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ABSTRACT

In this paper, we study the appearance of the multipactor in a simple system with a bottom plate holding a static potential V;. We developed a
numerical model to compute the evolution of the multipactor threshold as a function of the potential. We identify the nature of the resonant
modes that appear at different V; using resonance theory. Then, we use it to compute the theoretical threshold of the structure. As we use
a very simplistic electron emission model to identify the multipactor modes, we compute the threshold in a more realistic configuration in a
second step.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062499

I. INTRODUCTION

The multipactor effect is a phenomenon appearing in vacuum
radio-frequency (RF) devices when two requirements are met: (i)
residual electrons in the system enter in resonance with the RF elec-
tric field and (ii) their energy is high enough to emit other electrons
when impacting the walls. In practice, the multipactor appears when
the RF electric field reaches a certain amplitude threshold Ey,. This
phenomenon can degrade the RF signal or partially dissipate the RF
power. In the nuclear fusion and space telecommunications fields,
the main issue with the multipactor is that it can cause overheating
of the surfaces.! When the heat flux is large enough, it can lead to
outgassing of the surfaces; the ejected matter can ionize, potentially
leading to destructive corona breakdowns.”

Electron emission phenomena are at the origin of the augmen-
tation in electron population. When an electron called a Primary

Electron (PE) impacts a sample, it can emit other electrons. We dis-
tinguish three populations of emitted electrons: Secondary Electrons
(SEs), which are electrons removed from the material, and Inelasti-
cally Backscattered Electrons and Elastically Backscattered Electrons
(IBEs, EBEs), which are PEs reflected by the sample, respectively,
with and without energy loss.

We characterize these emitted electron populations by three
quantities: an energy distribution, an angular distribution, and an
emission yield. The emission yield of a population is the ratio
between the flux of this population and the flux of PEs. The
secondary electron emission yield is noted as SEEY or §. The
inelastically backscattered electron emission yield and the elastically
backscattered electron emission yield are, respectively, noted IBEEY,
#; and EBEEY, 7,. These quantities mainly rely on the nature of the
sample and surface state and on the energy and direction of the flux
of PEs. We define the Total Electron Emission Yield (TEEY) as
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0 =8+ +1i. (1)

This quantity is of the utmost importance, as ¢ > 1 conveys an
increase in the electron population and is one of the necessary
conditions for multipacting. This is not a multipactor appearance
sufficient condition as it does not guarantee that the electron cloud
enters in resonance with the RF signal.

The multipactor appearance mechanisms are well understood
in simple configurations, such as rectangular or coaxial metallic
waveguides, for which the multipactor susceptibility chart is com-
monly employed. However, multipacting predictability becomes less
reliable in several situations, including RF devices with complex
geometries and RF devices involving a magnetic field.”* In partic-
ular, dielectric materials are of primordial interest in modern RF
applications. Unlike metals, they can hold a net electric charge,
which influences both their emission properties’ and the RF sig-
nal/electron resonance.”” Thus, these materials strongly complicate
the appearance of the multipactor. In addition, the charge trapped at
the surface of dielectric is not uniform® and evolves with each elec-
tron collision. In this study, we focus on the influence of dielectrics
on resonance mechanisms; we model charged dielectrics materials
by a DC electric field.

The rest of this paper is organized as follows: In Sec. II, we use
the numerical tool POTOMAC to compute the multipactor thresh-
old Ey, of a parallel-plate waveguide as a function of the potential
of the bottom plate. The electron emission model is voluntarily
kept very simple. As the chart Eg,(V,;) shows distinct regimes, we
develop, in Sec. 111, a resonance theory to study these regimes, which
is solvable with the very simple electron emission model. In Sec. I'V,
we compare electrons emission phase calculated with POTOMAC
with emission phases obtained with the resonance theory. In Sec. V,
we compute the multipactor thresholds with the resonance the-
ory in order to compare them with the thresholds calculated with
POTOMAC. Finally, in Sec. VI, we make a second set of POTOMAC
simulations with a more realistic electron emission model, to study
its influence on the multipactor appearance.

Il. NUMERICAL STUDY
A. Presentation of the model

The system under study, illustrated in Fig. 1, is composed of two
parallel metallic plates, infinite in the ¥ and Z directions. The plates
are separated by a gap of length d. The RF electric field Err has an
amplitude Ey, a frequency f, and is oriented along %,

ERF(t) =E sin(gb)f(, (2)

with the phase ¢ = 27nft, where ¢ is the time. The model is in 1D,
and electrons move along %. The origin of coordinates is set on the
bottom plate. The motion of electrons is non-relativistic. The bot-
tom plate is maintained at a potential V;, whereas the top plate is
grounded. The voltage difference between the plates creates a static
and uniform electric field Eq, oriented along %. Their charge is static,
uniform, and does not affect electron emission phenomena.

As the electron emission model and its parameters have a
tremendous influence on the calculated multipactor threshold,” we
use the same emission model for simulation and theory. Yet, the
main assumption underlying resonance theory is that all electrons
participating to the growth of the electron cloud follow the same

ARTICLE scitation.org/journall/adv

_T_

SH

Egrrp (t)

y

FIG. 1. Infinite parallel plates separated by a distance d. Potential of the bot-
tom plate is Vg, the top plate being maintained at ground potential. A uniform
RF electric field Erg propagates between the plates.

b33

TABLE I. Full electron emission model used in this study. There is no model for EBEs,
as they are not considered here.

Population ~ Emission yield ~ Angular distrib. ~ Energy distrib.
SE Dionne model No (1D) Monoenergetic
IBE Constant No (1D) Monoenergetic
EBE

trajectory. This hypothesis forbids the use of energy and angular
distributions for emitted electrons. Hence, we use a naive electron
emission model; all electrons are emitted with the same constant
energy and there is no EBE. SEs and IBEs are not discriminated from
each other. The SEEY is computed from Dionne model as defined in
Ref. 10. The model is summarized in Table I.

For the sake of simplification, we consider that the metallic
plates have the same emission properties and that V; > 0 V. For
symmetry reasons, this study and all its conclusions are still valid
with a negative potential. In addition, we can easily adapt it to
configurations where the plates have different emission properties.

B. Presentation of the numerical tool POTOMAC

POTOMAC (Physical simulatiOn TOol for Multipactor in
Advanced Configurations) is a physical Electro-Static Particle-in-
Cell (ES-PIC) code that models the multipactor appearance and,
in particular, compute the multipactor threshold of a structure. It
is possible to simulate configurations involving dielectric materi-
als and/or magnetic fields.'"'* N, seed electrons are injected in the
waveguide during the three first signal periods. The simulation is
carried on for up to 60 000 periods. If the number of electrons goes
higher than 5N, the multipactor is found and the simulation stops.
If it drops below N,/10 or if the end of simulation is reached, simu-
lation restarts with a higher Ey. We found this criterion to be more
robust than the detection of an exponential growth of the electron
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population. As a matter of a fact, this last one led to premature
detection of the multipactor at very low electric fields, caused by
temporary increase in electron population. As we are only interested 2~ n
in the multipactor threshold determination, space charge effects are
neglected.! Such approximation would be, of course, too strong to
study the multipactor evolution in an established regime. " =
The electron positions and velocities are calculated with a L5 |
leapfrog scheme. In PIC codes, the time step At has a tremendous
importance. In general, two conditions have to be matched,'”

TEEY

At < 1/f, (3a) -
{At < Az /Vmax. (3b) /

0.5 i

Ax is the spatial step. vy, is the velocity of the most energetic elec-
trons appearing in the system; its value depends on the geometry
under study. The pseudo-random numbers generator is a Taus- 0 ‘ ‘ ‘ ‘

worthe generator:'® it has a period and is uniform. At each collision, 0 50 100 150 200 250 300
o0 is calculated. The number of electrons emitted is an integer cal- PE energy Ej [eV]

culated with a Poisson distribution.!” When only one electron is

emitted, it has a probability 5,/ to be an EBE, a probability #,/o FIG. 2. Modeled TEEY as a function of the impact energy of PEs used in this study.
to be an IBE, and a probability §/o to be a SE. When many electrons
are emitted, they are always SEs.' """

We implemented numerical diagnostic tools in POTOMAC.
They make it possible to register several internal parameters, such as
the nature (seed, SE, EBE, IBE) of every electron and of the electron
that emitted them. In this paper, we utilize it to record the emission
phase, the collision phase, the emission plate, and the collision plate
of every simulated electron for every potential V; at the multipactor A 12.48
threshold Ey,. n 1.00

d (nm) 4.80
C. POTOMAC simulation results N 0.15
D (eV) 4.65
1; 0.25

TABLE II. Copper Dionne’s parameters as defined in Ref. 10.

Parameter Value

In this study, we consider d = 0.1 mm, and the RF electric field
has a frequency of 11 GHz. We sweep the RF electric field ampli-
tude between 4.3 and 15 kV cm ™. The material is copper as received
(without any surface treatment), which TEEY was measured at the
ONERA. Experimental data can be found in Ref. 19 and details on
the measurements in Ref. 10. The TEEY, as a function of the impact 1 9 3 4
energy of PEs, is represented in Fig. 2. The first cross-over energy,
defined as the first energy for which o = 1, is E;,1 =29 eV. The list of 15 ‘ ‘ ‘ ‘
the electron emission model parameters is presented in Table II. All
electrons are emitted with the same energy of 3 eV.

We take Ax =d/100 and N, = 100. We showed in another
paper'” that, with POTOMAC and in this geometry, most energetic
electrons had an energy of 300 eV. The At value matching condi-
tions (3a) and (3b) in these conditions were set to At = Trg/1000,
where Trr is the period of the signal. We verified the consistency of
POTOMACs results with other simulation codes and multipactor
theories, as well as its convergence. A consistency study in a simple
configuration is presented in the Appendix, as well as a convergence
study on the initial number of electrons. 5| N

Figure 3 represents the evolution of Ey, with V, as calculated | | | | |
with POTOMAC. Four regions of potentials are visible: 0 10 20 30 40 50 60

e zone 1 (V;=0-19.3 V), where Ey, increases with V; in a Potential of bottom plate Vg [V]
parabola-like shape.

e zone 2 (V;=19.3-26.5 V), where Ey, slowly decreases
with V.

FIG. 3. The evolution of the multipactor threshold with the potential at the surface
of the bottom plate.
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e zone3 (V, =26.5-47.0 V), where Ey, drops by 39% and then
linearly increases with V.

o zone4 (Vy;=47.0-54.5V). At47 V, Ey, is abruptly raised by
11%. Then, it linearly increases with V.

The isolated point at V; = 50 V is not reproducible, and it cor-
responds to a case where a significant number of seed electrons were
injected in resonance with the RF electric field, leading to a very
rapid increase in electron density. For V; > 54.5 V, the multipactor
threshold dramatically increases. As RF systems have transmissi-
ble power limitations, we can then consider that the multipactor
disappears.

D. Comparison with previous studies

Sorolla et al.° computed the multipactor threshold of an infi-
nite parallel-plate dielectric-loaded system with a numerical model
in 1D. They took into account the evolution of the dielectric slab
charge with each electron collision, as well as the influence of this
charge on the SEEY.” They kept the charge relatively low, corre-
sponding to our zone 1. In this zone, the shape of our threshold vs
charge curves are similar.

Zhai et al.” studied the evolution of Ey, with V, in a parallel-
plate dielectric-loaded waveguide. Their simulation is 1D. They used
Vaughan model to compute the TEEY,”"”" and all electrons were
emitted with an energy of 3.68 eV. Although the general shape of
their Eq, (V) curve (Fig. 4) is similar to ours, they did not observe
the strong discontinuities at 26.5 and 47.0 V. They are unphysi-
cal and are created by the lack of dispersion in electrons impact
velocities, compelling all electrons to enter in the same multipactor
mode. We believe that Zhai et al. did not observe these because
they allowed the dielectric charge to vary, smoothing the transitions
between modes. According to their hypothesis, the multipactor is
in a Double-Sided (DS) mode at low potential and progressively
switches to a Single-Sided (SS) mode when the potential differ-
ence between the plates increases. In a DS mode, the multipactor
is created by electrons impacting a plate different from their emis-
sion plate. In a SS mode, it is created by electrons impacting their
emission plate.

In order to verify these conclusions and validate POTOMAC
simulation results, in Sec. I1I, we develop a multipactor resonance
theory adapted to this configuration.

Ill. DEVELOPMENT OF THE RESONANCE THEORY
A. Motion equations and notations

In this section, we investigate the multipactor resonant trajecto-
ries and resonant phases, regardless of electrons impact energies. All
electrons have a mass m and a charge —|e|. They have a low energy
(some keV at most); thus, their motion is non-relativistic, and we
can neglect the RF magnetic field.”> We use the dimensionless set of
equations proposed by Sorolla et al.,°

2
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The dimensionless position is A, and the dimensioned position
is x. The dimensionless velocity is V,, and the dimensioned
velocity is vy.

We set the origin of positions on the bottom plate, which is
therefore at the position A = 0. The top plate is at A,4. All electrons
emitted from the bottom plate have an initial velocity V4,0, and those
emitted from the top plate have an initial velocity — V0. The motion
equations for an electron emitted at ¢, at the position A; with the
velocity V., are as follows:”

Vo =cos¢p —cospy — QP — 1) + Via, (5a)
A= (¢ —¢1)(V1 —cosor) +sing —sin ¢y,
- %(a5 —61)? + Ay (5b)

We call crossing electrons as electrons that are emitted on the
bottom plate and impact the top plate (short form: b — t) and elec-
trons that are emitted on the top plate and impact the bottom plate
(short form: t — b). Similarly, we call recollected electrons as electrons
emitted on the bottom plate and impact the bottom plate (b — b),
and electrons emitted on the top plate and return to it (t — t). Due
to the positive potential on the bottom plate, t — t electrons cannot
enter in resonance with the RF electric field, though individual t — t
electrons can exist. Without any loss of generality, we consider that
the first resonant trajectory always starts on the bottom plate.

We consider an electron emitted at the phase ¢,, with k an inte-
ger different from zero. It impacts a plate (the same or another one)
at the phase ¢, ;. The time between the collision of a PE and the
emission of the electrons is in the range 10711210712 5,23 which is at
least two orders of magnitude lower than the period of a GHz sig-
nal. Thus, we consider that the electron emission phenomena are
instantaneous. As a consequence, ¢, is also the collision phase of
the precedent electron and ¢, , ; the emission phase of the next elec-
tron. Riyopoulos et al.** showed that making this hypothesis had
little influence on the resonance mechanisms.

The DS multipactor is created by crossing electrons. The classic
DS multipactor resonance condition reads”’

¢r=¢1+Nm, N=1,3,5..., (6)

with N the multipactor order. The solid lines in Fig. 5 represent the
trajectories of two electrons between two grounded plates. The first
one checks the resonance condition (6). As V; = 0 V, the second
electron also checks this condition and resonance is ensured. The
dashed lines in Fig. 5 represent the trajectories of two electrons, the
bottom plate being set to V; = 10 V. The first electron checks the
resonance condition (6). The positive potential on the bottom plate
breaks the symmetry of the problem, and the second electron is out
of resonance.

B. Asymmetric multipactor modes

In the asymmetric multipactor modes, the multipactor involves

mw
A= ST (4a) ny =1,2,3,... different resonant trajectories. The kth electron is
lel Eo . Lo .
o emitted at the phase ¢, on the plate whose position is A, with an
Vo = S Ugo (4b) initial velocity V. It impacts the plate of position A, at the phase
le[Eo : ; )
¢.1- We define the multipactor period II,
Ed ( 4 ) *
Q= —- c
Ey II=¢u,+1 = 1. (7)
AIP Advances 12, 025022 (2022); doi: 10.1063/5.0062499 12, 025022-4
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FIG. 4. The multipactor threshold calculated by POTOMAC as a function of V, (left axis, —e— ). The evolution of the electrons emission phase distribution with V,
extracted from POTOMAC simulations (right axis, . ). Electrons are sorted depending on their trajectories: (a) all electrons, (b) b — t electrons, (c) t — b electrons, and

(d) b — b electrons.

We define the resonant or fixed phases,
ox = mod (¢, 11), k=1,2,3,.... (8)

The sequence of resonant phases (@1,¢2,...,¢n,) is repeated

every II.
We name asymmetric DS*® and SS modes by the subset (I1, 7).
For example, the symmetric multipactor resonance mechanism

presented in Fig. 5 is called DS (II = 7,1, = 1). We represented in
Fig. 6 the seven resonant trajectories of the SS (II = 127, ny = 7).
The ging—pong modes involve both crossing and recollected
electrons.”* In order to completely characterize these modes, we
should provide the list and ordering of the impacted plates. We use
the notation x; — x — -+ — x,,, where x; is “b” if the kth electron
is emitted on the bottom plate and “t” if it is emitted on the top plate.
We present in Fig. 7 the trajectories of the PP (II = 47,1, = 3) b

—t—b.

AIP Advances 12, 025022 (2022); doi: 10.1063/5.0062499
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Position A

$1 $1 ‘+ T
Phase ¢ [rad]

¢1 + 2w

FIG. 5. Solid lines: resonant trajectory of the two first electrons in the symmet-
ric first order DS mode, with Vg = 0V, ¢, = 2.73 rad, and Ey = 7.00 kV em™".
Dashed lines: trajectory of two electrons, the first one checks (6), with V4 = 10V,
¢, =2.98 rad, and Eq = 7.00 kV cm~".

4% -
<
=]
9
: 2/\/\/\/\ /\%
]
(sl
0
} } { | }
é1 ¢ = ¢1 + 127

Phase ¢ [rad]

FIG. 6. Trajectory of the electrons in the SS (IT = 127,n, = 7). V4 = 33.0 V,
¢, = 2.650 rad, and Eo = 6.03 KV cm~".

C. Method of resolution

In a fashion similar to the symmetric case and for a given Q, we
solve the 7, position equations, the unknowns being the phases ¢,,

A1 = (Prs1 = D) (Vi — cos )
+ sin ¢y — sin ¢y

Q
—5(¢k+1—¢k)2+Ak, k=1,2,...,n, )

The number of phases #,, the values of Ay, V. and of (pnwl -
are set by the multipactor mode under study. We solve this system
numerically; we used a least-squares algorithm,””*’

We set up some additional constraints to ensure the conver-
gence and physicality of the results. We impose ¢, ,, — ¢, > 27/100
to avoid electrons being recollected at the same time they are emit-
ted. We also force ¢1 € [0,27]. Finally, we impose A(¢) € [0; A4] to
forbid the premature impact of an electron on the wrong plate, such
as a b — t electron going through negative values of position before
impacting the top plate.

The multipactor can only appear, thanks to the phase-focusing
effect, when a small deviation in the electron emission phase leads to
a smaller deviation of its collision phase. Then, the mode is said to
be stable. This condition can be written as*®

scitation.org/journal/adv

Position A

{ /
b1 ¢s = o1 + 47
Phase ¢ [rad]

FIG. 7. Trajectory of the electrons in the PP (IT=47,n, =3) b —t - b. Vy
=25.00V, ¢, =3.52rad, and Eq = 7.21 kV cm~".

‘6"5”‘? <1 (10)

ol

:‘5%"2.5‘% O¢n,
Sp1 8¢y S¢n,—1

IV. EMISSION PHASE STUDY

For every potential V; and at the multipactor threshold, we
recorded the emission and collision phase as well as the emission
and collision plate of every simulated electron (cf. Subsection II B).
Emission phases are represented as heatmaps to show their evolution
with V; and are represented in the range [0, 27]. In Figs. 7(b)-7(d),
we represented the distribution of all the emission phases of all elec-
trons. In Figs. 7(b)-7(d), we represented the emission phases of
electrons according to their trajectory: b — t, t > b, and b - b. We
did not represent t — t electrons as their number is always negligible
or null.

Each emission phase distribution was normalized between 0
and 100, and color bars were chosen so as to discern three types of
emission phases:

e phases where a negligible number of electrons were emitted
(noise);

e phases where a relatively small number of electrons were
emitted; and

e phases where a relatively high number of electrons were
emitted.

In order to compare these heatmaps to the resonance theory, we
calculated the resonant phases of every relevant multipactor mode
for every potential V; (cf. Subsection 111 C). Q = Ey,/V 4 is calculated
with the POTOMAC thresholds presented in Subsection II C (Fig. 3
results).

A. Zone 1

In this zone, there are no b — b electrons; hence, the multi-
pactor is created by DS dynamics. Here, the only relevant mode is
the DS (II = 27, n, = 2), and the emission phases are represented in
Fig. 8. We observed that equations of higher order and/or higher
period multipactor did not have any solution in this configura-
tion. The DS (II = 27, 1y = 2) admits two solutions: the first one
is perfectly matching POTOMAC data, and the second solution is
unstable.! Around V,; = 18 V, POTOMAC emission phases start to
scatter, even if they remain close to the theoretical phases.
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FIG. 8. The multipactor threshold calculated by POTOMAC as a function of V4 (left
axis, —e— ). The evolution of the crossing electrons emission phase distribution
with Vg, extracted from POTOMAC simulations (right axis, ) and for various
modes. Electrons are sorted depending on their trajectories: (a) b — t electrons
and (b) t — b electrons.

B. Zone 2

Emission phases are scattered in zone 2; thus, the multipactor
is created by non-resonant dynamics. As there is no finite suite of
fixed phases (cpl, $2,- > Pn, ), this multipactor cannot be described
by resonant theory.

scitation.org/journal/adv
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FIG. 9. The multipactor threshold calculated by POTOMAC as a function of V4 (left
axis, —e— ). The evolution of the b — b electrons emission phase distribution with

V4, extracted from POTOMAC simulations (right axis, . ) and for various modes.

C.Zone 3

Ey, drops by 39% at the transition between 2 and 3, which is
correlated with a sharp change in the emission phases. It translates
the passage of a V; threshold after which SS dynamics can appear.
We represented in Fig. 9 this zone relevant modes. Between 26.5
and 27V, the SS (II = 27, n, = 1) theoretical emission phases corre-
spond to emission phases calculated by POTOMAC. From 27 V and
up to 31.5 V, they scatter, and we cannot discern delimited phases.
Increasing the number of initial electrons would solve this issue as
it would increase the resolution of the heatmap. It would, however,
drastically increase the computation time.

Around 31.5 V and above, we observe separated emission
phases corresponding to various SS modes, summarized in Table I11.
The highest emission phase of all these modes (around 3.6 rad) is
barely visible on the heatmap. As a matter of fact, a multipactor
mode with several resonant trajectories is likely to involve collisions
with a TEEY inferior to unity, resulting in a temporary decrease in
electron density. As an example, Table I'V shows the emission phases
and TEEYs of the SS (IT = 127, n, = 7) collisions, for V,; =33 V. We
write o, the TEEY of the kth collision occurring at ¢, ,. We can
observe that o, is particularly low. Thus, very few electrons are emit-
ted at the phase ¢,, and it is nearly invisible in the heatmap. Each
mode transition appears chaotic as the emission phases scatter.

D. Zone 4

At the transition between zones 3 and 4, Ey, significantly
increases by 11%. As in zone 2, the emission phases computed by
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TABLE IlI. The single-sided modes found to re-appear in zone 3 with the range of
potentials on which they match POTOMAC data.

SS mode V4 range (V)
(I=2mn,=1) [26.5; 27.0]
(I1 = 147, ny = 8) [31.5; 32.3]
(T =127,y = 7) [32.5; 33.5]
(I1 = 107, 1y = 6) [33.7; 35.5]
(I =8m,ny =5) [35.7; 37.8]
(T1 = 67, np = 4) [39.7; 43.0]
(1 = 107, 1, = 7) [44.5; 46.8]

TABLE IV. TEEY of the collisions in the SS (IT = 127,n, = 7). V4 = 33.0 V and
Ey = 6.03KV cm~". These parameters are identical to those used in Fig. 5.

k mod(¢, 27) (rad) O

1 2.650 1.10
2 2.238 0.28
3 3.661 1.31
4 3.250 1.33
5 3.121 1.33
6 3.011 1.31
7 2.882 1.27

POTOMAC are scattered. The resonance theory cannot describe
this configuration, and we did not find any solution matching
POTOMAC data.

V. THEORETICAL MULTIPACTOR THRESHOLD
A. Methodology

In Sec. I'V, we used the resonance theory to find which multi-
pactor mode appeared at each potential. We injected Q calculated
with POTOMAC in the position equations. In this section, the the-
oretical multipactor threshold of the structure is calculated without
using any data calculated by POTOMAC.

For a period-II multipactor with n, fixed phases, the multi-
pactor will appear if

7y
Hok > 1. (11)
k=1

Ey is incremented from 4 to 17 kV m™" with 121 steps, and V, is
swept from 0 to 60 V with 101 steps. For a couple (Eo, V), the
resonant phases of the mode under study (cf. Subsection III C) are
calculated. We inject these phases in Eq. (5a) to compute the TEEY
of each collision and verify if (11) is fulfilled. If it is not, Ey is incre-
mented. Otherwise, the threshold is found, and the next potential is
studied.

The convergence of every solution was checked. Their stabil-
ity was verified [Eq. (10)], with the numerical value 8¢, = 1072 rad.

31,32 .
we tried

As the stability results can rely on the value of §¢,,
various values ranging from 107 to 107" rad, with no appreciable

effect. The multipactor modes presented in Sec. IV, as well as the

scitation.org/journal/adv

SS (II = 27,1y = 2) and the PP (IT = 4m,ny, =3) b — t — b, were
studied. At a given V4, several modes can have a solution, and each
mode can have several solutions. In this case, we consider that the
solution with the lowest threshold is the most favored or fundamen-
tal, as it would be the first to appear when increasing the RF electric
field amplitude.

B. Calculated theoretical multipactor thresholds

In Fig. 10, we present the evolution of Ey, as calculated by
POTOMAC with V,;. We also show the theoretical multipactor
thresholds. In general, there is a good matching between these two
curves. This is particularly true in the zones 1 and 3, where the modes
at the origin of the multipactor were clearly identified in Sec. IV.

In zone 1, the theoretical threshold of the DS (IT = 27, 1, = 2)
matches the threshold calculated by POTOMAC. This mode is sta-
ble, and the relative error between the thresholds is under 2% at
0-16.8 V. At 16.8-19.3 V, where POTOMAC emission phases scat-
ter, this modes becomes unstable and the error grows up to 9%. This
instability does not prevent the multipactor from appearing; it leads
to an important loss of electrons, compensated by higher impact
energies.”

In zone 2, the DS (II = 27, n, = 2) is the most favored between
19.3 and 22.2 V. It is unstable on this range of potentials. The thresh-
old calculated by POTOMAC is underestimated at 19.3-21 V; in
this range, the loss of electrons is too important to be compensated
by the higher impact velocities. Thus, the non-resonant multipactor
occurs, with a slightly higher threshold. At 22.2-26.5 V, the PP
(II=4m,n,=3) b > t - b has the lowest threshold. It is stable
on this whole range. Even if the multipactor is chaotic, we believe

DS (Il =2m,n, =2) «SS (Il =27m,n, = 1)

¢SS (Il = 14m,n, =8) ¢SS (Il = 127, n, = 7)

¢SS (II = 107w, n, = 6) - SS (Il = 8m,n, = 5)

*SS (Il =6m,ny, =4) <SS (II =10m,n, =7)

¢SS (Il = 2m,n, =2) PP (Il = 47w, n, = 3)
1 2 3 4

15 T T T T

v
/] -
10 /
A
v

5 - "

““"H’x | | |
0 10 20 30 40 50 60
Potential of bottom plate Vg [V]

B [kVem™']

FIG. 10. The evolution of the multipactor threshold calculated by POTOMAC
(——) with V4. The evolution of the theoretical threshold of the most favored
mode, for each potential.
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that the resonant trajectories of the DS (II = 27, ny = 2) and the PP
(IT=4mny,=3) b > t > b are good approximations of the real
electrons trajectories.

In zone 3, the nature and threshold of the modes are consis-
tent with that discussed in Sec. IV. Their error stays under 5%,
and they are all unstable. According to Semenov et al.,** for SS
modes, the increase in deviation 8¢k saturates and turns into finite
oscillations.

Err(y,1) —

% W

7 VdT
5} _—

FIG. 11. Infinite metallic rectangular waveguide with a gap d and a width W. Insu-
lating inserts (in blue) isolate the bottom plate from the top plate. They do not
influence the TE o propagation of Egg. The potential of the bottom plate is Vg, the
top plate being maintained at ground potential.

TABLE V. Full electron emission model used in this study.

Population Emission yield Angular distrib. Energy distrib.

SE Dionne'’ Cosine law”  Chung and Everhart’’
EBE SLAB* SLAB* Monoenergetic
IBE Constant Cosine law™ Uniform

TABLE VI. Copper Dionne’s parameters as defined in Ref. 10 for the more realistic
study.

Parameter Value
A 6.67
n 1.00
d (nm) 9.47
S 0.14
ka 0.40
ky (°) 0.14
D (eV) 4.65
1; 0.25

scitation.org/journal/adv

In zone 4, none of the modes that we studied matches the
emission phases calculated by POTOMAC. In particular, the sud-
den augmentation in Ey, at 47.0 V is not reproduced by any of the
theoretical thresholds.

VI. POTOMAC SIMULATIONS IN 3D, CONSIDERING
ENERGY AND ANGULAR DISTRIBUTIONS
AS WELL AS EBES

A. Presentation of a more realistic model

We made strong assumptions in the precedent simulations: lack
of energy and angular distributions, 1D, and no EBEs. Thus, there
was no dispersion in electrons velocity, which created the Ey, drops

2.5 .

2
> 1.5
=
=
H
1
o Oo
— 20°
0.5~ =
— 40°
------- 1D fit
0 | |
0 50 100 150 200 250 300

PE energy Eq [eV]

FIG. 12. Modeled TEEY as a function of the impact energy of PEs used in this
study. TEEY is represented for various incidence angle 6, defined prior to the
normal of the sample. The TEEY used in precedent studies is also shown.
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FIG. 13. The multipactor threshold calculated by POTOMAC as a function of the
potential on the bottom plate V4, with the simple and more realistic models.
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at 2-3 and 3-4 transitions. In this section, we make POTOMAC sim-
ulations in a more realistic configuration to study the influence of
these hypotheses.

We study in 3D a rectangular waveguide of width W > d, rep-
resented in Fig. 11. The bottom plate is maintained at the potential
V4, while the top plate is grounded. In practice, the insulation can
be realized by placing insulating inserts in the waveguide lateral
walls. We consider that they do not influence the propagation of the
fundamental TE; o mode,

Ere(t,y) = Eo sin(¢) sin(%)&. (12)
05 30 90 100
2m
3
— 2
! —
§ E
> T =
=, 2
S
g
& s
2
0 20 40 600
Potential of bottom plate Vg [V]
(a)
05 30 90 100

Eg, [kVem™
@ [rad]

0 20 40 60
Potential of bottom plate Vi [V]

(c)
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We neglect the RF magnetic field, which is justified when W > d.%°
We also neglect the z propagation term of the RF electric field, which
comes back to study the (x,y) plane where the electric field ampli-
tude is maximum. The full electron emission model is resumed in
Table V.!% In the remaining part of the paper, we call this new con-
figuration the more realistic model, in opposition to the first that was
simplistic.

For this simulation, we took the closest dimensions possi-
ble to the previous dimensions: d = 0.1 mm, W = 19.05 mm, and
f =11 GHz. It corresponds to a WR75 waveguide, with a gap
reduced from 9.525 to 0.1 mm. As it is very narrow, the wave-
guide cannot transmit a significant power and has no industrial
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FIG. 14. Heatmaps of electron emission phases in the more realistic configuration. Electrons are sorted depending on their trajectories: (a) all electrons, (b) b — t electrons,

(c) t — b electrons, and (d) b — b electrons.
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application. However, its very low threshold eases the multipactor
measurements. We performed measurements on this system in col-
laboration with a private company; results will be published in a
dedicated article.

In this section, we use a slightly different electron emission
model that is in 3D and takes EBEs into account. We fitted the
TEEY on the same experimental data as for the first simulation; we
reported the model parameters in Table VI. We present in Fig. 12
the TEEY as a function of impact energy; for comparison, we also
present the TEEY used in the previous study.

Both fits are similar, except the low-energy peak due to EBEs.
New TEEY curve is slightly higher than previous at high energies; we
do not expect these differences to be of importance, as the majority
of PEs impact walls with a low energy. Here, E., 1(0°) =29 V.

B. Simulation results

We represented in Fig. 13 the evolution of the multipactor
threshold with V, as calculated by POTOMAC in the two config-
urations. As a whole, the Ey (V) curves are similar in terms of
absolute value and general shape. The most notable difference is that
the introduction of velocity dispersion erased the strong discontinu-
ities at 26.5 and 47.0 V. In addition, the more realistic configuration
exhibits a local minimum in threshold at 10 V.

As in Sec. IV, we represented in Fig. 14 electrons emission
phase distributions and their evolution with V4. Each distribution is
normalized between 0 and 100. We did not represent t — t, as there
is very few of them to contribute to the multipactor. The color bars
were chosen so as to discern four main types of emission phases:

o phases where a negligible number of electrons were emitted
(noise);

o phases where a relatively small number of electrons were
emitted;

e phases where a relatively high number of electrons were
emitted; and

e phases where the majority of electrons were emitted,
allegedly matching emission phases of simplistic model.

As expected, the emission phases are significantly more scat-
tered than in precedent study. Thus, we cannot identify resonant
modes as we did earlier in this study. In contrast with the simplis-
tic study, there are b — b electrons in zone 1 and crossing electrons
in zone 3.

VII. DISCUSSION

We observed that the threshold was always minimum for
V4 =0 V. It is to be noted that its position depends on the geom-
etry of the system as well as on the RF frequency. For example,
we observed that if we set d = 0.15 mm, the minimum was at V
= + 11 V. Thus, the results presented in this study should not be gen-
eralized. In particular, the addition of a potential difference between
the plates does not necessarily raise the threshold.

The resonance theory is based on the strong assumption that all
electrons follow the same trajectory; it was shown to be unreasonable
when the gap is too big or when the dispersion in emission velocities
is too wide.” " In this study, the waveguide is extremely tight, which
should not invalid the theory. The main difference between the
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FIG. 15. The multipactor threshold calculated by POTOMAC as a function of the
potential on the bottom plate V4. Threshold calculated with the more realistic
model and with the more realistic model without EBEs.

simplistic and the more realistic configurations is that we included
emission velocities dispersion in the latter. It results on a smoothing
of the Ey, (V) curve, but does not fundamentally change its shape.
However, it would be incorrect to assume that, in this configuration,
velocity dispersion should be neglected.

As a matter of a fact, this notion also encompasses the treatment
of EBEs that have an energy distribution very different from SEs.
We realized another simulation in the more realistic configuration,
with an EBEEY set to 0. The evolution of the multipactor thresh-
old calculated by POTOMAC is represented in Fig. 15. Removing
EBEs increases the multipactor threshold of 5%-27% between 0 and
40 V. For potentials higher than 40 V, it cancels the multipactor. It is
due to the fact that, for high potentials, the multipactor appearance
involves a lot of very low energy collisions for which the EBEEY is
the highest. These results highlight an important point: even in small
gap geometries, the velocity spread plays an important role.

We also neglected the influence of the Hgr field. It tends to push
electrons toward the lateral walls of the waveguide (Miller force),’
creating a spatial instability. As the RF electric field amplitude is
lower at the sides of the waveguide, the electrons pushed away from
the center go under a weaker acceleration, and their energy is too low
to ensure 0 > 1. When the time between the emission and the colli-
sion of electrons, called the flight time, is relatively small, neglecting
Hgr is an acceptable hypothesis.”® This is typically the case when
W > d. However, in our configuration, some multipactor modes
involve electrons with an important flight time. We expect that con-
sidering Hrr would slightly raise the multipactor threshold, without
fundamentally change the dynamics at stake. A new set of simula-
tions would be required to precisely assert the importance of this
hypothesis.

VIll. CONCLUSIONS

In this paper, we led a detailed study of the multipactor appear-
ance in two RF systems holding a potential difference V; between
their plates. The first one was an infinite parallel-plate system, stud-
ied in 1D, with a simplified electron emission model. The second
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system was a rectangular waveguide, studied in 3D, with a more real-
istic electron emission model. We calculated the evolution of these
systems’ multipactor threshold with V;, with the numerical tool
POTOMAC. In the first configuration, we used resonance theory to
determine which mode appeared at different potentials and the theo-
retical threshold of the system. For the two RF systems, POTOMAC
simulations outlined an important dependence of the multipactor
threshold Ey, on the potential difference between the plates V.

In the parallel-plate system, there was no dispersion in the
impact velocities of the electrons, which caused significant and
unphysical threshold variations at V;= 26.5 and 47.0 V. We
observed that, when increasing V,, the multipactor progressively
switches from DS (IT = 27, ny = 2) dynamics to chaotic multipactor.
Then, there is a smooth transition between various asymmetric SS
modes. For very high potentials, the multipactor becomes chaotic
again. In this same geometry, we computed the theoretical thresh-
old, which matched POTOMAC. Hence, we can validate both
POTOMAC and our implementation of resonance theory.

In the rectangular waveguide, the dispersion in electrons
impact velocities makes the notion of modes irrelevant. However,
we confirmed the assertion of other authors’ according to whom
multipactor progressively switches from DS to SS dynamics. The
general shape of the Ey (V) curve was similar to that of the par-
allel plate, at the exception of the unphysical variations of Ey,. We
observed that omitting the EBEs in this configuration led to a pre-
mature disappearance of the multipactor (40 V instead of 55 V). It
outlines the important dependence of Ey, not only on the electron
emission properties of the walls of the system wall but also on its
modeling.
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APPENDIX: POTOMAC CONVERGENCE AND
CONSISTENCY STUDIES

In their study,”’ Anza et al. determined the multipactor thresh-
old of an infinite parallel-plate system. Their study has the merit
to compute the threshold of the structure with different methods:
statistical theories, PIC simulations, and an experimental study. We
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FIG. 16. The evolution of the multipactor threshold with Vy, in the geometry
presented in Sec. || and with different values of Ne.

led a set of POTOMAC simulations in their configuration: the gap
d =1 mm, and the frequency f = 1.64 GHz. The material is sil-
ver, and TEEY is calculated with modified Vaughan model] 2021404
For this fd product, we can refer to the study of Anza et al
(Fig. 11), which states that the voltage threshold is around 100 V;
it is consistent with POTOMAC, whose threshold is 104 V in this
configuration.

We represented in Fig. 16 the evolution of the multipactor
threshold with V; as calculated by POTOMAC for different num-
bers of initial electrons. The configuration is the same as in Sec. II,
where 100 electrons are enough to ensure convergence. N, = 100 is
also adequate in the configuration discussed in Sec. V1.
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