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ABSTRACT
Over the past 5 years, researchers at Princeton Plasma

Physics Laboratory (PPPL) have been engaged in research
to theoretically characterize Secondary Electron Emission
(SEE) from complex surfaces. We have used both a Monte
Carlo numerical method and an analytic integral model to
study the phenomenon. We have studied the specific shapes
of velvet, foam, and a feather-like fractal surface using these
methods, including parametric dependence (aspect ratio,
packing density, angle of incidence). We have found that
the Secondary Electron Yield (SEY) of a velvet surface can
be significantly smaller (< 10%) than a flat surface, but
only for electrons which are normally incident. We have
found that the SEY of foam surfaces is much more isotropic
with respect to angle of incidence, but that the minimum
SEY does not approach that of velvet (⇠ 30%). Using the
understanding gleaned from analysis of velvet, we proposed
a primary velvet with a smaller secondary velvet grown onto
it, which we called “feathered" because of its resemblance
to down feathers. We have found that a feathered surface
exhibits isotropic and dramatic SEY reduction.

INTRODUCTION
The interest in Secondary Electron Emission (SEE) at

Princeton Plasma Physics Laboratory (PPPL) initially re-
sulted from research into Hall Thrusters. Materials with low
Secondary Electron Yield (SEY) were considered a way to
reduce near-wall conductivity and to increase the potential
profile favourably [15–17]. More broadly, the interest at
PPPL is from the e�ect of SEE on plasma, such as its crit-
ical role in maintaining a DC discharge, [11] determining
the potential in sheaths, [4] and causing plasma instabili-
ties [19, 25]. The SEY of the Tungsten divertor in the ITER
tokamak experiment is expected to be near unity [7, 28].

That said, we are aware of those non-plasma applications
which are known to be sensitive to SEE, like accelerators [32]
and RF amplifiers [26].

The technique of reducing SEY through the geometry of
a surface was mostly confined to regular grooves until this
decade [14, 20, 29]. Carbon velvets were early contenders
for a surface, receiving both theoretical and experimental
attention, both at PPPL and elsewhere [1,10,13,21]. Foams,
of the kind that are spontaneously generated when Helium
plasma is incident on Tungsten, [28] are also surfaces of
interest both at PPPL and elsewhere [5, 12, 23].

Other common structures under consideration are den-
dritic structures, [3] micro-pores, [31] and micro-spears and
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Figure 1: Velvet geometry, including secondary electrons
produced on the velvet tops, sides, and bottom substrate

-nodules [6]. These micro-architectured materials may often
be grown in-place via chemical processes.

Here at PPPL we attempt via modeling to determine the
parametric dependencies of the SEY, for example on aspect
ratio, packing density, layer thickness, angle of incidence,
etc. Other researchers have also analyzed geometries in
this way [27,30,31]. Other groups also use a Monte-Carlo
tool [2, 8, 9].

THE MECHANISM OF SEY
SUPPRESSION

For the mechanism of SEY suppression, see Figure 1.
Some incident electrons penetrate deep into the architec-
tured layer. There, they produce secondary electrons. These
secondary electrons are typically only a few eV of energy.
At this energy, if they hit a surface again, they produce no
more secondary electrons and are suppressed.

MONTE CARLO MODEL
The Monte Carlo model we have coded in MATLAB

is described in detail by several of our papers [21–23]. It
implements geometry as an iso-surface function of space,
where Fiso (~x) > 0 is outside the geometry and Fiso (~x) < 0
is inside the geometry. It initializes 105 particles at the top
of the simulation and allows them to follow ballistic, straight-
line trajectories until they collide with the geometry.

When a collision occurs, the empirical models of Scholtz
[18] and Vaughan [24] are used to determine the energy, ve-
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Figure 2: Flowchart of the algorithm used in the Monte
Carlo tool

locity angles, and “weight” of the newly emitted secondary
electron. Elastically scattered, inelastically scattered (“redif-
fused”), and “true” secondary electrons are considered. This
process is described in more detail in our papers. If a parti-
cle escapes the top of the simulation, its weight is counted
and it contributes to the SEY. The process is continued until
all particles have escaped or their weight diminishes past
a threshold. The process of starting with 105 particles and
changing their weights produces similar (⇠

p
N) counting

statistics to the process of starting with some number of
particles and having them produce more or fewer daughter
particles until 105 are reached and counted.

Figure 2 shows a flow chart depicting the algorithm.

VELVET
A velvet is a lattice of long whiskers grown onto a flat

substrate. For the Monte Carlo calculation, this lattice was
assumed to be rectangular, but real velvets are not. This
geometry is depicted in Figure 1. We find that velvet is
well suited to suppressing secondary electrons from primary
electrons which are normally incident, and find the geometric
quantities to optimze for minimum SEY [21].

We characterize the velvet by dimensionless functions of
its geometry. From its radius, height, and the areal density of
the whiskers (r, h, n), we consider velvets of specific aspect
ratio A = h/r and packing density D = ⇡r2

n.
We have developed an integral model which treats the

probability of an electron-whisker impact as a continuous
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Figure 3: Results of the analyses for velvet: Monte Carlo
and integral model. a) A = 1000. b) D = 4%

scattering problem, assumes electron trajectories are straight-
line between collisions, considers only one generation of
secondary electrons, and considers only “true” secondary
electrons. The details of this model are given in our velvet
paper [21]. Determining the SEY of a single velvet (A, D)
requires an integral over the polar velocity angle of the sec-
ondary electron population.

The result of the Monte Carlo and integral calculations
are depicted in Figure 3. Agreement between the Monte
Carlo and integral model can be as poor as 20% discrepancy.
This is due to the approximation of the integral model that
only one generation of secondaries is produced; in actual-
ity, tertiary electrons from high-energy secondary electrons
contribute to the SEY.

Some trends are worth discussing in Figure 3. First, it
is apparent that increasing the length of the whiskers, or
equivalently the aspect ratio A, decreases the SEY. For SEY
reduction from velvet, longer is better.

Second, it is clear that, for the aspect ratios of the most
interest to SEY reduction, velvet is best suited to suppressing
SEY from primary electrons which are normally incident
(✓ = 0). Velvet does not suppress SEY from shallowly
incident (✓ ! ⇡/2) electrons to better than 50%.

The integral model reduces to a simple geometric depen-
dence.

�e f f = � f lat [D + (1 � D) f (u, ✓)] (1)

where �e f f is the secondary electron yield from the velvet
surface, � f lat is the secondary electron yield from a flat sur-
face, D is the packing density, f (u, ✓) is a function which is
depicted in Figure 4, ✓ is the primary angle of incidence, and
u is a dimensionless parameter characteristic to the velvet:

u = 2rhn = (2/⇡) AD (2)

The condition to maximally suppress SEY is found to be
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Figure 4: Quantities of interest and location of u tan ✓ = 1
point, showing a change in parameter regime for velvet at this
point. Top: The dimensionless function f (u, ✓) for several
values of u. Bottom: The proportion of SEY which comes
from the sides of the whiskers, indicating that u tan ✓ = 1
is generally a point at which the SEY behavior becomes
dominated by the sides of the whiskers.

Figure 5: Foam geometry

u ! 1, D ! 0 (3)

However even in this limit, there is still finite SEY from
all primary angles of incidence except the normal. We have
developed an approximate formula for the SEY of velvet in
the limit u ! 1:

lim
u!1
�e f f ⇡ � f latD +

1
2
� f lat (1 � D)

⇥
"
1 � 1

(1.39 tan ✓ + 1)0.45

#
,

(4)

with average deviation of 0.5% from the exact result. This
function is depicted in Fig. 4 (blue symbols).

FOAM
A foam is an array of whiskers which are disordered, and

whose axes are aligned isotropically rather than all in the
same direction. An example foam geometry can be seen in
Figure 5. Foams can occur naturally in plasma applications
[28]. We find that foam is much more isotropic with respect
to the e�ect of primary angle of incidence on SEY. However,
we also find that the minimum SEY possible from foam is
⇠ 0.3� f lat [23].

The Monte Carlo model was applied to the foam geometry
seen in Figure 5. Also, an integral model was formulated
with the same approximations as the velvet model: that elec-
trons follow a ballistic, straight-line trajectory between col-
lisions, that collisions follow a continuous-scattering mean-
free-path law, that only true secondary electrons are pro-
duced, and that only one generation of secondary electrons
is produced.
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Figure 6: Results of the analyses for foam: Monte Carlo and
integral model
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Figure 7: Results of integral foam model, including very
high ū parameter showing asymptote

As in the case of the velvet model, we found helpful di-
mensionless parameters to be: D, the volume fill fraction
of the foam, A = h/r, the aspect ratio (ratio of foam layer
thickness to whisker radius), and ū = AD/2, a parameter
characteristic to the foam. Again like the velvet case, we
found that for foam,

�e f f = � f lat [D + (1 � D) f (ū, ✓)] (5)

The comparison between Monte Carlo and integral model
is depicted in Figure 6. More values of f (ū, ✓) appear in
Figure 7.

We had initially hoped that foam would have the beneficial
properties of velvet without the drawbacks. Indeed, the
SEY from foam behaves more isotropically with respect
to primary angle of incidence than the SEY from velvet.
However, foam has a minimum SEY of around 0.3� f lat ,
even for the case that ū ! 1, D ! 0.

We have developed an approximate formula in this limit:

lim
ū!1
�e f f ⇡ � f lat [D + (1 � D)(C1e

�C2 cos ✓ + C3)] (6)
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Figure 9: Feather geometry. This depicts A = 10, D = 16%
primary and secondary whiskers, which are shorter and fatter
than those simulated.

where C1 = 0.1887,C2 = 4.8196,C3 = 0.2947. The root-
mean-square error of this approximate formula is 0.46%.
This fit is depicted in Fig. 8.

FEATHERS
From the lessons of both the velvet and the foam, we

attempted to develop a geometry which would overcome
the limitations of both. We settled on a feathered geometry,
which is a large primary velvet with a small secondary velvet
grown onto it. Such a geometry is depicted in Figure 9. The
full analysis of this shape can be found in our paper [22].
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Figure 10: Results of the analyses for feathers: Monte Carlo
(solid) and integral (dashed) models

Because of the dynamic range of length scales involved,
from the length of the primary whisker to the radius of
the secondary whisker, we could not use the Monte Carlo
method to simulate the kinds of A = 1000 aspect ratios
which can be made in the lab. Instead, we considered only
a modest D = 4%, A = 80 case for both the primary and
secondary whiskers. This gives a u = 2, by the definition of
the velvet u-parameter.

The results of two Monte Carlo and three integral calcu-
lations are depicted in Figure 10. “Side SEY half” refers to
the case in which we computed the SEY for a velvet of the
specified u, D, and reduced the SEY from the whisker sides
by one-half.

The green solid line in Figure 10 depicts the feathered
case. It lies below the blue solid line, which depicts the
primary velvet only. This was expected. Crucially, the green
line also lies below the cyan dashed line, which is the integral
calculation’s result for the SEY of an infinitely long velvet.
Thus, feathers are capable of suppressing SEY in the shallow-
incidence regime in which velvet can not.

CONCLUSION
PPPL has had a modeling e�ort over the past 5 years

to characterize secondary electron emission (SEE) from
complex surfaces. This e�ort was instigated at least in part by
the prospect of using materials with low secondary electron
yield (SEY) to improve the performance of Hall thrusters.

We have used a Monte Carlo code and an integral model
to examine the SEY properties of velvet, foam, and feath-
ers. Velvet, which is a lattice of whiskers grown onto a flat
surface, is found to be suitable for reducing SEY by a large
amount (< 10% the flat SEY), but only for primary elec-
trons which are normally incident. Foam, which is a layer of
whiskers which have their axes isotropically aligned, is found
to be very isotropic with respect to primary angle of inci-
dence, but suppress SEY by a much less extreme amount (to
about ⇠ 30% of the flat SEY). We have determined a shape

which we calculate to have extreme reduction for normal
and shallow incidence; it is a primary velvet with a smaller
secondary velvet grown onto the sides of the whiskers.
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