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Abstract— Surface conditions—including surface 

morphology, composition, contamination, and oxidation—can 
significantly affect electron yields and consequently spacecraft 
charging. The effects of surface roughness on electron yield are 
modeled in this study by considering four aspects of electron 
yield calculations: (i) simple models of rough surface geometry, 
(ii) the angular distributions of electrons emitted from various 
points on these surfaces, (iii) the likelihood of these emitted 
electrons escaping the rough surface, and (iv) the relative 
fractions of smooth and rough surfaces. Three simple periodic 
one-dimensional surface profiles were considered—namely 
rectangular, triangular, and sawtooth features; each surface 
profile was characterized by an aspect ratio of the surface feature 
width to the height. Two different angular emission profiles were 
considered for lower energy secondary electrons (a Lambertian 
cosine distribution) and higher energy backscattered electrons (a 
much narrower, energy-dependent screened Rutherford model 
approximating a Mott scattering cross-section which also 
depends on the atomic number of the material). In this initial 
study, only normally-incident electron profiles were considered, 
and any emitted electrons were assumed to be recaptured if they 
intersect any surface. The relative fractions of smooth and rough 
surfaces (which could in general have different yields for 
materials in these regions) were taken into account using a simple 
1D “patch” model. Combining the surface profiles with the 
emission distributions allowed the calculation of a roughness 
coefficient—which predicted the effect of the surface profile on a 
smooth surface electron yield—for both secondary and 
backscattered yields for each surface geometry. Generalized 
predictions are presented for the reduced secondary and 
backscattered yields (scaled as the ratio of yields for materials in 
the smooth and rough fractions) as functions of aspect ratio and 
the fraction of the surface profile occupied by surface features. 
Results for backscattered electrons of different incident energies 
are also presented. 

I. INTRODUCTION 
Spacecraft charging has been shown to be affected by 

several factors including temperature, radiation, 
contamination, and the morphology of the surface [1-4]. The 
purpose of this study was to investigate how surface 
roughness affects electron yield (EY) [2,5-11], which is a 
dominant contributor to spacecraft charging [8,11,12]. An EY 
may be generated from incident electrons, ions, or photons; 
however, electron-induced EYs are usually the most 
significant for spacecraft applications [11,14,15], so they were 
the focus of the study. Despite the recognized importance of 
surface roughness, simple models are not readily available to 
incorporate its effect on EY. This project develops a 
framework to evaluate roughness coefficients for basic surface 
geometry profiles suitable for inclusion in a simple “patch” 
model to account for the effects of roughness on EY [6,17]. 

II. THEORETICAL MODEL 
When an incident electron collides with a material, it may 

interact with other electrons contained within the material. 
The incident electron may scatter back out of the material 
through a series of quasielastic collisions; these are known as 
backscattered electrons (BSE). Alternately, these collisions 
may impart enough energy to the materials to liberate 
electrons from within the material; these are known as 
secondary electrons (SE) [2,8,17]. 

In this initial study, only normally-incident electron profiles 
were considered.  Emitted electrons were assumed to be 
recaptured if they subsequently intersected any surface. Thus, 
emitted electrons have a critical angle from the surface 
normal, θc, that determines whether they will be able to escape 
from the material [see Fig. 1(a)]. Surface roughness will act to 
decrease this critical angle from the maximum possible angle 
of 90° for a flat, smooth surface; as the critical angle decreases 
fewer electrons avoid collisions and thus more are re-
absorbed, and the EY is consequently expected to decline 
[2,6,17]. The critical angles differ for scattering to the right or 
left as θR and θL, and are functions of the location of the 
incident electron collision along the lateral coordinate, X.  All 
the information unique to the geometry of the periodic one-
dimensional (1D) surface profiles considered here (namely 
rectangular, triangular, and sawtooth profiles) are thus 
contained in the expressions for θR(X) and θL(X), as functions 
of X.  

The roughness model also requires expressions for the 
unnormalized angular distributions of emitted SE or BSE 
electrons, An(θ), from a point source at a position X.  Two 
different angular emission profiles were considered for lower 
energy SE [a Lambertian cosine distribution; see Fig. 1(b)] 
and higher energy BSE [a screened Rutherford model, 
approximating a more accurate Mott scattering cross-section; 
see Fig. 1(c)] [17]. Operationally, SEs are defined as those 
with energies <50 eV, and BSEs are defined as those at higher 
energies >50 eV up to the incident energy, Eo [17]. The higher 
energy causes the BSE to potentially penetrate deeper within 
the material, causing roughness to have a lesser effect 
[8,11,17]. The BSE angular distribution is in general much 
narrower than the SE distribution. The screened Rutherford 
approximation incorporates a screening cutoff angle, which 
scales as Eo

1/2 and [17]; this introduces a complex 
dependence for the roughness models for BSE on Eo and the 
mean atomic number, , as illustrated by the three angular 
distributions shown in Fig. 1(c) for 1.5 keV, 33 keV, and 100 
keV incident electrons. 
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Finally, combining each surface profile with the SE or BSE 
emission distribution allowed the calculation of the fraction of 
electrons that can escape from a roughened surface as 
compared to a smooth, flat surface; this ratio is referred to as 
the roughness coefficient, cr(α,ω).  This can be determined by 
integrating the appropriate normalized SE or BSE angular 
distribution function [the term in square brackets in (1)] for all 
allowed emitting an1gles θR(x)≤θ≤θL(x) over all lateral points 
0≤x≤ω in the rough surface.  

 

       (1) 
 
where: (i) the reduced width, ω≡W/L, is defined simply as the 
ratio of the lateral width of the roughness feature, W, to the 
total unit cell width, L; (ii) the aspect ratio, α≡W/D, is defined 
as the ratio of W to the depth of the roughness feature, D; and 
(iii)  the reduced lateral location of the incident electron 
collision, x≡X/L, is defined as the ratio of the X position to L.  

The roughness coefficient, cr(α,ω), can be incorporated in a 
simple 1D “patch” model [16] of two-component composite 
material, where the relative fraction of the two constituent 
components—the smooth and rough surfaces—is ω≡W/L.  In 
general, the smooth and rough surfaces have different EY for 

materials in these regions; σs, δs, and ηs or σr, δr, and ηr, 
respectively.  The reduced composite EY is 

 

,                   (2) 
 

written in terms of reduced composite and rough electron 
yields scaled to the smooth surface EY,  
 

          and      ,                    (3) 
 
with similar expressions for SE and BSE yields, δcom, and ηcom.  
The first term in (2), accounting for the contribution from the 
smooth surface, scales linearly with the relative fraction of 
smooth and rough surfaces, ω. The second term in (2), 
accounting for the contribution from the rough surface, is 
proportional to ω times the roughness coefficient, cr(α,ω), 
[which itself may be dependent on the aspect ratio, α, and/or ω 
through (1) and dependent on Eo and  for BSE]. 

III. RESULTS 
Three simple, periodic 1D surface profiles were 

considered—namely rectangular, triangular, and sawtooth 
features—as shown in Fig. 2. Each surface profile was 
characterized by an aspect ratio of the surface feature width to 
the height and the relative fraction of smooth and rough 
surfaces, as shown in Fig. 3.  The surface geometries were 
generalized by defining several reduced geometry coordinates, 
x≡X/L, α≡W/D, and ω≡W/L, based on the absolute 
coordinates.  

Fig. 2. Three periodic one-dimensional surface profiles considered here: (a) 
rectangular geometry, (b) sawtooth geometry. (c) triangular geometry.  The 
surface feature width, W, and depth, D are indicated, as is the periodic unit 
cell length, L. Fig.1. (a) Schematic of electron emission angles θ (low aspect ratio feature) 

and ɸ (high aspect ratio feature) originating from a point x laterally along a 
surface roughness feature. The critical angles are θc and ɸc Electron 
emission angular distribution functions. (b) Lambertian (cosine) distribution 
for SE yields. (c) Much narrower, energy-dependent screened Rutherford 
model approximating a Mott scattering cross-section which also depends on 
the atomic number of the material for BSE yields.  Angular distributions 
shown are for 1.5 keV (blue), 33 keV (red), and 100 keV (black) incident 
electrons. 
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For each of these defined geometries, it is possible to 
develop analytic expressions for the left and right critical 
angles in terms of where the electron strikes, x, which are in 
turn inserted into (1) and integrated over the full geometry to 
determine roughness coefficient, cr(α,ω), for each geometry.   

As expected, the rectangular model is the easiest to evaluate 
due to the even symmetry of the well and constant depth. It 
provided the simplest results, with cr(α) dependent only on α:         

 

 ,                                          (4) 
  
as shown in Fig 3(a).   

The equations for the critical angles for the triangular 
geometry are more complex, but the roughness coefficient can 
still be evaluated analytically given its even symmetry with a 
changing depth.  It is given by 

 

                                                                (5)         

        
 
   
as shown in Fig. 4(a).   

Finally, the sawtooth geometry is the most complicated, as 
it lacks symmetry and has changing depth.  The roughness 
coefficient is 

 

 (6)                                                                                            
                                                                                                                      
Equation (5) was not able to be fully evaluated analytically, 
but numerical results for the triangular geometry SEY were 
obtained, as shown in Fig 5(a).  The results for the SEY 
roughness coefficients for the three geometries as a function 
of aspect ratio, α, at ω≡W/L=0.5 are compared in Fig. 6(a).   

Evaluation of (1) for the more complex BSE angular 
distributions were also evaluated numerically. BSEY results as 
a function of α and ω for the rectangular, triangular and 
sawtooth models are shown in Figs. 3(b), 4(b), and 5(b), 
respectively.  Recall that the roughness coefficient for BSE 
has both energy and atomic number dependences through the 
screening cut-off angle. Figure 6(b) compares the roughness 
coefficients as a function of aspect ratio for the three 
geometries; these plots are evaluated at ω=0.5 for C (Z=6) at 
1 keV, near the typical value for the peak BSE EY for most 
materials.  Figure 6(c) compares the roughness coefficients as 
a function of incident energy for the three geometries; these 

Fig. 3. Roughness coefficient as a function of aspect ratio and roughness 
fraction for the square well geometry model of surface roughness for (a) 
secondary electrons and (b) backscattered electrons. 

Fig. 4. Roughness coefficient as a function of aspect ratio and roughness 
fraction for the triangular geometry model of surface roughness for (a) 
secondary electrons and (b) backscattered electrons. 
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plots are evaluated at α=3 and ω=0.5 for C (Z=6).  A dashed 
green line in Fig, 6(c) indicates the approximate energy below 
which the BSE model becomes inaccurate for scattering below 
the screening cutoff angle.  This is roughly 150 eV to 600 eV 
for elemental solids for 4≤Z≤92, and for most common 
spacecraft materials is only several times more than the 
operational lower bound of 50 eV for BSE and below the 
energy of the peak BSEY. 

Figures 3, 4, and 5 summarize the EY results for (a) SE and 
(b) BSE for the rectangular, triangular, and sawtooth 
geometries, respectively.  The plots show the roughness 
coefficient, cr(α,ω),  from (2) as a function of aspect ratio, α, 
and roughness fraction, ω. 

IV. CONCLUSIONS 
Quantitative models to predict the effects of surface 

roughness on SEY and BSEY have been developed for three 
very general simple 1D models of rough surface geometry, 
each characterized by an aspect ratio of the surface feature 
width to the height and by the relative fractions of smooth and 
rough surfaces. The models predict a potentially large impact 
of surface roughness on EY under certain circumstances.   

As expected, the aspect ratio was a dominant factor in the 
degree of EY suppression.  There were clear differences 
predicted between the three geometries studied in the 
suppression of both SEY and BSEY. The roughness coefficient 
for a triangular well had a smaller impact on both SEY and 

BSEY suppression. The rectangular well reduced BSEs the 
most and the sawtooth geometry reduced SEs the most. BSEY 
was significantly less affected by surface geometry than SEY, 
which is attributed to the deeper pentation of BSEs. Results for 
BSEY of different incident energies were also identified. 

The proposed modeling of the effects of surface roughness 
on EY can be enhanced and extended in several ways.  Work is 

Fig. 6. Comparison of roughness coefficients for the three geometry models 
at a fixed ω=0.5. (a) Comparison of SEY roughness coefficients as a 
function of aspect ratio. (b) Comparison of the BSEY roughness coefficients 
as a function of aspect ratio, evaluated for C (Z=6) at 1 keV.  (c) 
Comparison of BSEY roughness coefficients as a function of incident 
electron energy, evaluated at α=3 for C (Z=6). The dashed green line shows 
the approximate point below which the BSE model becomes inaccurate for 
scattering below the screening cutoff angle.   

Fig. 5. Roughness coefficient as a function of aspect ratio and roughness 
fraction for the sawtooth geometry model of surface roughness (a) secondary 
electrons and (b) backscattered electrons. 
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in progress to add additional 1D geometry models for 
hemispherical and sinusoidal roughness features. We also 
intend to extend the composite material EY models to 
incorporate 2D periodic surface structures [5] through 2D EY 
“patch” models [16], multilayer material EY models [18], and 
more than two constituent materials [16].  The angular 
distribution functions can be improved, especially for BSE, by 
incorporating specular reflection components based on non-
normal scatter from roughness feature surfaces or from non-
normal or isotropic electron incidence.  

Additional work is in progress to test the efficacy of the 
proposed models for measured SEY and BSEY data for 
intentionally roughened Al and Cu surfaces [5], insulating 
Al2O3 particulate samples [19], and a very high aspect ratio 
carbon nanotube forest samples [20].  Initial results suggest the 
models are effective in determining the EY of various complex 
materials to within a reasonable margin of uncertainty. Indeed, 
it is clear that a key element of such applications will be in 
finding appropriate and accurate methods to characterize the 
sample surface roughness and which surface geometries are 
most applicable. 
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