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In this work, a Monte Carlo model is used to investigate electron induced secondary electron
emission for varying effects of complex surfaces by using simple geometric constructs.
Geometries used in the model include: vertical fibers for velvet-like surfaces, tapered pillars
for carpet-like surfaces, and a cage-like configuration of interlaced horizontal and vertical
fibers for nano-structured fuzz. The model accurately captures the secondary electron
emission yield dependence on incidence angle. The model shows that unlike other structured
surfaces previously studied, tungsten fuzz exhibits secondary electron emission yield that

is independent of primary electron incidence angle, due to the prevalence of horizontally-
oriented fibers in the fuzz geometry. This is confirmed with new data presented herein of the
secondary electron emission yield of tungsten fuzz at incidence angles from 0-60°.
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1. Introduction

Secondary electron emission (SEE) affects the performance
of plasma devices for a wide range of energies and applica-
tions such as fusion [1-3], plasma processing [4, 5], and elec-
tric propulsion [6-9]. Because SEE leads to a reduction in the
sheath potential, wall heat losses increase and the energy of
electrons in the plasma bulk decreases as high energy elec-
trons are absorbed by the walls and low energy secondary
electrons are emitted back [10]. In tokamaks, for instance,
SEE increases the heat transmission to the wall and releases
cold electrons into the scrape-off layer [2, 11].

Textured surfaces have been shown experimentally [12—14]
and computationally [15, 16] to suppress SEE by capturing
emitted and backscattered secondary electrons. This suppres-
sion is due to geometric effects and can also be observed in
sputtering of featured surfaces exposed to plasma [17-19].
In electric propulsion devices, carbon velvet has been used
to improve performance; a similar effect could be realized
in fusion devices via surface fuzz formation at the divertor
plate. Recently, tungsten fuzz has generated interest due to
its natural occurrence under tokamak disturbance-like condi-
tions [20-24], which could allow for the sustained reduction
of SEE (as opposed to conventional manufactured surfaces,
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where features gradually erode away). A similar reduction in
the yield has also been measured for ion-induced SEE from
tungsten fuzz [25].

Computational and analytical efforts have been previ-
ously used to understand the observed reduction in yield due
to surface texturing. Pivi ef al [13] simulated surface grooves
through Monte Carlo particle pushing and predicted a reduc-
tion in the SEE yield which agreed with experimental meas-
urements of similarly textured samples. Similarly, Ye et al
[26] simulated surfaces with pore arrays and obtained com-
plex, nonmonotonic dependencies between yield and incident
angle for various pore configurations. More recently, Swanson
and Kaganovich [16] compared particle pushing model results
with analytical derivations of the reduction in yield due to ver-
tical pillars protruding from a substrate. Despite the success of
previous efforts, complex surface geometries such as fuzz and
carpet surfaces have not been simulated.

The objective of this work is to show that simple, repeating
geometries can accurately and efficiently model SEE behavior
of textured surfaces (see figure 1). Most notably, we demon-
strate that a simple cage-like geometry can be used to accu-
rately simulate the SEE behavior for nano-structured tungsten
fuzz. Modeling results are compared with computational and
analytical results, as well as both historical and recent yield

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. Regions defined by computational model. The focus of
this work is to accurately and efficiently model a representative
geometry for textured surfaces.

measurements, capturing distinct effects of the surface morph-
ology on SEE and its dependence on incident angle. Along
with the modeling results, new measurements are presented
which show that tungsten fuzz greatly affects SEE yield and
angular dependence.

2. Computational approach

The model simulates the interactions of incident primary elec-
trons with the surface, and hence requires knowledge of mat-
erial SEE properties, surface geometry, and electron incidence
conditions (energy and angle). This work focuses on accu-
rately modeling textured surfaces to examine surface texturing
effects on the SEE yield behavior (see figure 1). The following
subsections detail the particle tracking, collisional and emis-
sion behavior, and geometric components of the model.

2.1. Electron tracking

The model uses a Monte Carlo approach to push primary
electrons towards the surface and then simulates the SEE
behavior when a collision with the material is detected
(see figure 2). Because the typical Debye length of plasma
devices of interest (EP and fusion devices) is larger than the
surface layer, the electric and magnetic fields are assumed to
be negligible near the surface. For example, for tokamaks,
the Debye length is on the order of 10~* m [27], while the
surface layer (length of vertical fibers) is on the order of
100 nm-1 pm. Hence, electrons travel linearly until col-
liding with a surface. In addition, primary and secondary
electrons have mean free paths much larger than the surface
feature scales, so their velocities change only after colliding
with a surface.

At the low energies investigated herein, electron penetra-
tion depth into metals approaches a few nanometers and is
therefore neglected. As primary electrons penetrate the sur-
face, they collide with electrons to generate true secondary
electrons or are inelastically backscattered, usually a small

Electron Beam Surface
Parameters Geometry

Monte
Carlo Create Primaries
Module
Push Particles
escape?
N collision?
Y

Collision
Module | Determine Collision Type I

| SEE I | Elastic | | Inelastic I

| | Generate
Secondaries

! Results ’

Figure 2. Flow chart for SEE model.

distance away from the point of collision. For the simulated
conditions, this distance is small relative to fiber dimen-
sions (for the worst case, primary electron penetration depth
for tungsten is ~5nm at normal incidence, compared to the
200nm computational domain length) so inelastically back-
scattered and true secondary electrons are assumed to be
emitted from the point of impact (see figures 3(c) and (d)).
Moreover, although primary electrons can inelastically back-
scatter while also generating true secondary electrons (see
figure 3(a)), in this model, incident electrons are assumed
to be lost (or absorbed) when true secondary electrons are
generated.

Primary electrons are seeded at the top face some distance
above the fiber tops and secondary electrons are only allowed
to escape through this boundary. Electrons are reflected
from the lateral boundaries (since the computational domain
repeats infinitely in the lateral directions) and retained until
they escape or are absorbed. Electrons are pushed linearly
until a collision is detected geometrically by the intersection
of the electron’s path segment and a fiber cylinder or the sub-
strate plane.

Using empirical fits from Tolias [28] and de Lara et al
[29], a probabilistic model backscatters the primary electrons
(elastically or inelastically) or removes them and generates a
randomly calculated number of true secondary electrons (see
section 2.2). These backscattered and true secondary electrons
are then tracked through further collisions or until escaping
through the top boundary of the computational domain. The
algorithm limits the number of further secondary generations
to two since additional generations were observed to negli-
gibly affect the calculated true secondary yield in early runs
of the model.
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Figure 3. (a) Secondary electron emission events. Inelastic
backscattering and true secondary emission are not mutually
exclusive, but are separated in this model. (b) Elastic backscattering.
(c) Inelastic backscattering. Inelastically backscattered secondary
electrons are reflected from the point of collision and do not
generate true secondary electrons in this model. (d) True secondary
generation. True secondary electrons are assumed to be generated at
the point of collision.

2.2. Secondary electron emission treatment

Surfaces impacted by primary electrons emit secondary elec-
trons through three different processes: elastic and inelastic
backscattering, and true secondary emission, as shown in
figure 3. Elastically backscattered secondary electrons are

reflected at the surface and retain their pre-impact energy.
Inelastically backscattered secondary electrons, on the other
hand, penetrate the surface and lose some energy before
recoiling away from the surface. Finally, true secondary elec-
trons are emitted due to collisions between primary electrons
and near-surface atoms within the bulk. The respective yields
for each type of secondary electrons are ¢ and 7 for elastic and
inelastic backscattering and 6 for true secondary electrons,
and represent the ratio of the flux of each type of secondary
to the flux of primary electrons. Each secondary population is
treated independently in this model.

2.2.1. Backscattered secondary electrons. Jonker [30] has
previously measured the angular distribution of ‘rapid’ back-
scattered secondary electrons emitted from nickel at several
incident energies and angles, showing that these secondary
electrons are reflected preferentially at near incidence angles.
The spread in these distributions is likely due to the inclu-
sion of inelastically backscattered secondary electrons and
is neglected. Elastic backscattering is therefore modeled by
retaining the electron’s incident energy (E;) and reflecting
the particle back through its original trajectory as shown in
figure 3.

For inelastically backscattered secondary electrons, a uni-
form energy distribution in the range 50 eV < Egg < E; is
assumed. Jonker’s measured angular distributions for these
secondary electrons are nearly cosine, with a slight bias
toward the incidence angle. For simplicity, a cosine emission
distribution is used.

A probabilistic model developed by de Lara et al [29] is
modified using Tolias’ empirical fits [28] to SEE yield data
taken at low incident energies by El Gomati et al [31]. This
modification corrects the backscattering yield behavior to
monotonically decrease at low incident energies, as discussed
in [32]. The modified inelastic and elastic backscattering
probabilities thus become:

n(E) =a(l —bE)E;"” exp <— (Cflaz>u)
e(E) =f (1 —e B —n(E;)

A 1—cos 0;
0(Ei. ;) = n(E;)*" (0'89 a(E;)(JF%)

1

e))

E(Ei, 9,) = E(E,')COS O

where E; and 6; are the incident energy and angle and Z is
the surface atomic mass number. The other parameters,
a, b, ¢, d, f, g, v, and p, are fit values which can be found
in [29] for ) and [28] for €. Each primary electron is backscat-
tered as a single secondary, so the probability of backscat-
tering is equal to the yield. Hence, a random number generator
is used to determine what type of secondary is emitted after
each collision (note that the probability of true secondary
emissionis 1 —n —¢) [29].

2.2.2. True secondary electrons. For consistency, the true
secondary model presented by de Lara et al is used [29]:
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Figure 4. (a) Carbon velvet scanning electron microscope (SEM) image. (b) Pillar geometry and computational domain. (c¢) Copper carpet
SEM image, reproduced from [36]. (d) Tapered fiber geometry and computational domain. (e) Tungsten fuzz SEM image. (f) Cage-like
geometry and computational domain. Note: computational domains are representative and not to scale. See tables 1 and 2 for dimensions.
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Here, ,, is the maximum true yield, E,, is the incident energy
at which 6,, occurs, s is a material-dependent parameter, and
raccounts for surface smoothness [29]. These parameters can
be obtained for specific surfaces by curve-fitting to exper-
imental yield data from flat, clean samples.

When a collision results in the emission of true secondary
electrons (with probability 1 — € — n), the probability that n
secondary electrons are emitted is calculated using a Poisson
distribution such that the average number of secondary elec-
trons emitted for all collisions equals the true secondary yield:

P — AMexp(—A)
n!
\ 5 (3)
(I-e—n)

where n = 0, 1,2, ... is the number of true secondary electrons
generated and A is the average number of true secondary elec-
trons generated per impact [29, 33]. Each true secondary is
assumed to be generated at the point of impact and follows a
cosine angular distribution of emission independent of inci-
dent angle and energy [33, 34] and an energy distribution
given by

Esg
(ESE + Wf)4

where W;is the material’s work function [34, 35].

Elastically backscattered, inelastically backscattered, and
true secondary electrons can be distinguished experimentally
using an energy analyzer (e.g. gridded retarding potential ana-
lyzer, hemispherical energy analyzer, or cylindrical mirror
analyzer). However, many SEE measuring facilities often lack
such energy analyzers due to their complexity and cost.

f(Esg) =
4

2.3. Geometry

To examine what type of simple repeating geometry can be
used to accurately and efficiently simulate the SEE behavior
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for the complex, chaotic geometry of velvet/carpet/fuzz, we
utilized three different geometries, as shown on figure 4.
A repeating, rectangular 3D section of the textured surface
layer is used as the computational domain. The bottom face
is treated as the solid, underlying substrate, and cylindrical
fibers are positioned (in various configurations) at the corners
of the domain. Three different geometries are employed to
model different textured surfaces in this work:

— A repeating lattice of vertical, cylindrical whiskers, anal-
ogous to carbon velvet, which is similar to the geometry
used by Swanson and Kaganovich [16].

— A copper carpet, tested by Curren et al [12], is modeled
as vertical cylindrical fibers with low aspect ratio and
tapered tops, centered at the corners of the substrate.

— A plasma-generated tungsten fuzz, which Patino et al
studied in [14], is modeled as cylindrical fibers located at
the substrate corners and connected by evenly distributed
horizontal fibers in a cage-like geometry.

Figure 4 shows scanning electron microscope (SEM) images
of the experimentally tested samples, as well as diagrams of
the pillar, tapered fiber, and cage geometries used to model
them.

3. Results and discussion

Simulation results of the SEE yield were compared with mea-
sured and computed yields from various textured samples. The
first is a carbon velvet modeled by Swanson and Kaganovich
[16]; the second an ion-textured, oxygen-free, high-conduc-
tivity copper carpet from [12]; and the third a tungsten fuzz
sample (see [14]) prepared at the MIT Plasma Science and
Fusion Center, which occurs naturally when a heated tung-
sten surface (>1000K) is exposed to helium plasma with ion
energies >10eV and fluxes >10?° m~2 s~! (these conditions
may occur in tokamaks that use tungsten as a plasma facing
material).

3.1. Carbon velvet

To directly compare with Swanson and Kaganovich’s model,
the total SEE yield was modeled as:

+(E8) = Ymax(6) exp | - (W)

2
Emax(ei) = Emaxo (l + ksei >
™

02
’Ymax(ei) = Ymaxo (1 + ) . (5)

2w
The backscattering yields were obtained by multiplying the
total yield by the fraction of elastically and inelastically back-
scattered secondary electrons as given in [16]. In addition,
all secondary electrons were reflected with a cosine distribu-
tion, inelastically backscattered secondary electrons have a
0 eV — E; uniform energy distribution, and true secondary
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Figure 5. True secondary yield results from pillar geometry,
compared with computational (symbols) and analytical (lines)
results from Swanson and Kaganovich [16] for varying (a) aspect
ratios and (b) packing densities.

electrons were emitted with a Maxwellian energy distribution
with T = 5.4 eV.

As shown in figure 5, the computed yield agrees well
with analytical and simulation results from Swanson and
Kaganovich for varying fiber aspect ratio (A = h/r) and
packing density (D = 7r?/s?). For these simulations, the
fiber radius, r, was kept constant while the fiber height, 4,
and separation distance, s, were changed. The models agreed
especially well when the aspect ratio and packing density
were high. Most of the difference was likely due to the dif-
ferent approaches of each model; instead of using Monte
Carlo to backscatter and emit secondary electrons, Swanson
and Kaganovich [16] tracked weighted macroparticles and
changed their weight after each collision according to the total
yield. Moreover, collisions in their model were detected using
isosurfaces which coincide with the fibers rather than geo-
metrically detecting the intersection of the particle’s path with
a surface. The analytical results are known to underestimate
the yield because they do not account for tertiary electrons
emitted by secondary electrons or the energy distributions of
each type of emitted secondary electrons. Nevertheless, our
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Table 1. Copper carpet fiber dimensions from [12] and from
estimates of the SEM images.

Fiber radius 350 nm
Fiber length 1500 nm
Fiber separation 1000 nm
Tip taper angle 45°

model was capable of capturing the reversal of yield depend-
ence on incidence angle as the aspect ratio increases past 100,
which was analytically explained in [16].

3.2. Copper carpet

The tapered fiber geometry closely resembles a repeating
section of the copper carpet, as shown in figure 4. From the
carpet image, we estimated an average taper angle (i.e. the
angle between the fiber tip surface normal and the fiber axis)
of 45°, however, we examined the effects of this taper angle
on the SEE results from the model. Measurements from the
SEM image of the surface, along with estimates reported by
Curren et al [12] are summarized in table 1. The material-
dependent fit values for copper were obtained by fitting to
their flat copper data (see figure 6(a)). Figure 6(b) shows the
true secondary electron yield from the carpet sample at 0°
and 45° incidence angles for a 200-2000eV energy range. In
general, the computational results agree well with the trends
and magnitudes from the experimental data, especially con-
sidering that roughening of fiber and substrate surfaces or
changes in chemical composition during the fabrication pro-
cess was not considered.

Because of the uncertainty in the taper angle estimates, a
parametric study was carried out to gauge the effects of fiber
tip tapering. These results are shown on figure 6(c) for a con-
stant incident energy of 200eV and normalized by the true
secondary yield from flat copper. This highlights the impor-
tance of accounting for fiber tapering in accurately modeling
this particular textured surface. For example, flat-top fibers (0°
taper angle) increase the SEE yield by ~25%—40% as com-
pared with 45° tapered fibers. Moreover, changing the taper
angle by ~ 4:10° from 45° affects the results by less than 4%,
so precisely estimating the taper angle is not necessary in this
range.

Although the true secondary yield at 45° incidence was
almost 40% higher than at normal incidence for a flat copper
surface (see equation (2), the fiber tips funneled electrons
toward the substrate, resulting in increased trapping of sec-
ondary electrons and a reduction in the calculated/measured
yield. These competing effects are evident in the non-mono-
tonic trend of figure 6(c): as the fiber taper angle was increased,
more backscattered secondary electrons were channeled to the
substrate, reducing the yield up to a minimum at about 25°.
Increasing the taper angle further resulted in an increase in
escaped secondary electrons because of the local increase in
yield at the fiber tips (and because the tapered section of the
fiber constitutes a larger fraction of the fiber in order to keep
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Figure 6. (a) True secondary yield from flat copper, compared with
data from Curren et al [12]. (b) Comparison of true secondary yield
results from tapered fiber geometry with copper carpet data. (c)
Results from parametric study of taper angle (angle between fiber
axis and tip surface normal).
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the radius and length constant). These effects were seen at
both 0° and 45° incidence angles, although at normal inci-
dence, the decrease in yield was more noticeable.

Table 2. Tungsten fuzz fiber dimensions measured from SEM
images.

Fiber radius 12.5 nm
Fiber length 200 nm
Fiber separation 200 nm
Horizontal fibers 5 Per side

3.3. Tungsten fuzz

To examine nano-structured surfaces, the model was compared
with recent experimental measurements of the yield from a
well-characterized tungsten fuzz sample. Data in figures 7(a)
and (b) were taken from [14]. The data shown on figure 7(c)
are new (taken using the methods described in [14]) and show
the yield from nano-structured fuzz for primary electron inci-
dent angles of 0-60°. This fuzz exhibits both vertical and hori-
zontal fibers intertwined throughout the surface, so a cage-like
geometry was used in our simulations. Table 2 summarizes the
fiber dimensions measured from SEM images and figure 7(a)
shows curve fitting to flat tungsten yield data.

Comparing the fuzz results with experimental measure-
ments shows good agreement in both trend and magnitude
generally within the experimental error (see figure 7(b)).
Experimental data (see figure 7(c)) shows that the yield is
nearly constant across all incident angles. The results show
that this behavior is due to increased trapping of secondary
electrons by the horizontal fibers; when the fuzz is modeled
using vertical pillars only, there is a monotonic increase in the
yield with increasing incidence angle. In addition, omission
of the horizontal fibers in the model results in sharp disagree-
ments with the data.

4. Conclusion

The results of this work show that the behavior of SEE from
several common textured surface geometries can be accurately
and efficiently modeled with relatively simple geometric con-
structs. Results were compared to and agreed with calculated
and measured yield data from geometrically dissimilar carbon
velvet, copper carpet, and tungsten fuzz surfaces, as well as new
data of the independence of yield on incidence angle for tung-
sten fuzz presented in this paper. Most importantly, the model
captured contrasting surface effects on the yield’s dependence
on incidence angle between the different surface configurations
via geometric modifications, showing its flexibility in simu-
lating textured surface SEE. The model was able to simulate
the reversal in the yield’s dependence on incidence angle as the
fiber aspect ratio increased past 100 for velvet geometries and
the critical effect of fiber tip taper angle for carpet geometries.
A very important result of this study was based on new data,
which show that yield is independent of all incident angles for
nano-structured fuzz geometries. This behavior is unique in
comparison to many other textured surfaces. Our simulations
show that this angular independence is primarily due to trap-
ping of secondary electrons by the horizontally-oriented fibers
in such a geometry. Future work is of interest for surfaces with
similar geometric features, such as foam.
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