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Secondary Electron Energy Distribution 
(SEED):  
A Monte Carlo program for simulating 
secondary and total electron emission



1. Theory
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Monte Carlo is a statistical 
method that can be used for 
evaluating the many physical 
quantities necessary to the 
study of the interactions of 
particle-beams with solid 
targets.

Monte Carlo method



Letting the particles carry out an artificial, random walk – 
taking into account the effect of the single collisions – it is 
possible to accurately evaluate the diffusion process.

18 keV electrons striking a Si3N4 
layer with a SiO2 substrate (C. 
Walker, M. El Gomati)
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When the number of points is 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 
(known) area of the square.

When the number of dimensions 
exceeds four, the Monte Carlo method 
is the best numerical procedure for the 
calculation of multiple integrals.
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Generating pseudo-random numbers

Every number of the sequence of pseudo-random 
numbers is computable knowing the value of the last 
calculated random number: 

µn+1 = (aµn + b)modm

where a, b and m are three integer ``magic'' numbers.  

Choosing the values of the three ``magic'' numbers in a 
proper way, sequences of pseudo-random numbers are 
obtained.
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Pseudo-random numbers distributed according to a given 
probability density

Z ⇠

a
p(s) ds = µ

⇠

p(s)

µ

: random variable defined in a given range and  
distributed according to the probability density 

: random variable uniformly distributed in  
the range [0,1]
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Pseudo-random numbers distributed according to the 
exponential probability density

p�(s) =
1

�
exp

⇣
� s

�

⌘

µ =

Z �

0

1

�
exp

⇣
� s

�

⌘
ds

� = �� ln(µ)

� : expected value of �

� = �� ln(1 � µ)

1 � µ µand have the same distribution
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A. Electron-atom interaction: elastic scattering cross-section 
	 Screened Rutherford cross-section 
	 Mott cross-section (relativistic partial wave expansion method) 

B. Electron-atomic electron interaction: inelastic scattering cross-section 
	 Dielectric Ritchie’s theory 

C. Electron-phonon interaction: inelastic scattering cross-section 
	 Fröhlich’s theory 

D. Electron-polaron interaction: trapping phenomena 
	 Ganachaud and Mokrani semi-empiric model

Monte Carlo ingredients
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A.Continuous-slowing-down approximation

�s = ��el ln(µ1)

�el =
1

N�el

�el(E) =

Z
d�el

d⌦
d⌦ =

Z ⇡

0

d�el

d⌦
2⇡ sin# d#

Step-length

Monte Carlo strategies
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Pel(✓, E) =
2⇡

�el

Z ✓

0

d�el

d⌦
sin# d#

µ2 = Pel(✓, E)

Polar scattering angle

Direction of the electron after the last deflection

cos ✓0z = cos ✓z cos ✓ � sin ✓z sin ✓ cos�



Energy loss

�E = (dE/dz)�z

With this approach, statistical fluctuations of the 
energy losses are completely neglected. As a 
consequence this kind of Monte Carlo strategy 
should be avoided when detailed information about 
energy loss mechanisms are required (for example 
when we are interested in the energy distribution of 
the emitted electrons).
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B. Energy-straggling strategy

�s = �� ln(µ1)

Step-length

� =
1

N(�inel + �el)

1

�
=

1

�inel
+

1

�el
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Elastic and inelastic collisions

pinel =
�inel

�inel + �el
=

�

�inel

pel = 1 � pinel

If a random number       is less than or equal to         , then 
the collision will be inelastic; otherwise, it will be elastic.

µ2 pinel
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µ3 = Pel(✓, E) =
1

�el

Z ✓

0

d�el

d⌦
2⇡ sin# d#

The polar scattering angle     is calculated by generating 
a random number      , uniformly distributed in the range 
[0,1], representing the probability of elastic scattering 
into an angular range from 0 to   :

µ3

✓

✓

Polar scattering angle
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Energy loss

µ4 = Pinel(W,E) =
1

�inel

Z W

0

d�inel

dw
dw

The energy loss W is obtained by generating a random 
number   uniformly distributed in the range [0,1] and 
representing the probability of inelastic scattering into a 
range from 0 to W:

µ4
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The energy-straggling strategy
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If an electron-lattice interaction occurs, the energy 
lost by the electron is equal to the energy of the 
created phonon. 

Electron-phonon interaction
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�phonon =
~ k/m⇤

W+
k

��1
phonon =

1

a0

"0 � "1
"0 "1

Wph

E

n(T ) + 1

2
ln

"
1 +

p
1 � Wph/E

1 �
p

1 � Wph/E

#

Assuming
m⇤ = m

J. Llacer and E.I. Garwin, J. Appl. Phys. 40 (1965) 2766
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A low-energy electron moving in an insulating material induces a 
polarization field that has a stabilizing effect on the moving 
electron. This phenomenon can be described as the generation 

of a quasi-particle called polaron. 

��1
pol = C e�� E

 C and   are constant depending on the dielectric material.
<latexit sha1_base64="vWvGMH0A83md2cRrzCCQ2mNNSbk=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRAsoIGsogkYeUWNH6sglH7mzrbo0UovwDLVR0iJa/oeBfsE0KSJhqNLOrnZ0gVtKS6346haXlldW14nppY3Nre6e8u9e0UWIENkSkItMOwKKSITZIksJ2bBB0oLAVjK4yv/WAxsoovKVxjL6GYSgHUgClUrM7BK2hV664VTcHXyTejFTYDPVe+avbj0SiMSShwNqO58bkT8CQFAqnpW5iMQYxgiF2UhqCRutP8rRTfpRYoIjHaLhUPBfx98YEtLVjHaSTGujOznuZ+J/XSWhw4U9kGCeEocgOkVSYH7LCyLQG5H1pkAiy5MhlyAUYIEIjOQiRiknaSyntw5v/fpE0T6reWdW7Oa3ULmfNFNkBO2THzGPnrMauWZ01mGD37Ik9sxfn0Xl13pz3n9GCM9vZZ3/gfHwDPleToA==</latexit>�

J.P. Ganachaud and A. Mokrani, Surf. Sci. 334(1995) 329

Polaronic effect
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The electron ends its travel in the solid, as it is 
trapped where the interaction has taken place.

Polaronic effects



Electron-electron collisions: scattering angle

sin ✓s = cos ✓

W

E
=

�E

E
= sin2 ✓
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Electron-phonon collisions: scattering angle

cos ✓ =
E + E0

2
p
E E0

(1 � Bµ5) + Bµ5

B =
E + E0 + 2

p
E E0

E + E0 � 2
p
E E0
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The interface with the vacuum represents a potential barrier, 
and  not all the electrons that reach the surface can go 
beyond it. When a very slow electron reaches the target 
surface, it can emerge from the surface only if this condition 
is satisfied:

E cos2 ✓ � �

     is the electron affinity (semiconductors and insulators) or 
the work function (metals), i.e. the difference between the 
vacuum level and the bottom of the conduction band.

�
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Transmission coefficient

The MC code permits the electron to be emitted into the vacuum if 
the condition:

µ6 <
4
p

1 � �/(E cos2 ✓)

[1 +
p
1 � �/(E cos2 ✓)]2

(where    is a random number uniformly distributed in the range 
[0,1]) is satisfied.  
Those electrons which, once reached the surface, do not satisfy 
the condition to emerge, are reflected back into the bulk of the 
specimen without energy loss.

µ6

A. Messiah, Quantum Mechanics (North-Holland, Amsterdam, 1961)



2. Applications
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M. Dapor, Phys. Rev. B 46 (1992) 618

x Monte Carlo
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A comparative study of electrons and positrons

SiO2

Electrons

Positrons

3keV

5keV
10keV

M. Dapor, J. Electron Spectrosc. Relat. Phenomena 151 (2006) 182



SiO2 Electrons

Positrons

30

M. Dapor, J. Electron Spectrosc. Relat. Phenomena 151 (2006) 182
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e- -> Al2O3

MC

Experiment

M. Dapor, Nuclear Instrum. Meth. Phys. Res. B 269 (2011) 1668
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MC MC

Experiment Experiment

e- -> PMMA

M. Dapor, Applied Surface Science 391 (2017) 3
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Electron yield curves of (a) Cu, 
(b) Ag, and (c) Au as a function 
of the initial primary electron 
beam kinetic energy . 

M. Azzolini, M. Angelucci, R. Cimino, R. 

Larciprete, N. M. Pugno, S. Taioli, M. Dapor ,

J. Phys.: Condens. Matter 31 (2019) 055901 

e- -> Cu, Ag, Au



Electron energy distribution spectrum, including both primary and 
secondary processes, showing the elastic peak (I) and phonon 
losses (inset), plasmon-loss peaks (II), core-electron excitations (III) 
resulting in Auger processes (inset) and the peak of low energy 
secondary electrons (IV).From H. Ibach Electron Spectroscopy for 
Surface Analysis, Springer, Berlin, Heidelberg (1977)
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Monte Carlo  
simulation of  
the PMMA spectrum  
(E0 = 200eV)

M. Dapor, Applied Surface Science 391 (2017) 3
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Monte Carlo simulation  
of the secondary electrons  
emitted by a PMMA target 
(E0 = 1000eV)

MC

Experiment

M. Dapor, Applied Surface Science 391 (2017) 3

PMMA
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Monte Carlo 
simulation of the 
plasmon loss peaks of 
Highly Oriented 
Pyrolitic Graphite 
(HOPG)(E0 = 500eV)

Experiment

MC

Experiment

MC

M. Dapor, L. Calliari, M. Filippi, Nuclear Instrum. Meth. Phys. Res. B 255 
(2007) 276

HOPG
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Surface effects

The surface is an interface between the bulk of the material 
and the vacuum. Since the dielectric function depends on the 
material, we expect the mean energy of the plasmons 
characterizing the surface (surface plasmons) to be different 
from the mean energy of the bulk plasmons.
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Chiarello et al. observed that the REEL spectrum can be 
described by the combination of two terms, arising from 
surface and bulk inelastic scattering.

G. Chiarello, E. Colavita, M. De Crescenzi, S. Nannarone, Physical Review 
B, 29 (1984) 4878

bulk

surface
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Region where surface plasmons are excited
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Z.J. Ding, H.M. Li, Q.R. Pu, Z.M. Zhang, R. Shimizu, Phys. Rev. B 66 (2002) 
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W.S.M. Werner, Phys. Rev. B 74 (2006) 075421 
M. Vicanek, Surf. Sci. 440 (1999) 1
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O K-LL Auger spectrum in 
SiO2. Experimental data 
( r e d l i n e . Q u a n t u m 
mechanical theoretical data 
(blue line. Monte Carlo 
results (green line).

Energy loss of Auger electrons
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Sketch of the Si2O7H6 nano-cluster 
optimized structure, used for the 
quantum mechanical calculations.

S. Taioli, S. Simonucci, L. Calliari, M. Filippi, M. Dapor, Phys. Rev. B 79 
(2009) 085432

Si
O H
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p-type silicon target  

(p doping = 3 × 1018 cm−3 )

n-type silicon target  

(n doping=5× 1018cm−3)

Solid line: experimental data (J. Castle et al.) 
Dotted line: Monte Carlo results

M. Dapor, B. Inkson, C. Rodenburg, J.M. Rodenburg, EPL, 82 (2008) 
30006

Doped Si



Schematic drawing of resolution test structure

Cpn =
Ip � In
Ip + In

47
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Monte Carlo simulation 
of the energy 
distributions of the 
secondary electrons 
emitted by a Si target

3.55eV

4.05eV

4.55eV

Electron affinity

M. Dapor, B. Inkson, C. Rodenburg, J.M. Rodenburg, EPL, 82 (2008) 
30006
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A. Koschick, M. Ciappa , S. Holzer, M. Dapor, W. Fichtner, Proc. of SPIE 
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The shower of secondary 
e l e c t r o n s p r o d u c e s 
damage in the biomolecules 
( fo r e x a m p l e , d u e t o 
d i s s o c i a t i v e e l e c t r o n 
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We wish to minimize the effects of the irradiation  
on the healthy tissues near to the diseased cells. 

Bragg peak
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Ion beam cancer therapy
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Energy deposited radially by secondary electrons along the track  
of 0.5MeV, 1.0MeV, 2.0MeV and 3.0MeV proton beams incident  
on PMMA

M. Dapor, I. Abril, P. de Vera, R. Garcia-Molina, Phys. Rev B 96 (2017) 064113
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Dose deposited by 2 MeV/u carbon ions in liquid water, as a function of the 
radial distance from the ion path

Int. J. Mol. Sci. 2022, 23, 6121 27 of 39

simulations, it is important to take into account the detailed charge state distribution of
the ion.

Figure 10. (a) Dose deposited by 0.2 MeV/u carbon ions in liquid water, as a function of the radial
distance from the ion path, for different charge states q of the ion, obtained with the LR-TDDFT
model of the ELF. (b) The same quantity, divided by the square of the ion charge, in arbitrary units.

Finally, all three previously described features are taken into account together in
Figure 11, where the simulated radial dose for 2 MeV/u carbon ions in liquid water can
be compared with several other calculated [150,151] and simulated results [152–154]. Our
simulations (which are performed with the cross sections derived from ab initio calculations,
both for elastic and inelastic scattering) are rather consistent with other recent simulations,
such as those by Liamsuwan et al. [153] or from Geant4-DNA [154], except for some
differences at very large radial distances. However, large differences can be observed at
short distances with respect to the classical simulations by Waligorski et al. [152] or from
the analytical calculations from de Vera et al. [150], which remarks the need to count with
the most accurate cross sections for conducting reliable simulations at the nanometre scale.

Figure 11. Dose deposited by 2 MeV/u carbon ions in liquid water, as a function of the radial distance
from the ion path. Our simulation results are shown by a solid black line, corresponding to the ab initio
models for liquid water, both for elastic and inelastic collisions. Comparison with other simulations
are presented: [152] (circles), [153] (squares) and [154] (triangles). The result of an analytical model
for liquid water is also presented (dotted line) [150]. Stars are calculations from Ref. [151] (as they
appear in Ref. [152]).P. de Vera, S. Taioli, P. E. Trevisanutto, M. Dapor, I. Abril, S. Simonucci, 

R. Garcia-Molina, Int. J. Mol. Sci. 23 (2022) 6121 
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Average cluster size of damaging events in a sensitive volume of liquid water 
with a dimension of two DNA turns as a function of the radial distance r from 
the ion track for different values of the carbon-ion energy T. The inset 
depicts a scheme of the nanometric cylinder used in the scoring of the 
following damaging events: excitation (e), ionization (i), and dissociative 
electron attachment (d). 
S.Taioli, P. E. Trevisanutto, P. de Vera, S. Simonucci, I. Abril, R. Garcia-
Molina, M. Dapor, The Journal of Physical Chemistry Letters 12 (2021) 487
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Fractional contribution to the average cluster size in a cylinder with a 
dimension of two DNA turns due to ionization, excitation (with only 40% of 
them leading to molecular dissociation), and dissociative electron 
attachments events for several carbon-ion kinetic energies and impact 
parameters. 
P. de Vera, S. Taioli, P. E. Trevisanutto, M. Dapor, I. Abril, S. Simonucci, R. 
Garcia-Molina, Int. J. Mol. Sci. 23 (2022) 6121 

Int. J. Mol. Sci. 2022, 23, 6121 31 of 39

The simulated points in panel (a) of Figure 14 reproduce the universal curve observed
experimentally, as it can be seen in panel (b), where our results are directly compared
with a compilation of experimental data [22,23]. Even though these data comes from
different nanodosimeters of diverse composition, size, etc., of course different to our
simulation setup, the universality of the curve is confirmed by the rather good agreement
between simulations and experiments in a wide range of conditions. The agreement is
particularly good in the region where the largest clusters are formed, corresponding to
impact parameters lower than or around 10 nm for all simulated energies.

Finally, having into account that SEED simulations reproduce fairly well the experi-
mental ionisation cluster size distributions, and that the code can account for the damage
produced also by dissociative electronic excitations and dissociative electron attachment
(DEA), it would be interesting to assess the relative contribution of each physical mecha-
nism to the induction by carbon ions of direct radiation damage to liquid water sensitive
volumes (having the characteristics of DNA-like targets). The relative contribution (ionisa-
tion, dissociative excitations, DEA) to the average size of the damage clusters is plotted in
Figure 15 for different ion energies, as a function of the impact parameter. As can be seen,
the picture is rather similar for all energies, with only the case of 0.2 MeV/u carbon ions
slightly departing from the rest. For impact parameters �20 nm, the relative contributions
are rather constant, with ionisations providing around 80% of the cluster size, followed
by dissociative excitations that furnish around 15–17%, and with DEA only contributing
around 5% or less. The percentages of dissociative excitations and DEA grow for short
impact parameters (10 nm), presenting maxima of around 30% at 3 nm and 10–15% at
5 nm, respectively, at the expense of ionisations, which decrease to 60–65% at 3–5 nm. In
light of these results we can safely state that ionisation events make up for the largest
contribution to the clustered direct damage induced by carbon ions in liquid water DNA-
like targets, which supports the use of ionisation-based nanodosimeters. DEA, typically
regarded as a very relevant biodamage mechanism in electron-beam related processes [17],
surprisingly plays a minor role in carbon-ion induced clusters of harmful events, according
to the present simulations.

Figure 15. Fractional contribution of different physical mechanisms (ionisations, dissociative excita-
tions, DEA) to the average cluster size in a cylinder with a dimension of two DNA turns for several
carbon-ion kinetic energies and impact parameters.
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Thank you for your attention!


