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Determination of energy and charge deposition
profiles in elemental slabs from an isotropically
equivalent electron source using Monte Carlo
simulations
David A. Barton, Brian P. Beecken, Robert M. Hoglund

Frederickson’s work [3–7]. However, both in the NUMIT
family of simulation models and in other such models, it is
necessary to know where the incident electrons and their
energy are deposited. Without an accurate profile of these
parameters, the charge transport models have little value in the
context of spacecraft charging.

Abstract— Monte Carlo simulations using the MCNP5
transport code have been made for electrons with 10.0 keV to 5.0
MeV kinetic energies incident on thick slabs of elemental
materials with atomic numbers in the range 6 to 79. An electron
point source near the surface of the target slab was used to
simulate isotropic incidence, allowing for the inclusion of
backscatter and secondary electron emission in the simulation.
Thus, the results should be uniquely useful for the modeling of
deep-dielectric charging in spacecraft over a large range of
energies and materials. Due to the minimum electron energy
cutoff of MCNP5, accuracy of the simulations decreases at the
lowest incident energies. A preliminary attempt has been made to
produce an algorithm that can quickly reproduce and interpolate
between the Monte Carlo results for both incident energies and
target materials in the ranges studied. Such an algorithm should
prove useful to modelers of deep-dielectric charging in realistic
spacecraft environments.

Originally, the box-model was used [8–10]. This model is a
straight-forward application of the continuously slowing down
approximation (CSDA) that has been used extensively in the
field. The CSDA is the distance a normally incident electron
would travel in the course of slowing down from its initial
energy to zero energy—if its rate of energy loss along the
entire path was always equal to the mean rate of energy loss.
Clearly, if all electrons are assumed to go the distance in the
CSDA, then they all are deposited in the same place.
Furthermore, the energy deposited along the way is by
definition constant. As a result, the RIC is constant throughout
the CSDA range.

Keywords—isotropic electron incidence; energy deposition;
charge deposition; Monte Carlo simulations

I.

Certainly, it has long been noted that electrons do penetrate
further than implied by the CSDA range, and these are called
stragglers. If some go further, then some stop sooner. In
addition, as the electrons deflect off of the material’s ions, their
paths will no longer be normal to the dielectric's surface.
Obviously, a deflected electron will not penetrate as deeply
into the material, but will still lose energy as it travels within
the material. Thus, it will drop its energy at shallower depths.
A direct consequence, therefore, is the energy deposition for
normally incident electrons will not be constant. We would
like to do better than the box-model. Fortunately, better data
and models are available in the literature.

INTRODUCTION

Deep-charging of dielectrics onboard spacecraft due to
electron bombardment is known to cause significant and
damaging electrostatic discharge events. Inherently, the study
of such deep-charging requires knowing the depth to which
incident electrons will travel in particular materials for given
incident energies and incident angles. Also, the conductivity of
a dielectric changes when energy is deposited due to the
phenomenon referred to as radiation induced conductivity
(RIC). Increased conductivity allows the charge to move within
the dielectric. Therefore, it is important to know where the
incident electrons deposit their energy.

In a seminal paper, Tabata and Ito [11] created an algorithm
that determines the profile of energy deposition by normally
incident electrons. They compiled the results of more than
twenty experimental studies and more than a half-dozen Monte
Carlo method calculations. At the time, a leading algorithm
was by Kobetich and Katz [12], but Tabata and Ito
demonstrated that their version was valid over a wider range of
incident energies with greater accuracy.

Numerous attempts have been made to model how charge
deposited deep within a dielectric moves due to the developing
electric field. Such models should be able to increase our
understanding of the circumstances in which an electrostatic
discharge (ESD) event is likely to occur. A. R. Frederickson
developed one of the first models; he called it NUMIT [1, 2].
Over the years, various researchers have picked up
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Tabata and Ito's dose depth algorithm requires only the
input of the insulator's atomic number and atomic weight and
the energy of the mono-energetic electrons. Effective atomic
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numbers can be used so that the range of applicability is from
~5.3 to 82. The incident electron energy range is ~100 to
20,000 keV. The algorithm is published as only forty-five lines
of FORTRAN code. Its ready availability, rapid computation
time, wide applicability, and ease of use has made the
algorithm, which they named EDEPOS (for energy
deposition), a tool of choice for many modelers of spacecraft
charging. Tabata and coworkers later published a series of
papers dealing with related issues such as transmission
coefficients and range parameters, but also published a new set
of Monte Carlo simulation data [13] and a new algorithm for
energy deposition [14].

Even with modern computing power, Monte Carlo
simulations take significant time—both to set up and to run.
Therefore, modeling the transport of charge and the buildup of
electric fields within the dielectric (e.g., the NUMIT models)
requires the use of an algorithm that is fit to the Monte Carlo
deposition data. Because it is desired to model a variety of
different dielectric materials and incident electron energies, the
algorithm must infer new deposition profiles as material
characteristics and incident energies are changed. In the past
this has been done primarily by developing functions with
many fitting parameters [11, 14, 18, 25]. We propose a
possible new approach that would utilize modern software
capabilities to quickly interpolate the Monte Carlo results for
different materials and incident energies that were not included
in the Monte Carlo simulations. Eventually, more Monte Carlo
simulations will be done, and it certainly would improve
charge modeling if these results could be added. In our
proposed interpolation approach, an easy path for upgrading
the deposition profiles is anticipated.

Less work appears to have been done on charge deposition
profiles, but there have been significant improvements over the
primitive box-model. Tabata et al., relying heavily on Monte
Carlo simulations, have published some charge deposition
profiles [15–17]. Also, Frederickson, Bell, and Beidl [18]
developed an algorithm that utilized Tabata’s EDEPOS and
Monte Carlo data to develop an algorithm with six fitting
parameters. Frederickson was able to determine analytical
functions for five of the six parameters. He left the sixth in a
tabular form for the sake of precision. The inputs are the same
as for EDEPOS, and the output is in terms of the fraction of
incident electron flux as a function of depth. Many NUMIT
models use the Frederickson algorithm for charge deposition
profiles.

II.

MONTE CARLO SIMULATIONS

A. Model Set-Up
MCNP5 was used to simulate a point source of monoenergetic electrons incident on a cylindrical slab of various
elements. Each simulation was run with 30 million source
particles. From the simulation the depth profiles of the charge
and energy deposited in the material were obtained, with the
program code automatically accounting for backscatter and
secondary electron emission. A point source was used as a
functional equivalent of an isotropic source. It can be shown by
symmetry (see Fig. 1) that a point source emitting onto a semiinfinite slab has the same angular distribution as an isotropic
source emitting onto a point.

Most of the work on finding energy and charge deposition
profiles has been done for normally incident beams. Such an
approach is appropriate both because it is straightforward and
because most experimental work is done with beams. There are
occasional papers that deal with specific angles of incidence
[19, 20], and some have tried to approximate various angles of
incidence from normal incidence algorithms [5, 6]. However, it
is difficult to find anyone who discusses deposition profiles
resulting from isotropic incidence in a comprehensive way.

Our simulation was set up as shown in Fig. 2. The
sensitive volume was a cylinder with a 10 cm radius divided
into 50 equally thick horizontal layers perpendicular to the
cylinder axis, and the point source was placed on the radial
axis 0.01 cm above the cylinder. The thickness of the layers
scaled with the incident energy in order to provide an
appropriate length scale for the depth profiles.

Nevertheless, the modeling of deep-dielectric charging on
spacecraft requires more than normal beam incidence.
Certainly isotropic electron incidence more appropriately
approximates the space environment. In addition, for the sake
of modeling charging, it is also necessary to allow for the
backscatter of incident electrons—a phenomenon that will vary
with incident energy, angle of incidence, and the material type
being bombarded. Backscatter has been studied as a separate
issue [21–23], but its use in charge modeling has been limited
due to a lack of data over an appropriate range of incident
energies and angles. Furthermore, the emission of secondary
electrons near the dielectric’s surface can also play a
significant role in charging, but it presents additional modeling
challenges.

Iso Source

In this paper, we take a new approach. The well-known
MCNP Monte Carlo transport code [24] has been used to
simulate isotropic incidence onto various materials. By placing
the simulated electron source above the material slab, isotropic
incidence, backscatter, and secondary electron emission are
automatically taken into account. As a result, energy and
charge deposition profiles should much more closely reflect the
actual situation in the space environment.

Point Source

Semi-Infinite Detector
Figure 1: Particles incident on a point and coming from an isotropic
distribution will exit the point having the same angular distribution. This
distribution is identical to that of a point source.
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Figure 2: Illustration of simulation geometry. Sensitive volume is a cylinder
of 10 cm radius divided into 50 equal thickness layers. R2 is >> depth.

Figure 3: Energy deposition profile for 1000 keV electrons in Aluminum

The finite nature of our sensitive volume leads to a
difference between our results and the ideal case, as particles
with a very large incident angle will miss the target or may
exit the sensitive volume before completely depositing their
energy and charge. The effect of particles exiting out the sides
of the cylinder becomes greater at large energies as particles
penetrate to greater depths. We can estimate the upper bound
for this error by taking the ratio of the surface area over which
particles would either miss the sensitive area or possibly exit
out the sides divided by the area of a half-sphere.
(1)

Surface Area

Max Error %

Surface Area of Half Sphere

2

°
sin
min
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B. Results and Discussion
Initially, simulations were run for various electron
energies, ranging from 10 keV to 5 MeV, incident on
elemental aluminum, and depth profiles for the energy and
charge deposited in each horizontal layer were tabulated and
graphed. (See examples in Figs. 3, 4)
The energy deposition results show a small increase at the
shallowest depths and then fall off roughly linearly until most
of the energy (> 90%) has been deposited after which the plots
flatten out. (See example in Fig. 3.) The charge deposition
results show a profile that is initially positive (showing
electrons have been depleted from the surface layers) and then
grow to a negative peak and finally fall back to zero. (See
example in Fig. 4.) Compiling the results over the different
energy runs we plotted the depth at which greater than 90% of
the energy was deposited and the peak of the charge profile vs.
incident energy (see Fig. 5). This graph shows that the
dependence on the incident energy at low energies is nearly
quadratic, but becomes linear at high incident energies.

100%
100%

At 5000 keV the sensitive volume was set at 1 cm thick
with a 10 cm radius, giving 84.3° for θmin, the minimum angle
above which the particles’ straight line projection along the
incident angle either does not exit the back of the sensitive
volume or will miss the volume completely. Therefore:
Max Error 5000 keV

0.02

9.9 %

0.01
Charge Fraction deposited in layer

(2)

Charge deposited in Aluminum by 1000 keV electrons

Smaller incident energies give lower error values.
Calculating for 1000 keV electrons gives an error of:
(3)

Max Error 1000 keV

1.3 %

The true variation from an isotropic source will be much
less than this number as a large fraction of the particles whose
projection exits out the sides rather than the back will stop in
the material, and even those particles that exit the sides will
deposit much of their energy inside the sensitive volume.

0
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At low energies the minimum energy (1 keV) in MCNP5
for electron transport limits the model accuracy, especially
near the surface. Secondary emission of electrons with
energies below 1 keV is not generated by the simulation and
so real effects such as positive charging due to electron
emission will not be completely seen.
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Figure 4: Charge deposition profile for 1000 keV electrons in Aluminum. Yaxis is the fraction of charges deposited in the layer divided by the total
number of incident particles. Positive numbers represent electrons being
removed, negative numbers represent electrons being deposited.
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(4)

Energy Fraction %

14.01 ln

112.79

(5)

Charge Fraction %

15.96 ln

108.93

Lower energies fit fairly well to the logarithmic
dependence but for higher incident energies the plots deviated
more significantly from a logarithmic fit and the relationship
is likely more complex.

15

200

300

The dependence of the total energy and charge deposited
roughly depends on the logarithm of 1/Z. For an incident
energy of 500 keV we obtained the following fits to the data:

TABLE I.

100

200

Comparing the total fraction of the incident charge and
energy that is deposited in the material for different Z values
shows that increasing Z decreases both the fraction of energy
and charge that are deposited in the material, meaning that the
backscatter at the surface increases as a function of Z. (See
Table I)
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Figure 7: Charge deposition profile of electrons on various materials.
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Next we ran simulation for five different elements (gold,
silver, iron, aluminum, and carbon) and compared the results.
In order to isolate the effect of Z on the charge and energy
distributions we assigned each element a mass density of 5.0
g/cm3 and then ran the simulation. Figs. 6 and 7 show the
charge and energy depth profiles of the different materials for
electrons of 500 keV incident energy. We then compared the
results at different energies. The results showed that
increasing Z decreased the amount of both charge and energy
that was deposited. The energy deposition profile peak was
reduced and narrowed, but the energy deposition in the tail
was increased for higher Z numbers, likely due to increased
numbers of bremsstrahlung photons for higher Z materials.
The charge deposition profile was shrunk and shifted towards
shallower depths as Z increased.

Aluminum

0

-0.04

500

Figure 5: Dependence of energy and charge deposition on incident electron
energy. Dependence is quadratic at low energies and linear at higher energies.

Carbon

0.01

500

Depth (um)
Figure 6: Energy deposition profile of electrons on various materials.
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Z DEPENDENCE AT 500 KEV

Atomic Number
(Z)

% Energy
Deposited

% Charge
Deposited

6

89.74

81.65

13

81.51

70.49

26

71.47

58.82

47

60.74

47.81

79

49.38

37.25
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III.

TABLE II.

ENERGY AND CHARGE DEPTHS AS A FUNCTION
OF DENSITY
Charge Dep.
Density
> 90% Energy
Peak Depth
(g/cm^3)
Depth (um)
(um)
1

105

90

1.5

70

60

2

55

45

3

34

30

5

21

18

7.5

13.5

11.5

10

10.5

9

A. An interpolative approach
For the purposes of modeling charging, it is extremely
helpful to have an algorithm that quickly determines the
electron and energy depositions as a function of depth. Useful
charge modeling requires the exploration of numerous
materials of varying thicknesses bombarded simultaneously by
a wide range of electron energies. Set up of one Monte Carlo
simulation is difficult; running a Monte Carlo simulation is
time consuming. If every exploration of a new material or a
different electron flux energy spectrum required new Monte
Carlo simulations, then the usefulness of charge modeling
would be severely diminished. Also, either the charging model
would have to run somehow in conjunction with a Monte Carlo
code, or the modeling would have to be done in an awkward
two-step sequence which would necessitate operating two
different programs and transferring the data between them.
Although previous algorithms have been found by fitting
multiple functions with multiple fitting parameters [11, 14, 18,
25], we have begun to explore a different approach that could
have significant advantages. Modern computational software
programs such as Mathematica® and MATLAB® have many
useful tools, including the ability to interpolate within
complicated data sets. At least one of the newer NUMIT
models [5, 6, 26] is written in MATLAB, so it was appropriate to
investigate the possibility of using these interpolation tools.

Finally we wanted to isolate the effect of density on the
energy and charge depth profiles. We took a single element,
carbon, varied its mass density in the simulation, and plotted
the results for a single incident electron energy (100 keV).
There was a clear inverse relationship between the depth
profiles and the density as can be seen from Table II and Fig. 8.
This is an expected result as increasing the density will
proportionately increase the number of interactions thereby
creating shallower energy and depth profiles.

MATLAB has several potentially relevant functions. As of
this writing, we have tried three, focusing our efforts on
scatteredInterpolant. This function performs an interpolation
on a scattered data set that has three independent variables and
one dependent variable. For a set of points defined in three
dimensions, a corresponding set of values is input. Queries for
values that are not in the original inputs are made by choosing
different three-dimensional points. Then, scatteredInterpolant
will return the interpolated value.

Simulation dependence on density at 100 keV
> 90% Energy Depth

Charge Dep. Peak Depth

120

In our case, the three dimensions defining a point were
depth in the dielectric (x), incident electron energy (T0), and the
atomic number of the dielectric (Z). The scatteredInterpolant
function was used separately for the two different types of
Monte Carlo data described earlier: the energy deposition
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80
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NEW ALGORITHM FOR MODELING CHARGING

60

y = 106.14x-1.012

40

20
y = 90.321x-1.008
0
0

2
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8

10

Density (g/cm^3)
Figure 8: Density dependence of 100 keV electrons incident on a carbon
target. Depth profiles fall off as one over the density.

Fig. 9: Interpolation of Monte Carlo data for energy deposition based on
depth.
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somewhat reasonable, although the small glitch in the
interpolations at shallow depths indicates that more exploration
in using the interpolative method is needed in this case.
Based on these plots, early indications are that the MATLAB
function scatteredInterpolant does a decent job interpolating
over x and Z for the energy deposition profiles. However,
interpolating between different incident energies (T0) does not
appear to work as well. Further investigation needs to be done
to ensure confidence in the validity of this approach over wider
ranges and to determine if the approach can be effective
interpolating between different values of T0.
C. Results of Charge Deposition Interpolation
A valid profile of the electron deposition is the second
important input to charging models such as NUMIT. Again
scatteredInterpolant was used, but this time to interpolate the
charge deposition profiles for the same dielectrics: Kapton,
silicon dioxide, and Teflon. Fig. 12 shows some very
reasonable results for these materials.

Fig. 10: Interpolation of energy deposition materials based on effective Z.

profiles and the charge deposition profiles.
B. Results of Energy Deposition Interpolation
The first interpolation done changed only the depth inputs.
The values were queried at depths midway between the Monte
Carlo points. The results for such a simple interpolation were
just as expected (see Fig. 9).

Unfortunately, the scatteredInterpolant did not work
effectively when it was asked to interpolate between different
incident energies in the same materials. Charge deposition
profiles typically have a peak at some depth. As would be
expected, that peak moves towards the surface at low incident
energy and moves deeper at higher incident energies. The
scatteredInterpolant function apparently distributes the charge
deposition between the two peaks when it is interpolating
between two incident energies. The result is an unphysical
double-peak in the deposition profile. This situation is
illustrated in Fig. 13 with Monte Carlo data for 100 keV and
500 keV incident electron energies on carbon and three
interpolated incident energies in between. Such a result casts
further doubt on a strictly interpolative approach to an
algorithm for finding deposition profiles between different
incident energies.

Next, an interpolation of the atomic number was attempted.
Composite materials of interest to spacecraft charging were
chosen: Kapton® with Zeff = 6.36, silicon dioxide with Zeff =
10.80, and Teflon® (polytetrafluoroethylene) with Zeff = 8.28.
The effective atomic numbers were found using the method
identified by Tabata [11]. The results are shown in Fig. 10.
Because all of the materials attempted have effective atomic
numbers that fall between that of carbon and aluminum, we
expect the interpolated results to be there also—exactly as they
appear in the graph.
Deep-dielectric charging models will also require
deposition profiles for incident electron energies that do not
happen to be precisely those used in the Monte Carlo
simulation. The ability of scatteredInterpolant to interpolate
between incident electron energies on carbon was tested using
two values between the data at 100 keV and 500 keV. The
results are shown in Fig. 11. Overall, the interpolation looks

D. Possible Path forward for Interpolative Approach
Using the built-in interpolative functions in software tools
such as MATLAB has important potential advantages over
finding functional fits with a host of fitting parameters. The
task should be simpler, and probably more importantly, the
realism of such an approximation should be easily improved as

Fig. 12: Interpolation of charge deposition based on effective Z.

Fig. 11: Interpolation of energy deposition based on incident electron energy.
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Simulation results were obtained for a wide energy range of
nearly two orders of magnitude and for five different elements
spanning Z numbers from 6 to 79. The results from the
simulations showed a quadratic dependence of the depth
profiles on incident energy at low energies with a linear
dependence at higher energies. The dependence of the depth
profiles on density was also determined and shown for carbon
to be a simple inverse relationship. The depth profiles’
dependence on Z at low energies was proportional to the
natural logarithm of the inverse of Z, but at higher energies
deviated from this relationship. Running simulations for more
atomic numbers and energies hopefully will determine this
relationship more accurately.
In addition, a new method for utilizing these Monte Carlo
results in charging models has been explored. Although there is
some promise in the idea of using interpolative tools, rather
than fitting functions to quickly find approximate deposition
profiles, it has become clear that such an approach is not as
simple as it might first appear. However, it may be that a
combination of both scaling and interpolation will provide a
workable solution.

Fig. 13: Interpolation of charge deposition based on incident energy.

more Monte Carlo data is obtained. Therefore, we do not want
to give up on this possible approach too hastily.
The serious issue with an interpolative approach occurred
when there when trying to interpolate between different
incident energies. This situation occurs most obviously when
determining charge deposition profiles. Previous investigators
have noticed that the shape of the energy deposition profile for
beams does not really change with changing incident energy—
rather, it just scales [11, 25]. Although those observations were
only for energy deposition of beams, and the issue here is both
energy and charge deposition from isotropic incidence, the
shapes of the profiles are somewhat similar. It could easily turn
out that these isotropic deposition profiles also scale. If that
were the case, then an algorithm could be written that scales
Monte Carlo data for different incident energies on the same
material, and then incorporates an interpolative approach to
determine the profiles for different materials at those energies.
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