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Abstract

Dielectric materials are increasingly common in modern satellite payloads due to their
advantageous properties, such as the large mass and volume reduction can be achieved when
they are used in radiofrequency (RF) equipment. However, the presence of dielectric materials
in the output high-power section of RF payloads requires careful study of their influence on the
multipactor performance, and therefore, their secondary electron emission yield (SEY). This
characterization in dielectrics is nowadays a challenging and time-consuming practice relying
on the electrical charge neutralization before each measurement. However, surface charging of
dielectrics can be developed during the satellite operation and can significantly influence their
SEY properties, thereby affecting the multipactor threshold. For the first time, this study
succeeds in providing the experimental SEY curves of Teflon®, Kapton®, Rogers RT/Duroid®,
and Ferrite under controlled and induced surface charging states. These materials were studied
due to their common employment in satellite communication devices. Using an electron gun
working in combination with a Kelvin probe system, it was possible to characterize the SEY
characteristics of the materials after inducing different charge levels on their surface. From the
results, it can be concluded that surface charging has a significant effect in lowering the SEY
levels. Nevertheless, this effect could only be observed in materials with high electrical
resistivity, since the surface charge rapidly dissipated in materials with lower electrical
resistivity before the SEY measurement took place. Therefore, these findings provide valuable
insights into the design and optimization of dielectric materials for space applications, giving an
accurate overview of their SEY response under possible charging states in orbit.
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1. Introduction

In satellite communications, the payload equipment must
comply with several requirements for space qualification,
for instance, with radiofrequency (RF) power margins
in microwave devices that are susceptible to multipactor
discharge [1, 2]. This detrimental phenomenon occurs in
vacuum conditions and depends on several parameters, such
as the applied RF power level, the frequency of operation, the
geometry of the device, or the materials involved in the design
[3]. It begins when free, or primary electrons present inside
the RF component are accelerated by the high-power electro-
magnetic fields and impact the component wall. Depending
on their kinetic energy, they can be either backscattered or
captured, transferring in this last case their energy to the
electrons of the material, or secondaries, that can, in con-
sequence, escape from the surface [4]. Once these secondary
electrons reach the vacuum, they can be accelerated under
certain conditions in the opposite direction, impacting again
and releasing more electrons producing an avalanche effect,
commonly known as multipactor discharge. This effect can
trigger undesired responses, such as an increase in part of the
RF signal level, an increase in the noise, or energy spreading
in the harmonic frequencies. The consequences sometimes are
dramatic, even causing damage to the RF payload or losing
communication with the satellite. As supposed, multipactor
discharge will strongly depend on the material involved in the
telecommunication device.

In the last few years, the use of dielectric materials in satel-
lite communications has become increasingly popular, since
the size of passive microwave devices can be reduced by
including them inside their structure [5]. However, the pres-
ence of dielectric materials in space hardware introduces addi-
tional effects and uncertainties compared with metallic mater-
ials, such as the accumulated and remaining charge on their
surfaces [6]. It is well-documented that dielectric materials can
get charged through mere friction with air [7], for instance, due
to the air evacuation from inside the space components dur-
ing the transition from atmospheric pressure to high vacuum
during the satellite launch phase. Additionally, space weather
or even the presence of the RF electromagnetic field, among
other causes, can also charge the dielectric materials used in
the satellite while it is in orbit. Consequently, dielectric com-
ponents in orbiting RF devices can present an unknown sur-
face charge level that might influence their secondary elec-
tron emission yield (SEY) properties, and therefore the mul-
tipactor breakdown power threshold [8]. Nevertheless, in the
laboratory, the experimental SEY measurement in metals is
relatively easy because the surface charge remains stable dur-
ing the measurement, and the SEY measurement in dielec-
tric materials is quite complicated and normally is referred to

an electrical neutral state, which requires neutralization tech-
niques at each step of the measurement process [9].

Under this problematic, since the SEY in dielectrics may
induce positive or negative charge on their surface if the
SEY > 1 or SEY < 1, respectively, causing, in consequence,
a surface potential due to the accumulated static charge [10].
Recent studies have shown that as positive charge accumulates
on the dielectric, the secondary electron yield profile decreases
across the entire impact energy range [11, 12] due to the
Coulomb attraction of the secondary electrons. Consequently,
the SEY curve measured in the laboratory under neutral con-
ditions may not reflect the real conditions of the dielectric in
orbit, leading to an unreliable and non-realistic multipactor
threshold estimation [13]. In this article, we present a study of
the SEY properties for different dielectric materials under sev-
eral well-controlled surface charging states, providing for the
first time reliable experimental data to better model the mul-
tipactor behaviour in space components, thereby improving
their design and reliability. In particular, the materials chosen
for this investigation were PTFE (Teflon®) [14], Kapton®
[15], RT/Duroid 5870® [16] (from now on, RT/Duroid®),
and Ferrite [17]. These materials have been chosen mainly
for their wide range of applications in the space industry. The
most common use of Teflon® is for the insulation of wiring in
aerospace, but it is also widely used in printed circuit boards
and antennas [18, 19]. Teflon® has excellent dielectric prop-
erties, specifically low group velocity dispersion at microwave
frequencies [20]. Another example of a substrate able to with-
stand space conditions is RT/Duroid®, which presents good
behaviour up to Ka-band frequencies. Kapton® can be used
for flexible printed circuits, as well as thermal blankets, among
other spacecraft components [21]. Finally, ferrite materials
consist of insulating magnetic oxides with moderate mag-
netization, high permeability, moderate to high permittivity,
and low losses at microwave frequencies. Additionally, due to
their intrinsic magnetism, these materials also provide non-
reciprocal behaviour, which is essential in communications
systems [17, 22]. Another relevant factor in selecting these
materials is focused on their electrical resistivity, whose val-
ues are listed in table 1. This intrinsic property refers to their
ability to resist the flow of electric current, narrowly related to
the formation of remanent surface charging states. Thereby, in
this investigation, materials with electrical resistivity from 10*
to 10'® © - m have been considered. The dielectric permittivity
of each material is also indicated in the same table and will be
used in the following sections.

Although dielectric materials can get charged positively or
negatively, as has been mentioned above, this work is only
focused on inducing positive surface charging states and their
effects on the SEY curve, due to their direct influence on
the multipactor breakdown prediction. These positive charging
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Table 1. Electrical resistivity and relative dielectric permittivity of
Teflon®, Kapton®, Rogers RT/Duroid 5870® and Ferrite.

Resistivity, Relative dielectric
Material p(€ - m) permittivity, e
Teflon® >10'°[14] 2.1[14]
Kapton® 10 [15] 3.4[15)
RT/Duroid® 10" [16] 2.3[16]
Ferrite 10* [22] 15.1[17]

states are generated when SEY > 1, when the multipactor dis-
charge is more likely to be initiated.

2. Experimental setup and procedures

The SEY coefficient is the ratio between the number of sec-
ondary electrons emitted from the surface of a given material
and the number of incident primary electrons over this sur-
face at a given energy and angle in field-free conditions. In
this work, the incident angle has been constrained to normal
incidence, and the experiments were performed at room tem-
perature (22 °C). The total SEY curve is expressed as a func-
tion of the kinetic energy of the primary electrons and the main
parameters that characterize the SEY curve are: the maximum
SEY value, o,; its corresponding energy, Ep,; and the first
and second cross-over energies, E1 and Ey, corresponding to
SEY = 1. Representative SEY curves can be seen with their
corresponding parameters in [4].

The European ESA/VSC High Power Space Materials
Laboratory [23], and its SEY facility used for the experiment,
is placed inside a 10.000 class (ISO 7) clean room. The nom-
inal temperature and humidity of the clean room during the
experiment were 22 °C £+ 1 °C and 50% =+ 10%, respect-
ively. The facility features an ultra-high vacuum chamber with
a pumping system that can reach pressure levels in the range of
10~8 mbar. Before conducting the measurements, a Platinum
sample was used to validate the operational performance of
the SEY facility and demonstrate its nominal operation and
reproducibility. Several measurement techniques can be used
to experimentally measure these SEY curves, depending on
the nature and electrical resistivity of the material under test
[24, 25]. However, due to the dielectric nature of the mater-
ials under study in this article, the SEY measurements have
been conducted following the capacitive method, pulsing a
primary electron gun, Kimball Physics model ELG-2/EGPS-
1022, as described in [8]. This electron gun can generate elec-
tron radiation with kinetic energies from 0 to 2000 eV, with
an accurate intensity between 1 nA and 30 pA. However, our
SEY curves are restricted to energies between 0 and 600 eV.
Accordingly, very small electron doses (<107 electrons) are
sent to the material samples under study to reduce charging
effects during SEY measurements. Then, the SEY coefficient
is calculated using the following formula:

sEy—=2 & (1)

Op Op

where O, represents the total primary charge obtained by time-
integrating the incident pulse current using a Faraday cup
biased at +56 V, Qs is the image charge obtained by time-
integrating the current through the holder at the rear side of
the sample, and Q, is the charge produced by the secondary
electrons. Since the primary charge equals the sum of Q. and
Qs, the equation can be reformulated as shown in the second
equality of equation (1), containing easily measurable terms.

In parallel, a Kelvin Probe system (KP Technology UHV
Kelvin Probe Series 10) equipped with a circular probe of
20 mm diameter, to ensure that the whole radiated area is
detected, is also configured to work in vacuum conditions sim-
ultaneously with the e-gun, with the aim of characterizing the
induced surface charging states. In this sense, the electron gun
parameters remain constant to ensure the reproducibility of
the electron beam spot and the reproducibility of the induced
surface charging state in the whole range of primary elec-
tron energy. This equipment provides the induced voltage that
the accumulated charge produces, and the accumulated charge
at the sample surface was calculated by using the following
formula [26]:

Q. =CAV 2

where AV = V; — V; is the potential difference induced by the
primary electron pulse before (i) and after (f) primary elec-
tron radiation, and C is the capacitance of the sample that
can be experimentally calculated. The facility also includes a
deuterium ultra-violet (UV) lamp (HAMAMATSU L15094),
which provides photons with wavelengths from 115 to 400 nm.
This is used to electrically neutralize the surface charge of the
sample under analysis.

The general procedure to induce the surface charging states
and measure the SEY curves starts by introducing the mater-
ial sample into the vacuum chamber at 10~8 mbar, while it is
contacted to a metal holder. Firstly, it is electrically neutral-
ized by means of UV radiation for 2 min while it is grounded.
Secondly, KP measurements were conducted to confirm the
sample’s neutral electrical status. If the measurements showed
a remnant charge, the irradiation process was repeated. In the
next step, a determined charging state was induced on the
sample surface by sending a pulse of primary electrons with
an energy of 300 eV, around the maximum SEY coefficient,
to the sample while it was biased at —28 V. Then, the voltage
generated by the charging state was measured using the KP
system to obtain the corresponding charge using equation (2).
Finally, the SEY properties are measured, and the sample is
again electrically neutralized, the primary electron is changed,
and the procedure is again repeated for all the primary energy
range considered during the experiment.

Figure 1 depicts a schematic representation of the setup
used for this work. Path (a) was configured to induce the char-
ging states and measure the SEY properties, while path (b) was
used to evaluate the system’s capacitance as explained in [8].
Path (c) is used to measure the primary charge, Q,, placing the
Faraday cup in front of the electron gun biased at +57 V.
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Figure 1. Schematic representation of the setup used for inducing charging states and measuring the SEY properties on the materials under

study.
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Figure 2. Induced charge versus the measured voltage at the sample surface for Teflon® (a), Kapton® (b), RT/Duroid® (c) and Ferrite (d).

The obtained capacitance is shown inside each graph.

3. Samples characterization

In order to experimentally measure the capacitance of each
sample under study, we applied the following procedure
explained in detail elsewhere [27]: first, a primary electron
charge is measured using the electron gun faraday cup while
it is biased at +57 V; second, the same charge pulse with
an energy below the first cross over is sent to the sample
surface biased at +57 V to ensure that all the primary elec-
tron are absorbed by the material; and finally, the surface

potential is measured by means of the KP system. These steps
are repeated by varying the primary electron dose. Figure 2
shows the induced charge versus the corresponding measured
voltage for Teflon® (a), Kapton® (b), RT/Duroid® (c) and
Ferrite (d), respectively. The capacitance of each sample was
extracted from the slope of the linear fitting. Furthermore, con-
sidering previous analysis of this facility [8], an amount of
Co = (1.20 £ 0.07) 10~'2 F corresponding to the facility par-
allel capacitor contribution, was subtracted from the measured
capacitance to obtain the material sample capacitance only.
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Figure 3. In rows, pictures of Teflon®(a), Kapton®(b), RT/Duroid®(c) and Ferrite (d) inside the vacuum chamber (top) and sample

thickness measurements in the microscope (bottom).

Table 2. Calculated capacitance, thicknesses and estimated radius of the radiated area for the materials used in this work.

Material Capacitance, C (pF) Sample Thickness, d (m)  Radius, r (m)
Teflon® 74402 (1.50 £ 0.15)-1073 0.013 £ 0.002
Kapton® 49+ 4 (75 +£0.8)-107 0.006 + 0.001
RT/Duroid® 38 42 (2.6 +£0.3)-10~* 0.012 + 0.002
Ferrite NA? (1.26 £+ 0.13)-103 NA?

2 This radius could not be calculated because no relation between Q and V was found for this

material, see figure 4(d).

Therefore, only the sample capacitance is shown in table 2 and
in the inset of the graphs. On the other hand, the thickness of
the samples was measured prior to the experiment using a cal-
ibrated optical microscope and is also listed in table 2. Figure 3
shows, in the upper row, the samples inside the vacuum cham-
ber ready to be measured, and in the bottom row, their micro-
scope pictures with the corresponding scale bars.

With the aim of verifying the reliability of the experiment,
i.e. the radiated area with primary electrons is completely
covered by the KP tip area, the experimental capacitance is
used to calculate the electron gun radiated area on the sample
surface, considering it as a simple parallel plate capacitor mod-
elled with the formula:

C—Ch=¢— 3)

where d is the sample thickness, A is the radiated area by the
electron gun beam, and = ¢y, refers to the dielectric permit-
tivity of the material. The calculated radius of the radiated area
is listed in the last column of table 2 for each material. These
values are intermediate between the KP tip diameter (20 mm)
and the sample dimensions (more than 30 mm). Although
they should be smaller than the KP tip size, the discrepancies
might be attributed to edge effects that are not included in this
simple theoretical model. In addition, it must be considered the
Gaussian shape of the electron gun beam, wherein the major
percentage of the electrons are concentrated in the spot centre,
and a very small percentage of them would impact near the

border of the radiated area. Therefore, based on this argument,
in the measured area by the KP tip, the induced charge can be
considered constant.

4. Experimental results and discussion

Following the procedure explained in the previous sections,
the SEY properties under different induced charging states
were investigated. For that purpose, several charging states
were induced by sending different primary electron doses
to the samples. Figure 4 shows representative pulses of the
intensity detected in the rear sample side through the metal-
lic holder, in red, green, blue, and light blue of the induced
charging states on the Teflon® (a), Kapton® (b), RT/Duroid®
(c), and Ferrite (d) samples. The graphs represent the cur-
rent intensity as a function of time, where the pulses have
been shifted to improve the clarity of the plots. To gener-
ate this induced charge, primary pulses were sent with an
energy of 300 eV to take advantage of the SEY proper-
ties greater than 1: for the materials used in this work, the
SEY > 2 for this primary energy in neutral state conditions.
The integrated charge from each pulse is shown in the legend,
where: Q) corresponds to the primary charge measured with
the Faraday cup bias at +-57 V used to induce the charging
states, only shown for the highest one (in grey); and Q. is
the induced charge corresponding to the charging state meas-
ured by the capacitive method while the sample was bias at
—28 V. The primary charge dose was adjusted by varying the
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Figure 4. Primary pulses (Qp) for the highest charging state in grey, and representative pulses of each induced charge state (Q.) for Teflon®

(a), Kapton® (b), RT/Duroid® (c) and Ferrite (d).

pulse width and the electron gun cathode emission electron
intensity.

Comparing the representative primary pulse (in grey) used
to induce the highest charging state (light blue pulse), it can be
observed how the generated current for the light blue pulse and
the grey pulse differs dramatically: when the light blue current
tends to zero throughout the grey pulse duration, there are still
arriving primary electrons to the sample surface. Therefore,
during this primary pulse width (grey pulse) the sample mater-
ial is electrically saturated [28]. In consequence, lower doses
were sent to induce other measurable charging states. Note that
for RT/Duroid® and Ferrite, only the saturated charging state
was possible to be induced because their lower electrical res-
istivities do not retain the charges at the sample’s surface due
to fast recombination processes.

Since the materials present a behaviour like a capacitor dur-
ing a transitory phase while they are charging, the intensity as a
function of time for the higher charging state (light blue pulse)
was fitted using a capacitor model. The fittings are shown in
the same graphs of figure 4 with an orange line. However, a
double exponential decay was needed to fit the experimental
data. Therefore, for all the materials, two decay times (7 = RC)
were found: one short, 7;, which can be attributed to faster
recombination of charges; and the other, 75, to recombina-
tion of charges that need longer times. Both decay times were
transformed into their corresponding resistance through the
capacitance of each material and represented as a function of
their resistivity in figure 5 with black squares and red dots,
respectively. No data could be obtained for the Ferrite due to
its non-capacitive behaviour. Note that both axes of the plot

4.0x10° T Ty T Ty IR B | Y T,
| |
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Figure 5. Calculated sample resistance using the decay times and
their corresponding capacitance as a function of their resistivity.

are represented on a logarithmic scale. As expected, both res-
istances decrease as the resistivity decreases. Regarding R,
corresponding to 71, it remains in the range of 10° €2, and its
variation with the resistivity might be related to the depth from
the surface where an internal charge layer is formed, being loc-
ated deeper for thicker samples according to recent theoretical
studies [29]. This layer is expected to be located close to the
metallic sample holder, and therefore, shorter times are needed
for the charges to be recombined. From 75, higher values of R,
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Figure 6. Charge states Q. measured with the KP technique at the sample surface for Teflon® (a), Kapton® (b), RT/Duroid® (c) and

Ferrite (d).

were obtained, which are attributed to the recombination of
charges generated at the sample surface by the induced char-
ging states close to the sample surface. Then, 7, will depend on
the depth of this layer of charge and the electrical conductivity
of the material. To understand the behaviour of the calculated
resistances, it must be considered that the induced charging
state at the sample surface not only depends on the impinging
primary charge intensity but also on the type of material, as
demonstrated in [30]. These considerations, in addition to the
complexity of accurately knowing the radiated area A, explain
the non-linear dependence between resistance and resistiv-
ity (R= Ai). However, these data support the impossibility of
inducing a remaining surface charging state in materials with
lower resistivities than 10'! Q - m.

Considering that the sample materials behave as a capa-
citor, Q. measured with pulses like the representative ones
of figure 4 should be equal to the induced charge at the radi-
ated sample surface. However, due to recombination processes
according to the material electrical resistivity, the induced
charging states were characterized by measuring Q. at the
sample surface using the KP tip, which is shown in graphs of
figure 6 for the whole primary energy range using the same
colour than the corresponding and representative pulses of
figure 4. Hence, it can be observed that Q. obtained with the
KP for the same charging states are slightly lower than the cor-
responding values obtained by integrating the pulses obtained
at the rear side of the sample surface. This trend is explained
by the activation of charge recombination processes according
to the electrical conductivity of each material, because these
measurements with the KP tip were carried out after sending

the primary electron dose. The graph includes the correspond-
ing average of the induced surface charging state, Q., for the
whole primary energy range under study. These values were
calculated using the measured surface potential with the KP
system and the corresponding capacitance of table 2. As can be
noticed in figure 6, for materials with high resistivity: Teflon®
(a) and Kapton® (b), it was possible to induce reproducible
several charging states between the neutral state and the satur-
ated charging state (light blue). However, as electrical resistiv-
ity decreases, the capability of the material to keep the induced
charge on the material surface drastically decreases. Actually,
it was impossible to maintain a constant accumulated charge
at the sample surface during the SEY measurement, increas-
ing its dispersion for the whole primary energy range, as can
be observed in figures 6(c) and (d).

Figure 7 shows the SEY curves obtained under their cor-
responding induced charging states for all the materials under
study. The SEY curve obtained under neutral states, which are
indicated with black spheres, agrees well with values in the
literature [31, 32].

For Teflon® and Kapton®, with the highest electrical res-
istivities, the SEY curves show a clear trend as the charging
state increases: o, and E,, decrease, while E} increases. This
behaviour can be understood using an electron-hole model,
where part of the secondary electrons are attracted by the pos-
itive potential generated at the sample surface and return to the
material surface [33], and in consequence, the SEY is modi-
fied. On the one hand, the number of secondaries is reduced,
decreasing o, and increasing Ej. Some of the primary elec-
trons may penetrate below this positive surface potential layer
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Figure 7. SEY curves under induced charge stated Q. for Teflon®(a), Kapton®(b), RT/Duroid®(c), and Ferrite(d).

[10, 34], creating a negative charge distribution beneath the
positive potential, and therefore producing a dipolar-like con-
figuration. This negative layer produces a new electron charge
balance with the positive charging state that might shift the £,
parameter accordingly. The depth of this negative charge layer
will mainly depend on the primary electron energy, which
has been maintained constant at 300 eV in this work, and the
material properties.

On the contrary, RT/Duroid® and Ferrite samples present
a completely different behaviour. The SEY curves obtained
for these materials, whose electrical resistivities are lower than
10'" © m, were equivalent for both the neutral state and the
state induced for charging saturation (light blue). These results
show that the induced positive charge generated at the sample
surface vanished before the SEY measurement took place due
to rapid charge recombination processes.

Finally, it is worth highlighting that these results contrib-
ute to the multipactor threshold prediction in the presence
of dielectric materials. In orbit, the primary electrons inside
the RF equipment impact on the walls (metal and dielectrics)
with a huge range of energy. This work focuses on indu-
cing charging states for only one primary energy, but the
trend of the SEY curve when the charging state becomes pos-
itive can be extrapolated to the energies where SEY > 1.
However, the dielectric materials present inside the RF chain
may be charged positively or negatively, depending on the
SEY parameter of the curve at the corresponding primary
energy. Although this scenario is complex to model, the pos-
itive charging states are the most probable when a multipactor
discharge triggers. During the discharge, the electron pop-
ulation grows dramatically, feeding the positive voltage on
the surface, and thus reducing the SEY curve depending on

the charging state reached. Additionally, from the multipactor
point of view, a second effect arises when a dielectric gets
charged: the potential generated in the material surface cre-
ates an electrostatic field. The presence of this direct current
(DC) field could deviate the electron trajectories and therefore
impact the multipactor threshold. This fact, together with the
SEY curve reduction, highlights the importance of this work
in the field of multipactor discharge prediction.

5. Conclusions

Different positive surface charging states in Teflon®,
Kapton®. For the RT/Duroid® and Ferrite were induced.
Additionally, SEY properties were obtained under these sur-
face charging states. For the measurements, a KP system was
installed in a vacuum chamber to work in combination with
an electron gun. The KP was used to evaluate the induced
surface potential, and the SEY curves were obtained using the
well-known capacitive method. We were able to induce differ-
ent charging states in Teflon® and Kapton® due to their high
electrical resistivities. However, in RT/Duroid® and Ferrite,
with electrical resistivities lower than 10!  m, it was found
that the charge could not be retained on the material surface,
obtaining SEY curves equivalent to the neutral state.
Considering that the sample materials under electron radi-
ation behave as a capacitor, it was found a double transitory
decay: one attributed to the migration of charges from the
internal charge layer close to the metallic holder in the rear side
of the sample; and the other, to charge recombination between
a negative charge layer created by primary electrons close to
the radiated sample surface and the positive charging sate at
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the sample surface. Both decay times strongly depend on the
electrical resistivity of the material.

From the SEY curves obtained under induced positive char-
ging states in materials with higher electrical resistivity, a clear
trend in the main SEY parameters was found: o, and E,
decrease, while Ej increases. This trend is attributed to the
coulombian attraction by the positive surface potential gener-
ated at the sample surface in combination with the dipolar-like
behaviour of the formed negative charge close to the sample
surface.

This work provides experimental results that contribute to
a better understanding of the multipactor threshold in space
components involving dielectrics. On the one hand, the SEY
curves of several space materials are analysed under induced
and controlled charging states. On the other hand, the DC field
generated on the material surface can be accurately measured.
Considering both parameters, a dramatic impact on the mul-
tipactor threshold prediction may occur, leading to erratic res-
ults if they are not considered in prediction models.
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