-
tions are axially symmetncal aboul the direction of inci-
dence, i.¢. they are ingependent of (he wzimuthal scattering
angle ¢b. For our purposes, il 15 convenient Lo measure angu-
lar deflections produced by single scalfering cvents in lerms
of the vanahle

e cosd :
13 3 (2}
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instead of the scattering angle 4.
Let der,/ du denote the single scattering DCS. The mean,
frec patl Ay between elastic events 18 given by

dp, 7}
T du (3}
H|

whore o 15 the total clastic cross seciton. The frst and
second transport mean free paths, A and Az, are dehned by
fsee Rel, [16])
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We consider that accurate values of the mean free path, Aq,
and transport mean free paths &; and A are known. These
can be directly cbtained from partial wave caloulaions for
low eneries, and from suilable approximations for high cn-
ergies. In the simulations reported below, for ¢lectrons and
posiirons with kinetic enenges less than 1.5 MeV, we have
pdopied the valoes of these guantities obtained from par-
tial wave calculations, using the PWADIR code described
in Ref. [23] with the analytical Dirac-Hartree-Fock -Slater
alomic scattenng potential [26] (including solid-state ¢f-
fects, and exchange effccts in the casc of electons ). For
higher emergies, rransport mwean free paths have been calou-
lated from the sereened Mott formula descnbed in Kef. [27].
This formula 13 nat accucse for very small scattering an-
ghes; hence, a different approach should be used o obiain
the mean fmee path o, ecuwivalently, the tofal elastic cross
section ore, which strongly depends on the small-angle be-
haviour of the DCE, The ol cross section for K = 1.5
MeV has been computed from the optical theorem, using
the forward scattering amplitude for the free atom analyti-
cul Dirac-Hartree—Fock-Slater potential obtained from the
etkonal approximation [ 28], The mean free paths and trans-
port mean free paths used in the simuiations are expecte:d
to he reliable for energics from ~ 1 keV up to several hun-
dred MeV. These guantities ane tzhulated for a grid of Kinetic
energies, and transformed into continucus functions of the
energy by means of cubic spline interpolation ¢n a log-log
scile,

Elasiic scattering is simulated here by using the WiD
mirdel described in Rell [22]. Fasentially, this is a model
D5 which yiclds multipke scanenng distributicns that Go
not differ significantly from those oblained from the actual
seallering process. The W2D single scattering LMCS 15 given
hy (ef. Eg. (3))

der! 0! |
;'# = N Papl i), 16

whene Ay is the tabulated mean free peth and

pelp) = (1 - ALt 4)

— + B dir ), (7
e T

The parameters A (= 01, F (0 < 8 < 1) and g (0 <
pa = 1) are determined in such a way that the mean and
varunce of the approxirmate distnbution gy e ) are the s@me
as those obtained from the actual IXCS or, equivalently,

1 Ag i
ap d = o= E‘
f#ﬂ.(#} Y (8]
i
and
¥ A 1A
fﬂﬁm{#]dﬁ-EAI g {9

Thus, the average path length between coliisions and the
mean and varance of the anpgular deflection g each elas-
e cullision ebtained fiom the W20 model are identical to
the valucs ohtained from the actual [0S (1. the DCS cal-
culated as described anove ). A detniled analysis of the reli-
abilily of the W2D model kas been presented i Rell [22],
where explicit analytical formulas for random sampling of
the angular defection g in single elastic cvents are given.
MNotice that the model parameters are completely determined
b the quanfities dg. Ay and A;. In principle, it can be ap

phed o any scattering law,

2.2, Ineiastic eollisions

Inclastic collisions of ¢lectrons and positrons i dense me-
dia are simuiated in ferms of the analytical DCSs described
in Rel. [21]. The basis of this reatment is a generalized os-
cillator strength model where each eleciron shell is replaced
by a single oscillator with strength f; equial o the number
of clectrons in the shell and resonance energy Wi = ali.
where £ is the jonizaton energy of the shell [29]. Excita-
tcns of the conduction band are accounted for by a single
oscillator with oscillator strength foy and resonance energy
W (L0 = 0. The semi-empirical adjustment factor o is
introcduced (o obiain agreement with the adopled menn cxui-
ation energy §, which 1s taken from Rell | 30]. Its numerical
vl J5 given by

na=(Z — Fun) '[?_'Inf- Fonln Wan Zf,lnu.].
(10)

The O3 for inelastc scamering is a function of the energy
loss W and the polar scattering angle @ of the projectile,



