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Secondarg Flectron Energg Distribution
(SEED):
A Monte Carlo program for simula’cing

seconclarﬂ and total electron emission
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Monte Carlo method

Monte Carlo is a statistical
method that can be used for
evaluating the many Phgsical
quantities necessary to the
stuclg of the interactions of

Particle~beams with solid

ta rgets.



/

Letting the Particles carry out an artiﬁaal, random walk —
taking into account the effect of the single collisions — it is

Possible to accuratelg evaluate the ditfusion process.

18 keV electrons stri ing a SNy

|ager with a S10, substrate (C.
Walker, M. El Gomati)
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When the number of Points s very large,
the ratio of those fallen within the surface
and the total number of Points will
aPProach the ratio between the

(unknown) area of the surface and the

d(ﬂOWﬂ) arca O‘F tl’]é SC}UBFC.

When the number of dimensions
exceeds 1CourJ the Monte Carlo method
is the best numerical Procecﬂure for the

calculation of multiple inté:grals.



Generating pseuclo-random numbers
=]

EVCF9 number O{: tl’1€ SCC]UCHCC OF PSCUC!O‘-T’BHGOTT!

numbers IS computable knowiﬂg the \/alue O]C the ast

calculatecl ranclom number:

tUni1 = (apn + b) modm

where a, b and m are three integer “magjc” numbers.

Choosing the values of the three “magic" numbers in a

roper way, sequences of pseudo-random numbers are
Pb P ) Y, 5€9 P
obtained.



Pseudo-random numbers distributed accorcling to a given

Probabilitg densi’tg

/a 5p(S) ds = p

£ random variable defined in a gi\/en range and

distributed accorcling to the Probabilitg clensitg p(s)

1 : random variable unhcormlg distributed in
the range 1O,1]



Pseudo-random numbers distributed according to the

ex!:)onential Probabilitg clensitg

= ()

[ rew(-3)
— —exp|——) ds
A= XTPATX
X = —Aln(l — p)
1 — u and p have the same distribution

* X = —Aln(u)

)\ exl:)ectecl value of X
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Monte Carlo ingreciients

A. Electron-atom interaction: elastic scattering cross-section

* Screened Rutherford cross-section
* Mottt cross-section (relativistic Partial wave expansion metiioci)

B. Electron-atomic electron interaction: inelastic scattering cross-section

* Dielectric Ritchie’s tl’ieorg

C. E‘lectron phonon interaction: inelastic scatteringcross section

o Frohlichs tiieorg

D. Eicctron polaron interaction: trappmg pi’ienomena

2 Ganachaucl and Mokrani semi- CmPlﬂC mociel
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Monte Carlo strategies

A.Continuous~5|owing~czlown approximation
— | B |

Stc!:)—-!ength

As = —Aa In(pq)

1
el — NO'el

doe " doe .
oel(E) :/ di)l df) :/0 dOQlZW sin ¥ dv

A
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Polar scattering angle

2 Y doe
Pel(epE) — O'ﬂl- /0 dizl sin ¥ dv

U2 = Pel(eaE)

Direction of the electron after the last deflection

/ . .
cos, = cosf,cos) — sinf,sinb cos ¢
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finergg loss
AFE = (dFE/dz)Az

With this aPProach, statistical fluctuations of the
energy losses are completely neglectecl. As a
consequence this kind of Monte Carlo strategy
should be avoided when detailed information about
energy loss mechanisms are requirccl (for examl:)le
when we are interested in the energy distribution of

the emitted electrons).
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: .inerg9~straggling strategg

Ste!:)~length

As = —X\In(uq)
1
N\ —
N(Uinel + Uel)
1 1 1




Elastic and inelastic collisions

Oinel >\

Pinel — —
Oinel O el )\inel

Pel = 1 — Pinel

f a random number 12 1S less than or equal tO Pinel, then

the collision will be inelastic; otherwise, it will be elastic.
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Polar scattering angle

The Polar scattering angle 9 is calculated bﬂ generating
a random number s | unhcormlg distributed in the range
1O,1], representing, the Probabilitg of elastic scattering

into an angular range 1Crom O to 6:

1 (% do.
us = Py (0, F) = —/ el o sin ) do
Oel Jo df)
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Energ/y Ioss

The energy loss W is obtained by generating a random

number fi4 uni‘:ormly distributed in the range [O,1] and

rePresenting the Probabilitg of inelastic scattering into a

range from O to W

1 v d ine
Ha — Pinel(W7 E) — / i 1dw
0

Oinel dw
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The energg~stragg|i ng strategg
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filectron-phonon interaction
}

f an electron-lattice interaction occurs, the energy

ost bg the electron is equal to the energy of the

createcl Phonon.
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)\phonon —
+ ,
i Wi Assummg
&

i m =1m
"\‘

B 1 g — a0 th n(T) + 1 n _1 + \/1 — th/E_
ap €0 €00 L 2 1 — /1 — Wp/FE

/

J. Llacer and E.I. Garwin, J. APPl Plﬁgs. 40 (1965) 2766
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Polaronic efHect

A iow~energg electron moving N an insuiating material induces a
Polarization field that has a stabilizing etfect on the moving

€|CCtFOﬂ. Ti‘llS Phenomenon can ]Dé CléSCf'ilDCGl as tl"lC generation

of a quasi—-Par’ticle called Polaron.

AL =Ce "t

pol

C and?Y are constant ciepenciing on the dielectric material.

J.P. Ganachaud and A. Mokrani, Surf. Sci. 334 (1995) %29
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Polaronic eHects

The electron ends its travel in the solid, as it is

trapl:)ecl where the interaction has taken Place.
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Electron-electron collisions: scattering angle

sinfl, = cosf

w AFE
b
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‘.ilectromphonon collisions: scattering angle

E + F'
cos 6 = T (1 — B¥5) 4+ B#»
2VEE

E+ FE +2VEFE
E+ E —2VEFE
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The interface with the vacuum represents a Potential barrier,

ancl not a” the electrons that reach the sur?ace can go

begond it When a very slow electron reaches the target

surface, it can emerge from the surface only it this condition

is satisfied:

E cos® 0 >y

X is the electron aicﬁnitg (semiconcluctors and insulators) or
the work function (metals), i.e. the difference between the

vacuum evel and thc—: bottom o1C thc—: conduction ban&.
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Transmission coerficient

The MC code Permits the electron to be emitted into the vacuum if

the condition:

44/1 — x/(F cos? )
1+ /1 — x/(E cos?0)]?

He <

(where 16 1s a random number unhcormlg distributed in the range
[0.1]) is satisfied.
Those electrons which, once reached the sumcace, do not satis?g

the condition to emerge, are reflected back into the bulk of the

specimen without energy loss.

A. Messiah) Quantum Mechanics (North~Ho”ancl, Amsterdam, 1961)
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2. Applications



Backscattering Cocfficient

Backscattering Cocfficient
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Atomic Number

M. Dapor, Phgs. Rev. B 46 (1992) 618
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A com!:)arative stuclu of electrons and positrons
4 H
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e~ -> PMMA

fixl:)

eriment |

T 3

c=0+M

M. Dapor, Appliecl Surface Science 391 (2017) 3
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e~ —>Cu, Ag, Au

Electron yield
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Electron 3ie|ci curves of (a) Cu,

(b) Ag,and (c) Auas a function

Electron yield

of the initia Primarg electron

beam kinetic energy .
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M. Azzolini, M. Angelucci, R. Cimino, K.
LarciPrete, N. M. Pugno, S. Taioli, M. Dapor,
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INTENSITY (ARBITRARY UNITS)
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(dN/JE)/(dN/dE)
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HOPG

Monte Carlo

- | ' f?rlment | riment simulation of the
; | MC ~ !:)Iasmon loss Peaks of
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: \ f \ }‘ Pyro itic Gra!:)hite
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M. DaPor, L. Calliari, M. FiliPPi, Nuclear Instrum. Meth. Phgs. Res. B 255
(2007) 276
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OPtical data

Energy loss function

Energy transfer (eV)

Sio,

U. Buechner (1975)

B.L. Henke et. al. 199%)

REELS REELS MC
Ey=90 eV Ey=2 keV Ey=2 keV

Band 8.3 8.9 9
gap
T1 10.6 10.7 10.5
T2 12.9 12.6 12.3
T3 14.7 14.6 14.9
T4 17.7 18.8 18.4
Plasmon 21.1 22.9 23

Collective

excitations

and
interband

transitions

Intensity (a.u.)

RELEL Spectrum
Primarg energy: 2 keV
red line: experiment

green line: Monte Carlo
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M. l:iliPPi, L. Calliari, M. Dapor, Phgs. Rev B 75 (2007) 125406
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Surface etfects

The surface is an interface between the bulk of the material
and the vacuum. Since the dielectric function clepencls on the
material, we expect the mean energy of the Plasmons

characterizing the surface (sur‘cace Plasmons} to be ditferent

From thé mecan energg O{: t]’lé bUI << Plasmons.
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Chiarello et al. observed that the R

]

b |

. sPec’crum can be

described by the combination of two terms, arising, from

surface and bulk inelastic scattering.

1
fb(k,w) — Im _5(k,w)_
kow) = 1 ot

folkow) = I} oy 71,

bulk

su FICBCC

G. Chiare”o, E. Colavita, M. De Crescenzi, S. Nannarone, Pl‘xgsical Review

B, 29 (1984) 4878
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RégiOﬂ W]’]CFC SUF‘FBCC P!asmons arc CXCHZCCI

—v/2ws < 2 < v/2w,4

“p
V2

We —

v = electron Velocitg

Z.J. Ding, HM. Li, Q.R. Pu, ZM. Zhang R. Shimizu, Phgs. Rev. B 66 (2002)
08541

W.5.M. Werner, Pl’lys. Rev. B 74 (2006) 075421

M. Vicanek, Surf. Sci. 440 (1999) 1
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Simulated REEL spectra for1-10 keV electrons imPinging on Al
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.inerg/g loss of Auger electrons

o "

\ ,
f /Sl Sketch of the 51,O5Hg nano-cluster

optimized structure, used for the

quantum mechanical calculations.

1.0

O K-LL Auger spectrum N
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(red line. Quantum
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results (green line).

Intensity (a.u.)

0.0 - ' - '
440 460 480 500 520

Energy (eV)

S. Taioli, S. Simonucdi, L. Calliari, M. l:iliPPi, M. DaPor, F’hgs. Rev. B 79
(2009) 0854%2
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Doped Si

nits)

dN/dE (arb. u
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P~t91:>e silicon target n~t91:>e silicon target
(P doping =% x 1018 cm~?) (n cloping:5x 1018cm~?)

solid line: experimental data (J. Castle et al.)

Dotted line: Monte Carlo results

M. Dal:)or, B. ln|<son, C. Roclenburg) J.M. Roclenburg, EPL, 82 (2008)
50006
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Schematic drawi ng of resolution test structure
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all Electron affinit

60 - Monte Carlo simulation
o1C the energy
distributions of the

scconaary electrons
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Dose-Energy (eV/A)

lon beam cancer therapg

We wish to minimize the e

P

lects of the irradiation

on the healthg tissues near to the cliseased ce”s.

-------------

.............
00000000000000000000000000000000000

Depth (um)

Dose-t’:nergg of 100 MeV
protons in PMMA (.
Abril et al))

The shower of seconclarg

1L CICCtT’OﬂS PFOCIUCCS

clamage in the biomolecules
(for example, due to
dissociative electron
attachment, DEA).
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7'=0.5MeV

Normalized energy deposition (arb. units)
=

1
20 40 60 80 100 120

r, radial distance (nm) r, radial distance (nm)

Energy clepositecl raclia”g 12)9 secondarg electrons along the track
of 0.5MeV. 1.0MeV, 2.0MeV and 3.0MeV proton beams incident
on PMMA

M. Dapor, 1. Abril, P de Vera, R. Garcia-Molina, Phgs. Rev B 96 (2017) 064113
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Thank you for your attention!
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