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Abstract— Multipactor, a sustained electron avalanche driven
by radiofrequency (RF), has been extensively studied due to its
importance in all RF vacuum electronic devices. In particular,
much effort has been made in understanding the phenomenon
to mitigate it in real systems. On the other hand, some have
used what is often seen as a disastrous effect for benefit. In this
article, we study a novel way of using multipactor discharges for
harmonic generation. We take advantage of the intrinsic phase-
focusing mechanism of multipactor as a natural charge-bunching
mechanism. The theory along with some validating test cases will
be presented. Potential (beneficial) applications and ramifications
of this phenomenon will be briefly discussed.

Index Terms— Harmonics, multipactor.

I. INTRODUCTION

MULTIPACTOR is a resonant ac discharge of secondary
electrons that can occur in any radiofrequency (RF)

vacuum electronic system. More often than not, it is unde-
sirable because of its adverse effects, which include, but are
not limited to, detuning and Q-reduction of an RF cavity,
localized heating, distortion of signals, and so on. [1]–[4].
However, there have been a few instances where this electron
avalanche was beneficial. In particular, Mako and Peter [5]
proposed using two-surface multipactor as an electron source
for a pulsed electron gun. Given the right conditions, stray
electrons born from any number of processes can become
phase locked to an RF signal. These electrons will then
bounce back and forth between the two plates and can gen-
erate secondary electrons from their impacts, leading to an
avalanche. Consequently, the “beam” current of this electron
cloud becomes amplified. If, as Mako and Peter [5] proposed,
one of the electrodes was partially transparent (a “double-
screen”), a portion of the multipactor electrons may escape
to form the desired electron beam (similar to the internal
workings of a laser cavity).

Because of the random nature of electron emission from a
surface, one can imagine that electrons may be born from a
surface with different initial velocities and at different times.
Hence, there may be crossing of the electrons’ orbits in the
gap between the plates. From klystron and traveling-wave
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Fig. 1. Schematic of a 1-D 2-surface planar multipactor.

tube (TWT) theory [6]–[8], this charge overtaking (or in
the less extreme case, orbital or current crowding) is the
mechanism behind harmonic generation. In this article, we will
explore the possibility of harmonic generation in the electron
clouds in multipactor by utilizing a simple (1-D) planar
model [9] (Fig. 1). We will demonstrate charge overtaking
and/or current crowding and calculate the resulting harmonic
currents. This may give some insights into the observed
harmonics in the beam current as well as the radiation fields
from the multipactor. The conditions of when this mechanism
is valid (coherence) and how important the effects are will be
assessed in this article along with potential applications and
ramifications.

This article is different from what was done in the previous
literature. In particular, Semenov et al. [10] considered the
motion of a single macroparticle in a parallel-plate geometry
subject only to the sinusoidal electric field. From here,
the “beam” current was decomposed into an oscillatory
part (at the driving frequency) and a “free” part that may
be rewritten as a Fourier series consisting of harmonics of
the driving signal. This, however, was applied on a global
scale (i.e., at the output, with knowledge of all the transits
of the multipactor electrons between the plates) to give
a simple explanation of RF noise from the multipactor.
Gimeno et al. [11] and Sorolla et al. [12] explained the
radiation fields from a parallel-plate multipactor by expanding
the charged particle current in a Fourier series. However,
similar to Semenov et al. [10], they considered the expansion
of the current (in the case of Sorolla et al. [12], the spatially
averaged current; more on this has been discussed later) in a
global manner. Here, however, we represent the current of the
electron cloud (a collection of electrons) in a Fourier series
(of infinite harmonics) per transit, emphasizing the role of the
phase-focusing mechanism as a charge-bunching mechanism
for the generation of harmonics of the driving voltage signal,
which consists of only one tone (the fundamental). Thus,
there is no passive intermodulation [13].
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Section II will present the model and theory of harmonic
generation in the multipactor electron cloud. This new theory
and model will be numerically validated in Section III with
some test cases. Finally, a summary with the main conclusions
and possible future work will be discussed in Section IV.

II. MODEL

For simplicity and as a proof of principle, we will consider
a two-surface planar metal multipactor in one dimension (x).
The solution (analytical, simulation, and experimental) to this
proto-typical problem exists and is well documented e.g., [1],
[14], and [15]. This will allow us to better understand the
problem and isolate the main mechanisms in play, in particular
the intrinsic phase-focusing mechanism of multipactor and its
role as a charge buncher. The set-up that will be used and
referred to in this article is shown in Fig. 1.

In this figure, we have a gap of length D between two metal
plates of cross-sectional area A to which a sinusoidal voltage
waveform V (t) = VRF sin (ωt + α), where VRF is the ampli-
tude, ω is the (angular) frequency, and α is the initial phase
of the signal relative to the electrons, is applied. Electrons
(charge −e and mass me) in the form of infinitesimally thin
(τ → 0) sheets of surface charge density σ1 are emitted from
a surface with trajectories given by x1(t).

The equation of motion for an electron in the infinitesimally
thin “beam” sheet reads (refer to Appendix A for derivation)

d2x1(t)

dt2
− �2

1x1(t) = eV (t)

me D
− a1

2
(1)

subject to the initial conditions⎧⎨
⎩

x1(t0) = x10 = {0,D}
v1(t0) ≡ dx1

dt

����
t=t0

= v10
(2)

where �2
1≡a1/D, and a1≡(eσ1)/(me�0) is the acceleration

due to the image charges (ε0 is the permittivity of free space).
Note that the problem is formulated in the Lagrangian

variables (t , t0), representing the arrival and departure times
of an electron sheet, respectively. At present, we assume
that space-charge effects are negligible and the calculation is
completely ballistic. Space-charge effects may become signif-
icant in certain regimes, completely overpowering the phase-
focusing mechanism, but this along with Kishek’s cannibalism
mechanism [9] will be considered in future works.

The exact solution to (1), subject to (2), reads

x1(t, t0)

=
�

x10 − D

2

�
cosh �1(t − t0) + v10

�1
sinh �1(t − t0)

+ D

2
−X1(sin(ωt+α)−sin(α+ωt0) cosh �1(t−t0)− ω

�1

× cos(α + ωt0) sinh �1(t − t0)). (3)

Here, X1[m] ≡ [(eVRF)/(me D)]1/(ω2 + �2
1) is the coefficient

in front of the oscillatory part (due to the signal) of the trajec-
tory and characterizes a given electron’s tendency to bunch.

This new “bunching parameter” may be nondimensionalized
as follows:

X ≡ X1[m] ω

v0
= eVRF

me Dv0

ω

ω2 + �2
1

(4)

relating to the typical forms used in the klystron and TWT
literature [6], [8]. In this form, (4), X applies to each emitted
electron individually with the emission velocity v0. The greater
the amplitude of the RF electric field (|VRF/D|), the more
likely a given electron will tend to bunch. This is also true for
low velocity electrons, for a fixed RF electric field.

Of course, this solution is only valid while the electrons
are in the gap. Upon impact with the surface of an electrode,
the current electron sheet is removed and replaced with one
with surface charge density σ1,i+1 = δ · σ1,i , where the
secondary electron yield (SEY) δ is governed by Vaughan’s
model [16; see also Appendix B] and i is the transit number
(beginning with i = 1).

Note that we treat multipactor as a classical resonance phe-
nomenon. We do not consider “ping-pong modes” [17], [18]
so that the multipactor electrons that cannot cross the gap and
return to the birthing electrode are removed and do not con-
tribute to the current. This is a valid assumption in this 1-D set-
up where the current is measured at some location downstream
and we are dealing with electron sheets (so the current con-
tribution from returning electrons in one transit are negated).

Equation (3) gives the orbits of the multipactor electrons
in the gap, subject to a sinusoidal voltage and image charges
(ignoring space charge). Because of the phase-focusing mech-
anism (to the fixed phase) inherent to multipactor discharges,
the multiple electron sheets comprising the “beam” or electron
cloud will tend to converge to the fixed phase if they are
within the basin of attraction of that fixed phase. Otherwise,
the electron sheets are emitted with an unfavorable phase and
hence are forced back into the birthing electrode. For the elec-
trons that do survive, they will multipact and physically bunch
while their phases converge toward the fixed phase. That is,
the intrinsic phase-focusing mechanism of a multipactor acts
as a natural charge-bunching mechanism. In this case, charge
conservation must hold at every instance in the gap (except
when the electrons hit the electrodes); thus, for each transit,

I0dt0 = Idt⇒I (t) = I0(t0)
dt0
dt

≡
∞�

n=−∞
Ĩne jnωt , (5)

Ĩn ≡ ω

2π

	 2π/ω

0
I (t)e− jnωt dt

= ω

2π

	 t0(2π/ω)

t0(0)

I0(t0)e
− jnωt (t0)dt0 (6)

where we have written the current at some downstream loca-
tion I (t) as a Fourier series with the Fourier coefficients given
by (6). In the last equality of (6), the standard formula for
the Fourier coefficients (over the period under consideration)
has been rewritten using the change of variables introduced
by charge conservation in (5), so that the integration is
over the departure times. We take the initial current at the
upstream position to be the current from a birthing electrode:
I0(t0) ≡ (σ1(t0)A)/�t0 [19].
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Fig. 2. Trajectories of multipactor electrons for the test case (a) with mono-
energetic emission (0 eV) showing orbital crowding from phase focusing as
time progresses. The red dotted line indicates where the current downstream
is calculated.

With this, we can calculate the multipactor electron orbits
using (3) and the “beam” current at some location down-
stream from the birthing electrode using (5) and (6), for
each transit. At the boundary between transits, the electron
sheets are updated according to Vaughan’s model and an
emission scheme (discussed more in Section III). Delay times
in emission are not considered here, though their effects may
be ascertained using the theory provided in [20].

III. TEST CASES

To assess the viability of the theory outlined in the previous
section, we consider several test cases. To begin, electrons
are born from the bottom electrode at x = 0. For this initial
birthing process and subsequent secondary electron emission
from impacts of electrons with the electrodes, different emis-
sion schemes are used in the test cases. In the test case (a),
it is assumed that electrons are born with mono-energetic
emission energy, taken here to be v0 = 0 eV. In the test
case (b), this assumption is relaxed and random emission
energies of electrons from electrodes following a distribution
are allowed. This leads into the polyphase regime with hybrid
modes [21]–[23].

In both test cases, the gap distance D = 0.22 cm, and
the surface area of each electrode is A = 0.22 cm2. The
maximum SEY from each electrode is δmax = 1.2, occurring
at an energy of Emax = 400 eV. A VRF = 350 V RF voltage
with a frequency of 1 GHz is applied to this set-up.

Macroparticles (the electron sheets of surface charge density
σ1 = 8.76×10−13 C/cm2) are launched at a range of departure
times. Only those particles that can reach the inspection point,
set here to be d = D/2, and the other electrode have their
properties plotted in Figs. 2–4.

A. Mono-Energetic Secondary Electron Emission Test Case

Figures 2–4 present the main results of the above-described
test case with mono-energetic secondary electron emission
from the electrodes. Fig. 2 shows the trajectories of the mul-
tipactor electrons that can cross the gap and hence the current
inspection point midway. Fig. 3 shows the SEY according to

Fig. 3. Evolution of the SEY according to Vaughan’s model for all the sheets
launched, at the end of each transit, for the test case (a). This further shows
phase focusing as the nonresonant particles are weeded out as the multipactor
progresses.

Fig. 4. (a) Plot of the current forms from the beam current as calculated from
the midplane (red) and the induced current on an electrode (black) for the test
case (a). (b) Plot of the harmonic content in the beam current as measured
from the midplane for the test case (a). As the multipactor progresses, phase
focusing and subsequent current crowding become more prominent. As a
result, more and more harmonics are generated.

Vaughan’s model at the end of each transit as a function of
the macroparticle number (numbered 1–100 for the examples
shown here), corresponding to the different (evenly spaced)
departure times from an electrode. Finally, Fig. 4(a) plots
the “beam” current I (t) as calculated at the inspection point
midplane from (5) (red) as well as the induced current in the
external circuit (black), which is discussed in the following;
Fig. 4(b) plots the harmonic content of this “beam” current
(here, In = 2 Ĩn, n > 0 because ˜I|n| = ˜I−|n|).

B. Secondary Electron Emission With Random Emission
Energies Test Case

A more realistic case is having secondary electron emission
with random emission energies according to a distribution.

Authorized licensed use limited to: Michigan State University. Downloaded on June 13,2020 at 00:09:29 UTC from IEEE Xplore.  Restrictions apply. 



1962 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 48, NO. 6, JUNE 2020

Fig. 5. Trajectories of multipactor electrons for the test case (b) with random
emission in energy also showing orbital crowding from phase focusing as
time progresses. The red dotted line indicates where the current downstream
is calculated.

Fig. 6. Evolution of SEY according to Vaughan’s model for all the sheets
launched, at the end of each transit, for the test case (b). This also further
shows phase focusing as the nonresonant particles are weeded out as the
multipactor progresses.

All the secondary electrons are assumed to be emitted ver-
tically from the surface (θ = 0). The (average) number
of secondary electrons created from each impact with an
electrode is still governed by the Vaughan model; however,
the emission energies of these secondary electrons E0 are
randomly assigned according to the equation [24] f (E0) =
(E0/E2

0,m)e−(E0/E0,m), where E0,m = 0.005 Emax(θ = 0)
and Emax is the maximum energy corresponding to δmax at
normal incidence (θ = 0). Similar to the test case (a),
Figs. 5–8 present the main results.

In Fig. 8, the defined “bunching parameter” from (4) is plot-
ted as a function of the macroparticle number, corresponding
to different departure times from an electrode. This bunching
parameter for the test case (a) tends to infinity because the
emitting electrons from an electrode are assumed to be mono-
energetic with zero energy, indicating that these multipactor
electrons will indefinitely bunch.

C. Discussion of Results of Test Cases

As can be seen in both test cases, as the multipactor
system evolves in time, the formation of tight electron bunches
becomes apparent as the phase-focusing mechanism becomes

Fig. 7. (a) Plot of the current forms from the beam current as calculated
from the mid-plane (red) and the induced current on an electrode (black)
for test case (b). (b) Plot of the harmonic content in the beam current as
measured from the mid-plane for test case (b). As multipactor progresses,
phase focusing and subsequent current crowding (and charge overtaking)
become more prominent. As a result, more and more harmonics are generated.

Fig. 8. Plot of the “bunching parameter” [cf. (4)] for the test case (b) as
a function of the particle number. Most particles (centered on average) will
tend to bunch, whereas some will overtake.

prominent. This may be seen in the plots of the multipactor
electron trajectories (Figs. 2 and 5) where there is still a sub-
stantial number of electrons centered around the fixed phase
after several transits, even with random emission energies as
in the test case (b), demonstrating orbital crowding in both
systems. The plots showing the evolution of the SEY as a
function of the particle number launched, which is proportional
to the departure phase (Figs. 3 and 6), also show this trend:
the trailing electrons are essentially weeded out until a tight
bunch of electrons around the fixed phase remains. Because
of this charge compression, harmonics (of the input signal)
in the electron clouds are developed, as can be seen in
Figs. 4 and 7, where we inspect the beam current forms at
the midplane d = D/2. As can be seen in Figs. 4(b) and 7(b),
which are plotted with a logarithmic axis for the abscissa to
emphasize the lower harmonics, a large range of harmonics of
the input frequency are generated in the electron cloud current.
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This range increases with each consecutive transit. Past this
range though, the higher harmonics constitute noise or a
weaker waveform.

The delta-function-like spikes in the current from each
electron sheet passing through the inspection plane become
closer and closer as time advances (ideally becoming one
delta-function-like spike). In the test case (a), it was observed
that orbital and/or current crowding resulting from the phase
focusing of the electrons in the electron cloud led to har-
monic generation. In the test case (b) though, when random
emission energies are included for the secondary electrons,
charge overtaking in addition to orbital and/or current crowd-
ing occurs. This accounts for the multiple delta-function-like
spikes in the current. One may see this in Fig. 8, where
for some transits, there is a subset of slow particles that
have |X | � |Xavg| ≈ 13.5 so that faster particles overtake this
subset.

It should be noted that the current induced in the external
circuit calculated via the Shockley–Ramo Theorem [25], [26]
[shown in black in Figs. 4(a) and 7(a)] is the spatial integration
of this “beam” current [shown in red in Figs. 4(a) and 7(a)].
That is, IShockley−Ramo = Iinduced = 1/D


 D
0 I (t)dx (this

is the current used in Sorolla et al.’s article [12]); this
spatially averaged beam current is plotted with black dashed
lines in Figs. 4(a) and 7(a), where it can be seen that
there is good agreement with the traditional definition of
the induced current. For identifiable (infinitesimally thin)
charge sheets of surface charge density σ j , velocity v j ,
and (constant) surface area A that comprise the “beam”,
I (t) = �

j σ jδ(x − x j(t))v j (t)A, so that upon evaluation,
IShockley−Ramo = Iinduced = A/D

�
j σ jv j , which is the

familiar expression for the induced current in the circuit via
the Shockley–Ramo theorem. This implies that, in addition
to the fundamental, harmonics are present in the signal if this
were a transmission line system or if the beam loading of the
cavity is considered.

A final note concerns the validity and usefulness of such a
set-up as presented here. From a single-tone RF voltage at
the fundamental frequency applied to a multipactor set-up,
harmonics of the fundamental are generated in the current
of the electron cloud. There exist a wide range of usable
(coherent) harmonic currents, more so for the case with mono-
energetic emission. These currents may contribute to the radia-
tion originating from the multipactor electrons or may be used
as a signal generator. Even though the analytical treatment
and model here were limited to one spatial dimension, it is
expected to apply to 3-D settings as long as phase-locking to
the applied signal and phase focusing occurs.

IV. CONCLUSION AND FUTURE WORK

In conclusion, we have shown that harmonics of the driving
voltage signal may be generated in the current of the elec-
tron clouds of a multipactor discharge, taking advantage of
the inherent phase-focusing mechanism as a natural charge-
bunching mechanism. Even relaxing the assumption of mono-
energetic secondary electron emission, it was found that a
significant population of electrons in the cloud or “beam”

still survived and contributed to harmonic generation via the
process of orbital or current crowding and/or charge overtak-
ing. It was seen in the results that a wide range of coherent,
usable harmonics were generated for both cases. A “bunching
parameter” similar to that found in klystron and TWT theories
was derived to characterize a given set-up’s tendency to bunch.

This article may give an alternative explanation of the
radiation at the fundamental frequency ω and its harmonics
observed in multipactor discharges. As opposed to a global
model (i.e., with a priori knowledge of the output) as pre-
sented in [11] and [12], this model provides a local (per transit)
explanation, identifying the phase-focusing effect as the culprit
for charge bunching and harmonic generation. This may be
important for the detection of multipactor onset, especially for
the third harmonic [27]. Conversely, a multipactor may also
be used as a potential radiation source, similar to a vircator.

An important and interesting future work involves self-
consistently including space-charge effects (i.e., mutual space-
charge repulsion between the macroparticles). Doing so is not
a trivial exercise but will better capture the physics, in particu-
lar, the interaction between the intrinsic phase-focusing mech-
anism of multipactor (discussed here), space-charge repulsion,
and Kishek’s cannibalism mechanism [9]. The cannibalism
mechanism is another phase-focusing mechanism that mani-
fests when there are multiple macroparticles and space charge
present. Exploring the parameter regime of the interplay
between these different forces and its effects on harmonic
generation will be interesting. Relaxing the assumption of the
normal incidence of electron impact with and emission from
the electrode surfaces will also be interesting. The beginning
of such a formulation is presented in Appendix B. In sum-
mary, it was found that even with the inclusion of oblique
incidences for emitting/impacting multipactor electrons with
the electrode surfaces (a 2-D calculation), phase focusing still
occurs, resulting in charge bunching (orbital crowding and
charge overtaking) and harmonic generation.

APPENDIX A: DERIVATION OF THE EQUATION OF MOTION

FOR AN INFINITESIMALLY THIN ELECTRON SHEET

In this appendix, for completeness, the equation of motion
for an electron (mass me and charge −e) of an infinitesimally
thin electron sheet (representing a slice of the “beam”) will
be derived. See also [14], [15], and [28], and Appendixes A
and B of [29].

Suppose at an instant of time t > 0 when a charged sheet
is crossing the gap 0 < x < D, the instantaneous position of
the sheet is x1(t) and this thin flat sheet has charge q . The
presence of this charge in the gap induces charge on both
the top and bottom metal plates: Q − q(x1(t)/D) and −Q −
q(1 − x1(t)/D), respectively, where ±Q is the charge that
is already present on the plates due to the external applied
voltage to the plates. The electric fields above and below the
charged sheet are then

−→
Eup = −

Q − q
�

x1(t)
D



�0 A

x̂ (A1)

−−−→
Edown = −

Q + q
�

D−x1(t)
D



�0 A

x̂ (A2)
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where ε0 is the permittivity of free space and A is the area
of the plates. The force on an electron in the charged sheet
(a discontinuity between the top and bottom regions) is then
[28]

−→
F = −e

�
1

2
(
−→
Eup + −−−→

Edown)

�
=

�
eQ

�0 A
+ eq

2�0 A

�
1 − 2

x1

D


�
x̂ .

(A3)

The voltage across the gap (from the bottom plate to the top
plate) is

V (t)≡−
	 −→

E · −→dx =−
	 x1

0
Edowndx −

	 D

x1

Eupdx = QD

�0 A
.

(A4)

However, V is prescribed; thus, we can eliminate Q from (A3)
and (A4) to give

−→
F ≡ me

d2x1(t)

dt2
x̂ =

�
e

V (t)

D
− eq

�0 A

�
x1

D
− 1

2

��
x̂ (A5)

which is (1) of the main text upon using the appropriate
definitions of the parameters and q = −σ1 A.

APPENDIX B: MATERIAL PROPERTIES OF THE

ELECTRODES AND A 2-D MODEL

In this appendix, we address in more detail the material
used for the electrodes and the case of oblique incidence (as
opposed to normal incidence, θ = 0) of electron impact and
emission with respect to the normal of the surface of the
electrodes.

We use a material that has δmax = 1.2 corresponding to
an electron impact energy of Emax = 400 eV at the normal
incidence (i.e., θ = 0). This roughly corresponds to iron
(Fe) with a smoothness factor of ks = 1 [30]. To make
the calculation analytically tractable, we ideally assume these
values for the electrodes remain the same. The Vaughan model
[16] has been used to model SEY

δ(Ei , θ) = δmax(θ)(we1−w)k (B1)

where

w ≡ Ei − Ethreshold

Emax(θ) − Ethreshold
(B2)

and

k =
�

0.62, w< 1

0.25, 1 < w ≤ 3.6
(B3)

with Ethreshold = 12.5 eV. For high electron impact energy Ei

corresponding to w > 3.6,

δ(Ei , θ) = δmax(θ)
1.113

w0.35
. (B4)

To correct for oblique incidences of electron impact (i.e.,
θ 	= 0 as measured from the normal) and to account for the
smoothness of the material,

δmax(θ) = δmax

�
1 + ks

θ2

2π

�
(B5)

Emax(θ) = Emax

�
1 + ks

θ2

π

�
(B6)

Fig. 9. Some sample SEY curves (δ as a function of the electron impact
energy) for different angles according to the standard Vaughan model.

Fig. 10. (a) Trajectories of multipactor electrons in the x-direction for the
test case (b) with random emission in energy and angle also showing orbital
crowding from phase focusing as time progresses. The red dotted line indicates
where the current downstream is calculated. (b) Trajectories of multipactor
electrons in the z-direction.

which reduce to δmax and Emax when θ = 0 (normal impact).
Some sample SEY curves (δ as a function of the electron

impact energy Ei) for different angles θ are plotted in Fig. 9
using the material described above.

Accounting for oblique incidences of electron impact with
and emission from the surfaces of the electrodes necessarily
makes the calculation 2-D (at least). The present theory is a
1-D theory (in x); however, oblique incidences of impacting
and emitting electrons may still be accounted for, if needed,
as demonstrated below.

Assuming that there are no magnetic fields (only electric
fields due to the voltage source and image charges in the
x-direction), the equation of motion for an electron in the
infinitesimally thin electron sheet in the z-direction reads

d2z1

dt2
= 0 (B7)

yielding

z1(t, t0) = (v0 sin θ)(t − t0) + z10 (B8)

for the orbit in the z-direction. Now, the initial velocity
of an emitted electron from an electrode (and also that
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Fig. 11. Evolution of SEY according to Vaughan’s model for all the sheets
launched, at the end of each transit, for the test case (b) with added random
emission angles. This also shows phase focusing as the nonresonant particles
are weeded out as the multipactor progresses.

Fig. 12. (a) Plot of the current forms from the beam current as calculated
from the midplane (red) and the induced current on an electrode (black) for
the test case (b) with added random emission angles. (b) Plot of the harmonic
content in the beam current as measured from the midplane for the test case
(b) with added random emission angles. As the multipactor progresses, phase
focusing and subsequent current crowding (and charge overtaking) become
more prominent. As a result, more and more harmonics are generated. Note
the last two transits 7 and 8.

of the electron impacting a surface) has two components:−→v0 = (v0 cos θ)x̂ + (v0 sin θ)ẑ, where the initial speed
v0 is related to the emission energy E0 = 1/2mev

2
0 and θ is the

angle of emission with respect to the normal of the electrode
surfaces. The initial z-position of the electron is z10, which
will change as time evolves and the multipacting electrons
bounce back and forth between the two electrodes.

Ultimately, allowing this extra degree of motion in the
z-direction makes the multipacting electrons “drift” (translate)
along the z-axis and reduces the velocity (and hence energy) of
the electrons in the x-direction. This perturbs the arrival time
of the multipacting electrons and also the average SEY of the
multipacting system, leading to a reduction in the amplitude
of the harmonic current (phase focusing still occurs and will
bunch the electrons causing harmonic generation as outlined
in the main text).

As an example, consider the test case (b) from the main
text. In addition to the emission energy of the secondary elec-
trons being randomly assigned according to the distribution

Fig. 13. Plot of the “bunching parameter” [cf. (4) of the main text] for the
test case (b) with random emission angles as a function of the particle number.
Most particles (centered on average) will tend to bunch, whereas some will
overtake.

f (E0), the emission angle of the secondary electrons are also
randomly assigned according to: g(θ) = 1/2 cos θ . The results
are shown in Figs. 10–13.

Although there are some differences between the test case
(b) with normal incidences for electron impact and emission
with the surfaces (main text) and the test case (b) with random
emission angles (in this appendix), the results are qualitatively
similar, as evidenced by comparing Figs. 5–8 from the main
text to Figs. 10–13 in this appendix. This shows that even
relaxing the assumption of normal incidence of electron impact
with the surfaces of the electrodes (a 1-D calculation) to
include random emission angles according to a distribution (a
2-D calculation), phase focusing of the multipactor electrons
to the fixed phase still occurs. This phase focusing in turn
leads to charge bunching (orbital and/or current crowding) or
charge overtaking, giving rise to the harmonic generation of
the fundamental frequency of the input signal.
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