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The plasma electrons bombarding a plasma-facing wall surface can induce secondary electron emission (SEE) from the wall. A strong SEE can enhance the power losses by reducing the wall sheath
potential and thereby increasing the electron flux from the plasma to the wall. The use of the materials with surface roughness and the engineered materials with surface architecture is known to reduce
the effective SEE by trapping the secondary electrons. In this work, we demonstrate a 65% reduction
of SEE yield using a velvet material consisting of high aspect ratio carbon fibers. The measurements
of SEE yield for different velvet samples using the electron beam in vacuum demonstrate the dependence of the SEE yield on the fiber length and the packing density, which is strongly affected by the
alignment of long velvet fibers with respect to the electron beam impinging on the velvet sample.
The results of SEE measurements support the previous observations of the reduced SEE measured
in Hall thrusters. Published by AIP Publishing. https://doi.org/10.1063/1.4993979

I. INTRODUCTION

The plasma-wall interaction in the presence of a strong
secondary electron emission (SEE) is relevant to various
plasma applications, including but not limited to electric propulsion,1,2 magnetic fusion devices,3,4 and plasma processing
devices.5,6 The plasma electrons bombarding the plasmafacing wall surface can be scattered back to the plasma (backscattering SEE) or induce the ejection of the secondary electrons from the material (true SEE). Independent on the nature
of secondary electrons, a strong SEE can enhance power losses
from the plasma due to the reduction of the plasma-wall sheath
potential.7 These losses increase with the increase of the total
SEE yield, which is defined as the ratio of the total emitted
electron flux, including true and backscattered electrons, to the
incident electron flux. When the SEE yield approaches 1, the
sheath may enter the so-called space-charge limited regime8 or
the inverse sheath regime.9 Under such conditions, the wall
acts as a very effective heat sink for the plasma. The suppression of SEE would be beneficial for many plasma applications1–6 in which the wall losses can cause a degradation of
performance of plasma devices or overheating of the plasmafacing walls.
There are different ways to reduce and even suppress
the SEE yield. In Ref. 10, a surface treatment by different
processes, including electropolishing, carbon coating, and
vacuum pyrolyzing was shown to reduce the SEE yield by
28% compared to the untreated surfaces of the same materials. Another approach to the suppression of SEE uses complex structured surfaces, which trap the SEE electrons. For
example, coating of the aluminum surface with nanostructured graphene platelets allowed a 60% reduction of the total
SEE yield as compared to the uncoated aluminum surface.11
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In Ref. 12, copper oxide nanowires grown on copper were
used to mitigate the effect of SEE in radio frequency (RF)
amplifiers. Moreover, Cu foams were shown to allow a drastic (50%) reduction of the SEE yield.13 These foams were
proposed for application in particle accelerators. In Ref. 14,
it was demonstrated that the SEE yield from the tungsten
fuzz produced in a helium gas discharge, decreases significantly compared to the smooth tungsten surface. Finally, the
experimental and theoretical studies of Ref. 15 investigated
the SEE yield from a micro-porous metal array, and demonstrated a strong dependence of the SEE yield on the micropore geometry and a number of micro-pores per unit area of
the array. They predicted and demonstrated a 45% reduction
of the SEE yield as compared to the Ag surface for an optimized array.
Unlike a majority of the previous studies of SEE yield
from the architecture surfaces with low aspect ratio surface
non-uniformities (e.g., roughened surface) (AR  h/r < 102,
where AR is the aspect ratio of a surface non-uniformity, h
and r are the characteristic length and diameter of this nonuniformity, respectively), this work is aimed to characterize
the SEE yield from high aspect ratio (AR > 103) velvet surfaces. A carbon velvet material was already successfully used
for the suppression of SEE in Hall thrusters.16 A typical velvet material consists of fully or partially aligned fibers
attached to a substrate. In Ref. 17, the SEE yield from the velvet surface was investigated numerically and analytically.
The obtained analytical solution and simulations confirmed
the hypothesis of Ref. 15 that the total SEE yield of the velvet
can be significantly smaller than the SEE yield for a planar
surface and even for a roughened surface with a microporous array. The reduction of SEE yield comes from the fact
that SEE electrons produced deep inside the velvet have a
large probability of hitting a fiber and getting absorbed by the
surface before exiting the velvet. Such trapped secondary
electrons do not contribute to the flux of secondary electrons
from the surface to the plasma. Thus, undesired effects of
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SEE on the plasma can be greatly suppressed. In this paper,
the total SEE yield from various carbon velvet surfaces was
directly measured in vacuum using an electron beam. In particular, it is shown that the SEE yield depends on the velvet
characteristics, including the fiber length and the fiber packing density, and the angle of incidence of the primary electrons with respect to the velvet substrate.

II. VELVET SAMPLES AND EXPERIMENTAL SETUP
A. Determination of the actual packing density
of velvet samples

The total SEE yield was characterized for five different
carbon velvet samples with different packing densities and
fiber lengths (Table I), as well as planar graphite substrates
without velvet. The velvet samples are composed of cylindrical
carbon fibers of radius 3.5 lm attached to a planar graphite
surface of a 25 mm-diameter substrate. For an ideal velvet
sample with velvet fibers aligned normal to the substrate surface, the designed (or manufacturer specified) packing density
is defined as the ratio of the total area of all the fiber tips
attached to the sample substrate to the total area of this sample.
For example, 3.0% of packing density indicates that 3.0% of
the sample is occupied by fiber tips when viewed from above.
However, a microscopic analysis of the velvet samples used in
these experiments revealed that for all these samples, there are
misaligned velvet fibers bended with respect to the planar substrate surface of the samples. For example, Fig. 1 shows images
of a velvet sample obtained with an FEI Quanta 200 FEG
Environmental Scanning Electron Microscope (SEM). The
images were obtained by irradiation of the velvet sample with
the SEM electron beam of 15 keV at normal incidence to the
sample. It can be clearly seen that the fiber areas that are visible
in SEM micrographs include portions of the side surface of the
fibers as well as the fiber tips. This is because the primary electrons of the SEM electron beam impinge these side walls producing SEE electrons detected by a SEM detector.
It is reasonable to assume that in practical plasma applications of such velvet materials, the primary electrons directed
normal to the substrate surface would also hit the side walls of
the bended fibers. Therefore, from the standpoint of suppression of SEE by the trapping of secondary electrons, the actual
packing density is apparently different from the designed
packing density. Table I describes the geometrical characteristics of the velvet samples including the fiber lengths, and the
designed and actual packing densities.
TABLE I. Properties of velvet samples used in the described experiments.
Fiber
length Designed packing Aspect ratio Actual packing Error
Sample (mm)
density (%)
(height/radius)
density (%)
(%)
1
2
3
4
5

0.5
1.5
1.5
1.5
3

4
3.5
1.8
0.8
2.7

145
430
430
430
860

85
81
68
63
87

2.3
5.8
5
2.8
4.7

FIG. 1. (a) An SEM micrograph of carbon velvet with 1.5 mm fiber length
and the designed packing density (as specified by a manufacturer) 1.8%, (b)
the same SEM micrograph post-processed by thresholding the pixels of velvet images. The actual packing density estimated using Eq. (1) is 69.5%.

The actual packing density, A, was determined by postprocessing of several SEM micrographs for each carbon velvet sample. The parameters of SEM, such as image contrast,
brightness, and beam spot size were kept constant for all the
velvet samples. The image processing consists of separating
all the pixels of the velvet images into fiber pixels and graphite base pixels. This was achieved by thresholding the SEM
images at the average intensity of the graphite base pixels.
The actual packing density was then estimated as the ratio of
number of fiber pixels, nf, to the total number of pixels in an
image with horizontal and vertical pixel dimensions n and m,
respectively
A¼

nf
:
nm

(1)

Here, nf is defined as the number of pixels, which have an
intensity larger than the graphite base pixel intensity. Figure
1(b) shows the post-processed SEM micrograph using Eq. (1).
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The error in the last column of Table I is the percent deviation from the average actual packing density using 10 velvet
images for each sample. The uncertainty varies between the
samples due to non-uniformity in fiber orientation across the
surface of a single velvet sample. In the same sample, there is
a large spread in the angles of the velvet fibers, leading to
high error margins when averaging over all the real packing
densities of the sample. This feature is easily observed by surveying the velvet surfaces using SEM.
B. Measurements of the total SEE yield

The measurements of the total SEE yield from the velvet
and graphite samples were conducted in an ultra-high vacuum chamber (base pressure at 1  5  108 Torr) using an
experimental setup similar to Ref. 18. A Kimball Physics
ELG-2 electron gun produced primary electrons with energies of 6–1000 eV. Throughout all the experiments described
in this paper, the maximum electron beam current did not
exceed 2 mA. For measurements, each sample was exposed
to the electron beam from the gun. In addition, in order to
shield the exposed sample from stray electric fields an aluminum collector was attached to the gun and placed above the
sample axisymmetrically with both the gun and the sample.
The collector was electrically insulated from the gun and the
sample in order to allow for changes of the collector bias
voltage with respect to the sample and the gun.
In experiments, the samples were exposed normal to the
beam and at 90 to the beam (Fig. 2). A Keithley 6485
picoammeter was used to measure the current in the sample
circuit and the collector circuit (Fig. 3). The electron beam
from the gun was first characterized using a Faraday cup with
an entrance opening of 3 mm-diameter to ensure that the
beam is centered on the sample. The primary electron current,
IPE, was measured on the sample biased to þ18 V with respect
to ground, while the collector was electrically connected to

FIG. 3. Experimental setup for measurements of the SEE yield: (a) measurements of the primary electron current, and (b) measurements of the sample
current.

the ground. A positive bias voltage of the sample ensured both
the collection of beam electrons by the sample circuit and the
suppression of secondary electrons from the sample. The sample current IS ¼ IPE  ISE , which includes contributions from
both secondary electrons, ISE, and the primary electrons, was
measured on the sample connected electrically to the ground
through the picoammeter. In these measurements, the collector was biased þ18 V with respect to grounded sample to prevent the collection of tertiary electrons from the grounded
chamber wall. Then, the total SEE yield was deduced from
ce ¼

ISE IPE  IS
IS
¼
¼1
:
IPE
IPE
IPE

(2)

For each velvet sample, the total SEE yield was measured at normal and 45 incidence to the sample surface.
III. RESULTS AND DISCUSSIONS

FIG. 2. Schematics of the velvet sample with fibers (a) parallel to the primary electron beam, (b) perpendicular to the primary electron beam, and the
corresponding SEM micrographs of the velvet: (c) top view and (d) side
view.

Figure 4 compares the total SEE yield from velvet samples 2, 3, and 4 with the same fiber length of 1.5 mm and the
total SEE yield from two planar graphite samples, including a
graphite sample from Ref. 19, and a graphite substrate used
for the velvet samples, but without velvet fibers. For all these
samples, the SEE yield reaches its maximum at 300 eV. For
the velvet samples, the SEE yield is lower than the SEE yield
from the planar graphite samples. This result supports the
hypothesis of the trapping of secondary electrons in velvet
fibers proposed in Ref. 16 and generally consistent with the
predictions of Ref. 17. For the samples with the same fiber
length, the sample with the largest packing density (sample 2)
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FIG. 4. The total SEE yield from carbon velvet samples with a fiber length
of 1.5 mm and different values of the actual packing density (63%–81%) as
a function of the electron energy of primary electrons from the electron gun.
For comparison, the SEE yield for graphite substrate without velvet (red
filled circles) and Ref. 19 (black filled squares) are also plotted.

has the lowest SEE yield (Fig. 4). The velvet samples display
a decreasing trend in the SEE yield with an increase of the
actual packing density from 63% to 81%. This trend does
not seem to hold for samples 3 and 4 with the actual packing
densities of 68% and 63%, respectively. The SEE yield of
sample 4 is somewhat smaller than the SEE yield of sample
3. This deviation from the trend is attributed to the errors
in the actual packing densities for sample 3 (5%) and sample
4 (2.8%). Reference 17 predicted the existence of optimal
packing density for a given fiber aspect ratio. This optimum
packing density was predicted due to a tradeoff between contributions of the fiber tips and the side walls to the SEE from
the velvet. It is possible that in our set of velvet samples with
the same fiber aspect ratio, there are no samples with such
optimal packing density or the packing density larger than
this optimal value.
It is interesting that for the samples with the closest
packing densities (samples 1, 2 and 5  81%–87%), the samples with the shortest and longest fibers (samples 1 and 5)
have the larger yield than sample 2 with the fiber length of
1.5 mm. This result, which seemingly indicates the existence
of the optimal fiber length, is not consistent with the predictions of Ref. 17 and is shown in Fig. 5. The model predicts
the reduction of the SEE yield with the fiber length probably
up to the saturation of the SEE yield above the certain fiber
length (aspect ratio) when the contribution of the SEE electrons from the bottom of the velvet substrate becomes negligible as compared to the contribution from the fiber tops and
sides. This unexpected result is likely due to the bending of
the longer fibers [Figs. 1(a) and 2(c)] of sample 5. Such
bended fibers are tilted away from the normal incidence of
the primary electron beam from the gun. Since the SEE yield
is affected by the incidence angle,20 the bended fibers have
larger SEE yield than the fibers aligned with the beam. The
bended fibers were not considered on the models and simulations of Ref. 17 that may explain the earlier contradiction
between experiment and modeling.
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FIG. 5. The effect of the actual packing density on total SEE yield for the
velvet samples with different fiber lengths: 0.5 mm (pentagon-shape symbols), 1.5 mm (circle-shape symbols), and 3 mm (triangle-shape symbols).
The measurements are shown for two energies of primary electrons: 50 eV
(black symbols) and 300 eV (red symbols).

To explore the effect of the incidence angle of primary
electrons on SEE, we conducted measurements of the total
SEE yield for both the normal incidence and the oblique incidence. Figure 6 compares the total SEE yield from the velvet
sample 2 and the planar graphite substrate without velvet.
The SEE yield form substrate follows a 1=cosðhÞ dependence
(i.e., c0 ð45 Þ ¼ c0 ð0 Þ= cosð45 Þ, where c0 is the SEE yield
at the normal incidence). The increase of SEE yield at grazing angles is due to the increased generation of the secondary
electrons within the material escape depth.21 Apparently, for
the velvet sample, the angular dependence does not follow
the cosine law. In particular, the yield at oblique incidence is
generally larger than it could be expected from cosine dependence [Fig. 6, 1=cosðhÞ]. For example, near 50 eV, there is a
65% reduction in SEE yield for electrons incident at 0 ,

FIG. 6. The effect of the incidence angle of primary electrons on the total
SEE yield measured for sample 2 (red symbols) (Table I) and for the graphite substrate without velvet (black symbols). Measurements are shown for
normal incidence (pentagon-shape symbols) and the incidence angle of 45
(triangle-shape symbols). Measurements at 45 are compared to values calculated considering a 1/cos(h) dependence (dashed curve). SEE yield for the
graphite substrate at 0 (square-shape symbols), 45 (circle-shape symbols),
and calculated values (dashed curve) are also plotted for comparison.
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whereas there is a 43% reduction in SEE for primary electrons incident at 45 .
To evaluate this deviation from the cosine dependence,
we assume that the probability density of the emission polar
angles follows cosa h with a fitting parameter a.22,23 From the
results of Fig. 6, the a is almost twice larger than 1 (cosine
law). It indicates that, with a larger value of a, the secondary
electrons emitted from the bottom side become more focused
in the normal direction. As a result, these electrons have
higher probability to escape leading to a larger increase of
the SEE yield with the incidence angle than that for the flat
surface. This trend is in agreement with the modeling of the
micro-porous surface.23 The theoretical predictions of Ref.
17 demonstrate that the relative contributions of the flux of
SEE electrons from the side walls of fibers is dominant at the
incidence angle of 45 . This is because as the incidence
angle increases, the primary electrons would hit the side
walls of fibers rather than the bottom surface of the substrate.
Any secondary electrons produced by these electrons will
have a large probability to escape from the velvet. As a
result, the total SEE yield increases. Note that even at the
oblique incidence angle, the total SEE yield from the velvet
samples remains below the SEE yield of the planar graphite
samples at normal incidence.
IV. CONCLUSIONS

The results of measurements of the SEE yield from the
carbon velvet samples with different packing densities and
the velvet fiber lengths were presented. The total SEE yield
from velvet can be up to 65% smaller than the SEE yield
from the planar surface made of the same material. Velvet
appears to be superior in terms of suppression of SEE
as compared to foam14 and other micro porous materials.15
The measured SEE yield was compared with the theoretical
predictions of Ref. 17. It appears that the model generally
agrees with the results of the SEE measurements for samples
with short fiber lengths (0.5 and 1.5 mm). However, there is
a discrepancy between the measured and predicted SEE yield
for samples with long fibers (3 mm). It is suggested that this
discrepancy is due to the bending and tilting of long fibers.
For such fibers, the primary electrons are at oblique incidences causing an increase in the total SEE yield from velvet
samples. This deficiency of the realistic velvet samples may
partially explain why the reduction of the SEE yield did not
reach a theoretical >90% reduction of the yield as compared
to the planar surface, which was predicted in Ref. 17. This
result points to the importance of the determination of the
actual packing density for samples with architectured surfaces. The lower SEE yield values calculated by Ref. 17 model
compared with the experimentally measured values by electron gun may be partially explained by higher packing densities. The tilted and bent fibers occupy more of the total
velvet surfaces compared to the vertically aligned fibers, and
have been found to increase the actual packing density by up
to 84% with respect to the design packing density. This is
much higher than the packing density values used in Ref. 17
(>4%). The simulated SEE yield predictions reported in
Ref. 17 use the packing densities below 4.0%, while the
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SEM micrograph analysis has revealed that the measured
velvet samples each have average packing densities larger
than 63%. It is possible that a packing density saturation
exists above which the Ref. 17 model does not apply. A comparison of the theoretical predictions with the results of simulations can be strongly affected by the realistic features of
the actual surface-architectured materials.
Finally, we also demonstrated the effect of the incident
angle of the primary electrons on the SEE yield from the velvet samples. The observed deviation of the angular dependence of the SEE yield from the cosine law is explained due
to the increased contribution of SEE from the fiber side wall
to the total SEE yield at oblique incidence.
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