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Novel Prediction Methods of Multicarrier
Multipactor for Space Industry Standards

Sergio Anza, Jérbme Puech, David Raboso, Ulrich Wochner, Philippe Mader, Olivier Koch, Jean-Christophe
Angevain, Un-Pyo Hong, Per Magnusson, Isabel Montero, Mohammed Belhaj, John Petit, Jordi Gil, Carlos
Vicente, Vicente E. Boria, Fellow, IEEE

Abstract—Multipactor prediction methods are of high rele-
vance for the space industry in order to prevent its appearance
during the design phase of RF high power components. Up to the
present time, prediction for multicarrier signals has been covered
by an empirical rule, the 20-gap-crossing rule (20GCR), proposed
in the 2003 version of the multipactor standard published by the
European Cooperation for Space Standardization (ECSS). The
20GCR has been widely used by the space industry, although
some studies have demonstrated that it might be inaccurate in
some situations. The latest version of the ECSS multipactor
standard, published in 2020, presents two novel methods for
multipactor prediction with multicarrier signals: the pulsed
method and the envelope sweep method, both simple, accurate
enough and suitable for industry standards. Whereas the pulsed
model is a simple and fast method based on a one-dimensional
analytical theory, the envelope sweep method is more accurate
and able to deal with real 3D microwave structures. This paper
details both multipactor prediction methods, as well as their
practical validation with a large dataset from previous analytical
studies and experimental activities.

Index Terms—High power, multicarrier signals, multipactor,
passive circuits, RF signals, vacuum breakdown.

I. INTRODUCTION

HE multipactor phenomenon, also known as multipactor-

ing or multipaction, is an electronic discharge occurring
in microwave devices operating at high power levels and
vacuum condition [1]-[3]. The multipactor effect is caused by
free electrons being accelerated inside the microwave device
in synchronism with the RF fields. As a consequence, these
electrons impact successively against the device walls with
enough energy to release extra electrons, due to the Secondary
Electron Emission (SEE) effect [4]. This produces an exponen-
tial increase of electrons until saturation or self conditioning
of the surfaces is reached. A multipactor discharge produces
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signal noise, power reflection and, ultimately, the physical
damage of the device.

Multipactor is, therefore, considered a dangerous effect in
high-power vacuum applications and must be avoided at the
design phase. This is especially true in the space industry
sector, since the replacement of damaged RF components
of in-orbit satellites is not possible. Therefore, multipactor
prediction and test becomes crucial during the design phase
of such systems and involved components.

The occurrence of multipactor depends on many parameters,
such as the geometry of the device, the physical distribution
and the strength of the electromagnetic fields, the RF signal
characteristics, and the SEE properties of the materials. One
important consideration about multipactor prediction is that the
prediction uncertainty is strongly linked to the uncertainty on
the Secondary Electron Yield (SEY) values of the materials.
Material characterization is a rather complex physical problem,
and thus, the current state of the art is not able to completely
model the SEY of metal and dielectric surfaces, nor its change
with time due to surface contamination (aging) [5]. This
problem is more evident in dielectrics, where surface charging
also plays an important role [6], [7]. Therefore, multipactor
prediction aims at being conservative but precise enough, when
compared to measurements, in order to avoid overdesign of the
RF components.

During the last half century, several studies have been
devoted to multipactor with single carrier signals and different
geometries, such as parallel plates [3], [8], [9], coaxial [10],
[11], rectangular [12], and circular waveguides [13], as well
as with different materials including metals and dielectrics [6].
Numerical electromagnetic (EM) simulation codes have been
developed as well, being able to model this RF breakdown
phenomenon in complex 3D structures [14].

Multicarrier signals, understood as the addition of different
Continuous Wave (CW) carriers, add time-varying dynamics
to the electron motion, rendering the problem much more
complex. New theories are able to analytically model mul-
tipactor under multicarrier signals, such as the nonstationary
(NS) theory [15], or theories which approximate the electron
population growth or absorption without directly solving the
equations of motion [16], [17]. However, these theories are
often rather intricate, which does not make them very suitable
for their practical use by the industry sector.

The European Cooperation for Space Standardization
(ECSS) publishes the Multipaction Design and Test standard
[18], [19], covering all multipactor considerations during the
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design and test phases, in order to validate components as
multipactor free. The ECSS standard published in 2003 uses
the 20-gap-crossing rule (20GCR) as a prediction method
for unmodulated multicarrier signals [18]. As part of the
multipactor analysis, this rule has been widely used by the
industry during the last years. However, it has been found that
the 20GCR is an empirical method which lacks a physical
basis, and that may be very conservative in many cases, and
too optimistic in others [20]. Other standards, such as the one
from the Aerospace Corporation one [21], do not cover the
multicarrier case at all.

The latest 2020 version of the ECSS standard [19] presents
two new methods for multipactor prediction with unmodulated
multicarrier signals, as replacement to the cited 20GCR.
These are the pulsed model (PM) and the envelope sweep
(ES) approaches. They are aimed at overcoming the 20GCR
shortcomings whilst maintaining simplicity.

The main objectives of this paper are to explain in detail
these two novel multipactor prediction methods, and to con-
firm their validity. Section II introduces an important concept
in multipactor with multicarrier signals, the worst-case phase
condition. In Section III, the current prediction methods are
briefly reviewed, including the 20GCR. Section IV gives equa-
tions and methodology for the two new prediction methods.
Sections V, VI and VII compare the predicted threshold results
with theoretical and experimental data, which have been
gathered from different test campaigns. Finally, Section VIII
presents the summary and conclusions of this work.

II. WORST-CASE PHASE CONDITION

The result of combining a number K of CW unmodulated
carriers, with amplitude V;, frequency w; = 2x f;, and phase
¢;, for ¢ = 1,2,..., N, is a time-varying envelope, V()
modulating a signal whose frequency oscillates in time around
the mean frequency of all carriers, f,,.

2
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For a fixed configuration of carrier phases, the envelope is
periodic with period T, and its shape depends on the relative
phases of the carriers [15]. ”On” intervals are defined as
periods of the multicarrier envelope in which its amplitude is
above the multipactor threshold and, therefore, there is electron
production. ”Off” intervals are those in which the amplitude of
the multicarrier envelope is below the multipactor threshold,
and there is electron absorption. If V,(¢) varies slowly with
respect to the mean frequency, i.e. T, >> 1/ f,,, this threshold
corresponds to the single carrier multipactor threshold level of
a CW signal of frequency f,, [16].

According to the long-term multipactor criterion for mul-
ticarrier signals [22], the condition for having a discharge is
that the electron production during the ”On” intervals is higher
than the electron absorption during the ”Off” intervals, in one
period of the envelope.

Among all possible phase combinations, there will be a
particular one which meets this criterion with the lowest am-
plitude of the RF EM field per carrier. This phase combination
is called the ”worst-case phase condition”.

III. CURRENT PREDICTION METHODS

This section reviews the two current multipactor prediction
methods for multicarrier signals. These are the empirical
20GCR [18], and phase global optimization, which employs
analytical or numerical multipactor simulations.

A. The 20-gap-crossing rule

The 20GCR was established as an analytical multipactor
prediction method in the 2003 ECSS standard [18]. This
rule assumes two-surface, single-carrier multipactor condi-
tions. Basically, the 20GCR establishes that under resonant
conditions, a multipactor discharge will occur when electrons
cross the gap between the two surfaces of the device, and
impact with them, at least 20 consecutive times. Therefore,
in order to develop a discharge, the multicarrier envelope
needs to be above the single-carrier multipactor threshold for a
minimum amount of time, 75y, which ensures 20 electron gap-
crossings. The 20GCR is limited to parallel-plate or coaxial
like geometries, where stable two-surface multipactor occurs.
T5o has the following expression

n

Toy =10 7 (2)
where f is the lowest frequency of all carriers. The multipactor
order n indicates the type of multipactor resonance for the
single-carrier case, being the number of half-cycles of the RF
fields that the electrons take to transit between plates [2]. The
multipactor order can be analytically determined from the RF
field frequency and amplitude, and the distance between plates.
In (2) the maximum n is taken, which occurs at the single-
carrier multipactor threshold.

The 20GCR only establishes T5g, but it does not specify
how to find the multipactor threshold value. One possibility
is to determine the phases and amplitudes of the multicarrier
signal, by numerical optimization, to obtain an envelope ”On”
interval with a duration of T,,, = T»g. Such an optimization is
based solely on the envelope shape and it is computationally
feasible. Another possibility, which avoids optimization, is to
use analytical equations that provide boundary envelope values
for different values of 75, considering all phase combinations,
such as Wolk’s or Angevain’s curves [23]. Fig. 1 shows an
example of both methods for a 20-carrier multipactor signal.

The 20GCR is extremely simple but has some known
drawbacks. First of all, it proposes a universal limit, 20 gap-
crossings, without considering the SEY properties of the mate-
rial nor the multicarrier signal characteristics. This number has
been empirically obtained with a limited amount of data [24],
and has no physical justification. Therefore, the 20GCR may
produce large prediction errors, being extremely conservative
most of the time, and in some situations even non-conservative
[20]. On the other hand, the 20GCR is based on single-period
events. This may result in overlooking potentially dangerous
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Fig. 1. Multicarrier envelope of a 20 carrier signal with mean frequency

fm = 11 GHz, frequency spacing Af = 50 MHz. The period of the
envelope is Te = 20 ns. A 20GCR pulse of width T59 = 2.85 ns is plotted,
corresponding to 2003 ECSS Silver coating [18], a gap d = 0.45 mm and
a multipactor order of n = 3. Angevain’s boundary function [23] is also
included.

situations where the multicarrier envelope period is shorter
than 75, but the net sum of electrons generated during one
envelope period is positive, leading to electron accumulation
and maybe a long-term discharge [22]. There are other flavours
of the 20GCR typically used in industry where the number of
gap-crossings is modified, choosing for example 3GCR or 10
GCR, which may be more conservative but have the same
inherent arbitrariness and limitations as the original 20GCR.

B. Global optimization

Global optimization consists of searching the worst-case
phase combination within the phase-domain, in an efficient
way, by minimizing the value of a cost function, while keeping
the relative amplitudes among the carriers constant. In our
case, the cost function is defined as the carrier amplitude
leading to multipactor breakdown for each phase combination.
This is, each phase combination leads to a different breakdown
level, and the objective is to find the minimum one. There
are different global optimization strategies available in the
literature. Each one is suitable for different cost function
properties. The main inconvenience of finding the worst case
phase condition using a global optimizer is the vast number
of phase combinations that must be checked.

Numerical tools, such as CST Studio Suite
Fest3D/Spark3D™, are capable of performing full numerical
simulations of multicarrier signals in 3D structures [25], [26].
However, the simulation time of a single phase combination
is large enough to discourage the use of such an approach for
the worst-case phase global optimization.

Some analytical multicarrier theories, such as the NS theory,
are also able to perform a full multicarrier analysis for parallel-
plate 1D geometries [15], [16]. These theories are less accurate
and rather optimistic when applied to real 3D structures,
since the parallel-plate 1D approximation is the worst-case for
multipactor discharge in terms of geometry. However, being

>

Amplitude

time
Fig. 2. PM definition. ton +topp = Te

much faster than the 3D numerical counterpart, it is feasible to
use them as an alternative to look for the ”worst-case” solution
by phase optimization. Furthermore, the theories themselves
and the implementation of such tools are quite complex and
time consuming to use in an industry standard.

IV. NOVEL PREDICTION METHODS

Recently, the 2020 update of the ECSS Multipactor standard
has introduced two novel prediction methods for multipactor
and multicarrier signals [19]. The pulsed model, which approx-
imates the multicarrier signal envelope to a rectangular pulse,
and the envelope sweep, which looks for the worst-case phase
combination in a reduced phase-space. The following sections
provide a detailed description of both methods.

A. The Pulsed model

The pulsed model (PM) proposed in [19] is based on the
long-term multipactor theory published in [22]. It is formulated
for parallel-plate geometry, and it simplifies the multicarrier
envelope to a rectangular pulse with constant amplitude V,,,,
above the single-carrier multipactor threshold, during the ”On”
interval, t,,, and 0 amplitude during the ”Off” interval, £,7 s
(see Fig. 2). During t,,, electrons are generated. During .,
electrons are absorbed. The goal is to the determine V,,, such
that the electron absorption and generation compensate each
other, producing a long-term multipactor discharge.

According to classical single-carrier theory [1], the electron
generation during £,,, is given by

Lon = Uonn? , (3)

where o,, = o(V,,) and n,, = n(V,,) are the SEY and
multipactor order during resonance (depending on V) and
fm is the mean frequency of all carriers. Thus, for an initial
number of electrons Ny = N (¢ = 0), the number of electrons
at the end of the “on” interval is N(ty,) = Nol'on. Note
that contrarily to the 20GCR, where the lowest frequency was
taken, the PM takes the mean frequency as the reference one,
since the average instantaneous frequency of a multicarrier
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signal (equal amplitude for all carriers) is equal to the mean
frequency of all carriers [15].

The electron absorption during Z,¢, I',¢ s, can be obtained
from the expression for the electron population, N (), given
in [16] N of
where o(t) and n(t) are SEY and order of impacting electrons
in time, respectively. In turn, n(t) = 2f,,7(t), where 7(t) is
the electron transit time. Then, eq. 4 becomes

dN  o(t) -1
dt T(t)

During the "Off” interval of the PM, the field amplitude
is zero, thus the impact energy of the electrons is equal to
their emission energy, which is in the order of few electron
volts. Therefore, it is safe to assume that the SEY of im-
pacting electrons during the ”Off” interval is approximated by
o(t) = oo which is a constant value of SEY for low energies
that ranges from O to 1, depending on the material [22]. In
addition, with a deterministic emission velocity of v., and
in the absence of external electromagnetic field, the electron
transit time is 7(¢) = d/v., where d is the gap distance. With

this, the solution to the differential equation in Eq. 5 is given
by

&)

op—1
Lopp = exp <C[l)/vtoff> (6)

which represents an exponential electron decay.

However, as shown in [16], the multipactor order for low
or zero voltages is not constant but rather follows a quadratic
increase. This is because the electron emission velocity is
not a constant. The energy spectra of the emitted electrons
depend on the energy of the impacting electrons and the
surface composition. In a first approximation, we can assume
that the emission velocity follows a probability density curve.
More energetic electrons are absorbed first because low energy
ones take longer to reach the opposite side. Hence, as time
passes, the velocity distribution of the electrons between the
two plates changes, moving to lower electron velocities, i.e the
average velocity drops. Therefore, remaining electrons have
an increased transit time. In [16], the electron transit time is
approximated as 7(t) = d/v. + Bt%, where v, is the average
emission velocity and (3 a constant. Then, the solution of eq. 5
results
™ op—1

-1, . 7
2d/ve+atoff ff) @

Lopp =exp <

where a = % , and the approximation arctan(z) =~ S THs
for x > 0 has been applied, in order to obtain a closed solution
of the differential equation. The expression (7) is the one given
in the ECSS Multipactor handbook [27].

The linear term at, s produces a saturation of the absorp-
tion curve. Fig. 3 compares the exponential model, given by
eq. 6, with the linear saturation model, given by eq. 7. In
this figure, the normalized time is defined as tv./d. Exact
electron absorption curves, computed with the NS theory
[8], are included as a reference. Constant « has been set
to o = 0.12(1 — 0y), after performing a numerical fitting

Electron absorption during off time

\ og = 0.95
—— NS Theory

Exponential model

10—1 -

Linear saturation model

10~7 T T . T T T

0 200 400 600

Normalized time

800

Fig. 3. Electron absorption curves for traditional exponential model, linear
saturation model (7), and NS theory for different values of og. The value of
a = 0.12(1 — 0p) has been numerically fitted.

taking the NS theory curves as a reference for the error
calculation.This expression for « has been obtained for the
whole range of possible oy values, and therefore such an
approximation can be generally used.

It can be observed that the linear saturation model, although
not being very accurate, provides a better fitting to the real
curve than the exponential model. For this reason, the former
one is selected for the PM formulation.

Once the electron growth and absorption rates have been
obtained, the number of electrons at the end of the period of
the envelope is given by

AT(T() - N()Fonroj’j': (8)

where Ny = N (¢ = 0) is the initial number of electrons. The
long-term multipactor criterion states that the total electron
production during an envelope period has to be equal to or
greater than one, for multipactor to occur. Therefore from (8),

N(Te)

0

> 1— le,r()ff > 1. (9)

Using (3) and (7) on (9), as well as the condition %,, +
tors = Te, it is possible obtain that [27]

AB - C —\/(AB - C)? + 4ACAaT,

on — ) 1
2Ax (10)
where
2 m
A= f 1oga(m (11D
non
d
B=—+4daT, (12)
Ve
C=Z(e0—1) (13)

Eq. (10) has a solution for values of o,, > 1, with limits
of limy, o0 tor, = 0 and limg_sq oy, = Te.

Conceptually, the PM is similar to the 20GCR, but here, the
length and amplitude of the pulse ¢,, and V,,, are not fixed
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values, but derived considering the surface SEY properties and
signal characteristics. There are some obvious limitations in
this simple approach. Approximating the multicarrier envelope
by a square pulse of length %,,, considers only phase combi-
nations that maximize the signal energy in such an interval.
Thus, only a subset of the solution domain is considered. On
the other hand, although it is always possible to constrain the
envelope to a rectangular shape (concentrating energy in an
interval) by phase optimization, the resulting envelope does not
have a constant amplitude, but presents ripples and sidelobes
according to the number of carriers (see Fig. 1). The higher
the number of carriers, the higher the resemblance of the
multicarrier envelope to a rectangular pulse. In Sections V
and VI it is shown that, despite these limitations, the PM
predictions are more accurate than the 20GCR ones, and still
remain conservative.

In egs.(10 - 13) parameters f,, and 7., are given as part
of the signal characteristics. Parameter d corresponds to the
gap size, given by the geometry of the device. In turn, oy
and v, are specific to the coating material, whereas « is a
fitting parameter obtained numerically. The only two unknown
figures are o, and n,,, which are the SEY and multipactor
order, respectively, corresponding to a single-carrier resonant
discharge at amplitude V,,. In order to obtain them, any
single-carrier theory or 1D numerical method can be used.

In this work , the main purpose is to provide simple methods
suitable for industry standards, and therefore, we use simple
approximations taken from the classical multipactor theory,
which do also provide conservative results, one of the main
concerns in multipactor prediction.

Firstly, the electrons depart from one plate with low energy
and are accelerated towards the opposite one until they impact
with velocity v;. Therefore, it could be roughly approximated
that the electrons travel from plate to plate with a constant
velocity equal to v; /2. Hence, the multipactor order n,, can
be approximated as

4fmd

Nop = .
U

(14)

In turn, the electron impact velocity can be approximated
in two ways, depending on the multipactor order. For low
multipactor orders, classical resonant multipactor equations of
motion are valid, but for large multipactor orders, non-resonant
multipactor equations should be used instead [28]. The impact
velocity at V,,, is approximated then as

V; = 20y + Ve, Mpp < 3 (15)

2

v
visz+we+7w7 n 237 16
3lon +02) th (16)

where v
€ on

w = 5 17
Y m 27 fnd 17

and m and e are the electron mass and charge, respectively.
At multipactor threshold, the multipactor order is the term
np, used in (15) and (16). Also, the impact energy is equal to
the first cross-over energy, Wi, for which the SEY is equal to
1. This figure is material dependent and must be given in the

2.2 9 —— SEY Analytical

—— SEY NS L5

2.0 A

SEY

T T T T
400 500 600 700 800

Amplitude (V)

Fig. 4. Approximated SEY and order curves compared with NS theory
computations for f X d = 5.04 GHzmm and 2003 ECSS Silver coating
[18].

problem specifications. Therefore, impact velocity at threshold
\/ —2W;. Using (14) we obtain

4fnd
Ny = .
Uth

Secondly, o,,, depends on the electron impact energy when
V,n voltage is applied. The electron impact energy is obtained
as W; = ,2%@22. There are different analytical models that
derive o as a function of such impact energy. Here, the
modified Vaughan model [29] is used.

Fig. 4 shows the SEY and order computed with (14)-(16),
compared with NS theory for an f x d value of 5.04 GHzmm,
and 2003 ECSS Silver coating [18]. The NS theory is consid-
ered the exact solution for 1D. In this example, the approxi-
mated SEY curve fits reasonably well the initial part of the NS
theory one. But, right after the maximum SEY peak is reached,
both curves diverge. Nevertheless, the initial part is the most
important one for the multipactor threshold (SEY close to
one), and therefore, the SEY approximation presented above
is valid for our purposes. Regarding the multipactor order, the
trend is similar to the NS theory curve, adding a constant
error. This would imply a lower electron production rate as
compared with the NS theory one. But, on the other hand,
this error is partially compensated by the approximated SEY,
which is larger than the NS counterpart. The results presented
in Sections V and VI, indicate that the overall performance of
the PM with this approach is satisfactory.

Thus, summarizing, the procedure would be the following
for given f,,, d, and material WW;. The multipactor order at
threshold ny;, is computed using (18). Using the value that is
determined, the electron impact velocity at V,,,, v;, is obtained
from (15) to (17). Then, n,, is next computed using (14).
Finally, o,,, is computed from the obtained value of v; using
the modified Vaughan formula [29].

Once o,, and n,, have been determined, the V,,, versus
ton curve can be derived. Fig. 5 (top), shows an example of
such a curve.

In order to obtain the amplitude per carrier V. (considering
equal amplitudes), it is possible to either synthesize the mul-

is Vth =

(18)
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Fig. 5. PM curves obtained for f X d = 5.04 GHzmm and 2003 ECSS Silver
coating [18]. (top) pulse amplitude versus pulse width. (bottom) amplitude
per carrier versus pulse width. ES results for the example of Section IV-C
are included as well.ES-N and ES-F stand for simulations performed with NS
theory and FEST3D™, respectively

ticarrier phases and amplitudes to obtain a pulse with ¢,,, and
Von by optimization, or to use a boundary function F, (o)
such that

19)

In the example above the, the Angevain’s modified sincsum
curve [23] has been used with the expression

K K—1 K . _
ai+2y > ak(Liib”;(&[j’i;-é“f)
k=1 k=1 i=k+1 !

Fy(7) = (20)

LK
74 > ak
k=1

where f; and a; are the frequency and amplitude, respectively,
of the i-th carrier of the multicarrier signal, i € [1, K].

Fig. 5 (bottom) depicts the V. versus t,, curve for the
example being discussed. Note that there is a certain ¢,,, for
which V. is minimum. This minimum value is selected as the
multipactor threshold per carrier.

Finally in order to convert the value, V., from voltage
to power, equivalent circuits or EM field analysis of the
component are necessary. For instance, the electric field may
be computed with a 3D software for 1W input power, at the
mean frequency, and integrated along the gap line. This is
called the “voltage at 1W”, Vaiw. The input power P; is

tlle]l de]i\/ed f]()]ll
‘7 2
L(@lw/

21

B. The envelope sweep methodology

Finding the worst-case condition by phase optimization
through the whole solution domain, as described in Sec-
tion III-B, may imply a vast number of iterations. The aim
of the envelope sweep (ES) approach is to drastically reduce
the solution domain, in order to enable the use of 3D numerical
software in reasonable computation times.

This domain reduction provides results close to the worst-
case assuming that the breakdown voltage varies smoothly
with the signal phases. This also assumes that, since different
phase combinations may yield similar envelopes, there are
multiple regions with values close to the lowest breakdown
value [30]. See for example the breakdown voltage map of a
four carrier multipactor signal in Fig. 6. It is seen that, apart
from the global minimum, there are other large regions, with
local minima, spread around the map, having similar values.
This fact is more evident for larger f x d products (Fig. 6b).
This means that selecting a phase combination different from
the worst-case one, may not imply a big difference if it is
located close to the worst-case one, or in a region with a local
minimum.

Similarly to the PM, the ES approach of [19], considers the
multicarrier signal envelope as a combination of two ”On”
and “Off” intervals. The method consists of sweeping the
value of t,, with a certain number of points from ¢,, = 0
to ton, = T, and optimize, for each ¢,,, the carrier phases to
match the envelope shape to the resulting rectangular pulse,
of time duration 7,,. The multipactor breakdown power is
then analytically or numerically computed for each of the ¢,,,
values. Finally, the lowest breakdown power among all points
is selected.

In this sense, the ES approach is similar to the PM since
both methods use a rectangular pulse to reduce the solution
domain, and both look for the t,, that provides the lowest
breakdown level. The difference is that, whereas the latter uses
single carrier theory to find an analytical approximation for
the worst case, the former simulates a finite number of ¢,
values using full multi-carrier analysis, either analytically or
numerically.

The ES methodology is open to particular implementations,
following the same procedure [19]:

1) Select a certain number P of equi-spaced values for
ton; @ = 1,.., P, ranging from [0,T.]. The number
of points should be high enough to ensure convergence.

2) Find the multicarrier signal phases for each of these
points by constraining the envelope shape to a rectan-
gular signal of duration ¢, ;.

3) Perform a multipactor analysis with the phase values
obtained for each point. The analysis must consider
the real multicarrier signal with no simplifications. The
analysis can be done by either 3D numerical software or
employing full multicarrier theories. The output is the
breakdown power for each of the selected points.

4) Choose the minimum breakdown power among all
points.

Of course, this solution might not be the ”worst-case phase
condition” in a general case. This method assumes that differ-
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Fig. 6. Breakdown level map for each carrier phase combination (only 2 degrees of freedom) computed with NS theory. For all cases the multicarrier signal
has 4 carriers with an mean frequency of 11 GHz and a frequency spacing of Af = 100 MHz. Coating material is 2003 ECSS Silver of Table II. Minima

are marked with blue dots.

ent phase combinations, yielding envelopes with the power
concentrated in intervals of similar size, will have similar
breakdown power. Therefore, since it covers the complete
range of possible interval sizes, the solution is expected to
be close to the optimum one.

This work presents a specific implementation of the ES
methodology. The t,,, range has been divided into 10 equally-
spaced points from O to 7,. The multicarrier envelope has
been matched to each pulse width using a genetic global
optimizer [31]. The envelope amplitude is constrained to be
equal or higher than the pulse amplitude during the pulse
length, with minimum amplitude per carrier. In step 3, the
multipactor analysis has been done with NS 1D parallel-plate
theory [15] (ES-N), as well as with numerical simulations with
CST Studio Suite Fest3D™ software, from now on Fest3D™
(labeled as ES-F).

C. Practical Example

In this section, a practical example is used to demonstrate
the prediction methods presented. It consists of a corrugated
Ku-band transformer in waveguide technology, with WR75
interface and critical gap size of d = 0.42 mm. Experimental
data for multipactor breakdown power are available for both
single and multi-carrier signals in [20]. The experimental
breakdown power is 201 W per carrier. The multicarrier signal
has 6 carriers with frequencies described in Table I. The device
is Silver coated, therefore, SEY parameters of the 2003 ECSS
silver [18] have been taken as shown in Table II. Version of
2003 has been chosen instead of the new 2020 update, since
more multipactor prediction data are available in literature,
and they are used by the 20GCR and by the Multipactor
Tool, thus enabling a direct comparison. A secondary electron
release energy of 1.5 eV has been assumed for all 1D analytical

TABLE I
SAMPLE PARAMETERS FOR WR75 TRANSFORMER OF [20].
Carriers fm Af d Viw fxd n
(GHz) || (MHz) || (mm) || (V) (GHzmm)
6 11.992 38.3 0.42 8.9 5.03 3
TABLE II

SEY FIGURES FOR 2003 ECSS SILVER AND ALUMINIUM OF [18]

Wy Wmaz || Omaz || 00

(eV) (eV)
ECSS Silver 30 165 223 ][ 05
ECSS Aluminium || 23 150 298 | 0.5

methods. Numerical 3D simulations use an electron emission
of 3 eV, doubling the 1D case because the electrons are
released with non-zero angle close to 45° [32]. In order to
make the voltage to power conversion, eq. (21) is used. The
voltage at 1W is computed with Fest3D™ 3D fields integrated
along the gap line, resulting in Vi = 8.9 V.

The PM procedure of Section IV-A has been followed. The
ES method has been implemented as per Section IV-B. Fig. 7
shows the phase conformance results to different pulse widths
for this particular example. For each phase configuration, two
types of simulation have been done: 3D numerical simulation
with Fest3D™ software tool, and parallel-plate NS analytical
analysis. Fig. 5 shows the Voltage versus t,, curve for this
example. On top, the solution to eq. (10) is shown. At bottom,
the voltage per carrier can be seen, after applying (20) to (10).
Results for PM show a minimum at 5 ns with a value of 88.7 V.
Results for ES method with NS theory (ES-N) and Fest3D™
simulations (ES-F) follow the same trend, with the exception
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Fig. 7. Multipactor phase conformance for different pulse widths in the ES
procedure of the WR75 transformer example. Only three pulse widths have
been plotted, corresponding to the points ton,2 = 2.9 ns, ton,5 = 11.6 ns,
ton,s = 20.3 ns

TABLE III
BREAKDOWN POWER LEVELS FOR WR75 TRANSFORMER EXAMPLE.
Result Voltage || Power || Error
V) (W) || dB)
Experimental || 125.6 201 —
PM 88.7 99.8 3
ES-N 81.2 83.6 3.8
ES-F 1334 227 -0.5
20G 60 454 6.5
20GB 54.5 37.6 7.3

of the first points. The reason behind is due to the fact that
simulations with Fest3D™ consider a real structure, where the
field distribution is not homogeneous. Therefore, for low pulse
widths, the ”Off” time is large, and electrons tend to be pushed
outside from the high field regions, due to the ponderomotive
force [12]. This effect is neither considered in the PM nor in
the 1D NS theory, and it is the reason for the discrepancy in
such points.

The predicted breakdown levels of PM and ES methods are
summarized in Table IIl. There, 20GCR predictions are also
included for comparison, in two different cases, the 20GCR
with phase optimization (labeled as 20G) and with boundary
curve (labeled as 20GB). The 20GCR methods present a larger
error than the PM and ES ones. Specifically, the most accurate
is the ES-F one (ES with Fest3D™ numerical simulations),
since Fest3D™ considers the real 3D structure and EM field
distribution. Although the error is negative, a value of -0.5 dB
is very low and within the range of typical accuracy of
experimental test beds.

V. ANALYTICAL VERIFICATION

The prediction methods described in Section IV have been
tested with a large number of parallel-plate cases employing
only analytical/numerical data.

The compared prediction methods are the PM and ES
approaches. The ES approach is analyzed through the non-
stationary theory (ES-N) and the Fest3D™ numerical solver si-
mulations (ES-F). The 20GCR with phase optimization (20G)
and with boundary curve (20GB), have been implemented as
established in the ECSS standard 2003 version and using the
Multipactor Tool [33] software utility. Global phase optimiza-
tion has been done with NS multipactor theory (GNS) [15],
using the optimization procedure of [30].

For the ES-F method, coaxial lines with an inner conductor
of a fixed 12 mm radius have been employed, varying the
outer conductor radius to obtain the different gap distances.
A coaxial line has been selected, instead of a rectangular
waveguide, for two reasons. First, coaxial lines behave like
parallel-plate geometry when the ratio between outer and inner
radius is near unity. And second, because in coaxial lines,
despite the EM fields not being homogeneous along the gap,
there are no low EM field regions within the structure. Hence,
during the "Off” intervals, electrons remain in high field areas
and are not lost. Therefore, for multicarrier signals, coaxial
structures yield results closer to infinite parallel-plate geometry
than rectangular waveguide ones.

GNS method has been selected as the reference for the error
computation, since this method considers the whole solution
space and theoretically finds the ”worst-case phase condition”.
It is interesting to study this error, because the GNS method
can be considered as the ideal 1D parallel-plate prediction.
Comparing the proposed methods to the GNS one, provides
information about their accuracy, without the uncertainties
present in the tests, such as SEY variation due to aging,
mechanical tolerances, thermal considerations or measurement
errors.

Two different SEY curves have been considered, those for
ECSS Silver and ECSS Aluminium with the parameters given
by the ECSS standard of 2003 and summarized in Table II.
Version of 2003 has been chosen for the same reasons stated in
previous sections: there is more data available in the literature
and allows a direct comparison with Multipactor Tool 20GCR
results. Nevertheless, these methods are valid for arbitrary
SEY curves.

Different parameters have been tested, such as the number
of carriers, the frequency band, the frequency spacing between
adjacent carriers, and the critical gap distance.. Table IV and
Table V (see Appendix A) show the results for ECSS Silver
and Aluminium, respectively. The prediction error of each
method in dB, with respect to the GNS one, is summarized in
Fig. 8. Positive error stands for a conservative error. It can be
observed, in first place, that ES-N and ES-F methods have an
error close to zero, with the exception of a single point for ES-
F which has a -4 dB error. It should be remembered that this
error is with respect to 1D parallel plate ideal result, and ES-F
is considering 3D real structures, and the number of electrons
as a whole number (analytical methods may deal with particles
of fractional charge). The error of -4 dB corresponds to row
3 of Table IV, which has a very short gap (0.09 mm) and
low Af = 50M H~. This implies large ¢,f; times. For 1D
analytical NS theory, at the end of the “Off” intervals the
number of electrons is usually below one, but during the next
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Fig. 8. Error bar plot of the multipactor predicted levels for the analytical
dataset. It is computed with respect to the global NS analytical method (GNS).
Positive error corresponds to a conservative prediction. Orange lines indicate
the error median.Boxes extend from the lower to upper quartile values of the
data. Lines cover 1.5 times the inter-fourth range from the median. Circles
denote outliers points outside the line extremes.

”On” interval it may increase again, producing a discharge. For
numerical simulations, in which the number of electrons is an
integer number, it is very likely that, if the number of electrons
reaches one, the last electron gets absorbed before the ”On”
interval starts. This is the reason why, when comparing the ES-
F prediction results with those of GNS, there is such a high
negative error. However, ES-F results are probably closer to
reality.

On the other hand, the PM results show an error around 1
dB, lower than the error of the 20G and 20GB, which is around
2 dB and 5 dB respectively. 20GB method even has a case
with more than 13 dB positive margin. Overall, according to
the analytical verification, the ES method is the most accurate,
followed by PM. 20GCR methods have larger errors (and are
more conservative).

VI. EXPERIMENTAL VERIFICATION

Experimental verification has been done with results of three
different multipactor test campaigns with multicarrier signals.

A. ESA funded activity 1

This activity consisted in the design and the manufacturing
of rectangular waveguide devices of different gaps in C-band
and Ku-band frequencies, in order to obtain measurement data
for different f x d ranges. Multicarrier signals of 6 and 8
carriers were used, with different frequency spacing between
adjacent carriers. Different kinds of components were tested,
such as transformers (TF), corrugated low-pass filters (LP)
and bandpass filters (BP). More accurate description of the
samples, signals, test bed and results can be found in [16],
[20]. Table VI in the Appendix A shows the prediction and
test results. ECSS 2003 Silver SEY of Table II has been used.

Notice that there are many samples for which there are
no test results. This is because in many cases the breakdown

power was beyond the available power delivered by the test
bed. This implies that there are not much data for large gaps.

B. ESA funded activity 2

This activity included the design and manufacturing of three
X-band samples. Tests were conducted with up to 10 carriers
with frequency spacing of multiples of 99 MHz. Details of the
activity can be found in [34].

Table VII in the Appendix A shows the prediction and test
results. In this case, ECSS 2003 Silver of Table II was used
for all prediction methods.

The empty fields in the measurement column correspond to
untested cases, but they are included in the table since they
provide prediction values which may be valuable for future
comparison.

C. CNES and Thales Alenia Space activity

This activity was conducted under Centre National des
Etudes Spatiales (CNES) R&T program R-S13/TC-0007-062
with Thales Alenia Space France as contractor. The main goal
of the test bench was to determine the Multipactor threshold
in multi-carrier operation. Two simple impedance transformers
were manufactured with two different gaps, of values 0.2 mm
and 0.3 mm, respectively. Only two carriers were used, but
the frequency spacing was varied to obtain different envelope
periods. The carriers have a mean frequency around 4 GHz.
This implies a f x d of 0.8 GHzmm and 1.2 GHz mm,
respectively, corresponding both to a nominal multipactor
order of 1. According to the 20GCR, for very short envelope
periods, shorter than 759 = 2.5 ns, no breakdown is possible.

To avoid any phases uncertainties (i.e. stable ratio between
power above threshold and power below), the idea consisted in
using a two carriers signal configuration. As far as the signal
generation is concerned, a diplexer was inserted in the RF
circuit to combine the 2 frequencies after the amplification.
Moreover, the pulsed mode was selected in order to prevent
any thermal issues. The standard detection methods were
also used: phase nulling, third harmonic and return loss.
As for seeding, a radioactive source and an electron gun
were both installed in the vacuum chamber to be operated
simultaneously and to guarantee a good reproducibility level
of the measurements.

For the test procedure, a protocol was set up in the frame
of this study. For a given frequency configuration that is
to say for given frequencies of the 2 signals, the power
per carrier was increased simultaneously until the threshold
was reached. The spectral configuration being identical, the
threshold between simulations and measurements can thus be
compared. Moreover, the time needed for the instantaneous
power to be above the single-carrier threshold and the needed
time ratio for the Multipactor to appear can be estimated
thanks to the configuration of the test bench. Here, time ratio
stands as the time corresponding to the instantaneous power
above the single-carrier threshold over the time corresponding
to the instantaneous power below this same threshold.
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VII. SUMMARY OF RESULTS

For ESA activities of Sections VI-A and VI-B, the error of
all prediction methods has been computed with respect to the
experimental breakdown. Fig. 9 shows the statistics of such
errors.

20GB A

6 4 -2 0 2 4 6 8
Error (dB)

10 12 14

Fig. 9. Error bar plot of the predicted levels compared to experimental results
for ESA activities of Sections VI-A and VI-B. Positive error corresponds to a
conservative prediction. Orange lines indicate the error median.Boxes extend
from the lower to upper quartile values of the data. Lines cover 1.5 times the
inter-fourth range from the median.

Similarly to the analytical verification of Section V, ES
methods, specially the ES-F one, are the most accurate. In
this case, the PM, GNS, 20G and 20GB methods are quite
similar, with errors around 3 dB, 2 dB, 3 dB and 4 dB,
respectively. However, the spread of the error in the 20G
methods is considerably larger than in the others, which brings
out that the 20GCR might be either excessively conservative,
for low multipactor orders, or even non conservative, for large
multipactor orders [20].

In the case of the CNES and Thales Alenia Space activity
of Section VI-C, predictions have been computed using the
ECSS 2003 aluminium SEY parameters of Table II.

Table VIII in Appendix A presents the results for both
samples. Fig. 10 shows the same results in a graphical way.
The error is computed against measurements. In both samples,
all methods follow a similar trend for low frequency spacing,
20GCR methods being significantly more conservative. How-
ever, for larger spacings 20GCR methods tend to have a larger
negative error. In fact, for the last point, Af = 800 MHz,
none of the 20GCR methods predict a breakdown, since the
envelope period, T, = 1.25 ns, is shorter than T5y = 2.5 ns.
However, tests produced a discharge for such a value of
Af. The most important conclusion of this experiment is
that the 20GCR may overstimate, or completely neglect the
multipactor breakdown for some cases.

VIII. CONCLUSION

This work presents two novel multipactor prediction meth-
ods with unmodulated multicarrier signals. These two meth-
ods, called Pulsed Model and Envelope Sweep, have been

12 S
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Error (dB)
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Frequency spacing (GHz)

(a) 0.2mm gap

Error (dB)

T T T T — T T T TT

108
Frequency spacing (GHz)
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Fig. 10. Error in dB of the predicted multipactor breakdown levels compared
to experimental results for CNES and Thales Alenia Space activity. Positive
error corresponds to conservative prediction.

developed for the end user and are described in the new ECSS
multipactor standard issued in 2020 [19]. They are intended to
be easily implemented by RF engineers, and accurate enough
to be reliable for multipactor prediction in industry standards.

The comparison of these two new methods, with the 20GCR
of the previous 2003 ECSS standard [18], reveals that the
newest improve on the previous one in terms of accuracy
and reliability. Therefore, this justifies the substitution of
the 20GCR by any of these two new methods. Test results
have also shown an important aspect of the 20GCR that
was also highlighted in previous publications: it may be not
conservative in some specific cases. In fact, for the two
carrier campaign of CNES and Thales Alenia Space activity
(Section VI-C), the 20GCR was not predicting any discharge
at all for the maximum frequency spacing, whereas ES and
PM predictions, together with experimental results showed
otherwise.

Regarding the two new methods, the PM method provides
analytically fast predictions, with parallel-plate geometries.
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This fast analysis is important in the design phase, although
it gives more conservative results than the ES method. In
turn, the ES method reduces the solution domain enabling
the use of 3D numerical software and full signal analysis at
a reasonable computational cost. This was not possible with
previous methods, and enables the accurate study of complex
3D structures with multicarrier signals.

This work appends a large analytical, numerical and experi-
mental dataset of multipactor breakdown with multicarrier sig-
nals, for many different combinations of numbers of carriers,
frequencies and gaps, gathered from different test activities.
They will be very useful as a reference for future work in this
field.

APPENDIX A
PREDICTION AND TEST RESULTS DATA

Prediction and test results of Sections V and VI are pre-
sented here in tabulated form. In the next tables, V1W is
the V@1W used in eq. 21, whereas the labels 20G, 20GB,
PM, ES-N, ES-F and GNS indicate the threshold given by
the different prediction methods as detailed in sections IV-A
and IV-B. On the other hand, MEAS column contains the
multipactor power threshold obtained in experimental results
(the lowest measured value for each sample).
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TABLE VI
PREDICTED BREAKDOWN POWERS FOR THE EXPERIMENTAL
TABLE V VERIFICATION SET OF ESA ACTIVITY 1.
PREDICTED BREAKDOWN VOLTAGES FOR THE ANALYTICAL VERIFICATION
SET WITH ECSS ALUMINIUM Typ. || K| fm Af d V' ||20G ||20GB || PM ||ES-N || ES-F|| GNS || MEAS

(GHz) || (MHz) || (mm) || (W) || (W) || (W) [[(W) || W) || (W) || (W) || (W)
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TABLE VIII
PREDICTED BREAKDOWN POWERS FOR THE EXPERIMENTAL

VERIFICATION SET OF CNES AND THALES ALENIA SPACE ACTIVITY.
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