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Abstract— Multipactor voltage threshold charts and scaling
laws for 30 () circular coaxial geometries, relevant to the WEST
Ion Cyclotron Resonance Heating antennas, are reproduced
using a developed multipactor decision-making algorithm rely-
ing on Spark-3D electron time-evolution data. The developed
methodology is validated by comparing the simulated multipactor
powers to the measured multipactor power thresholds, for a 50 2
coaxial geometry. The effects of the conditioning, for a WEST
antenna-relevant surface sample, on the total electron emission
yield and surface properties are studied. The consequences of
the conditioning phase on the multipactor voltage thresholds
for coaxial transmission lines of 302 and 502 characteristic
impedance are also highlighted. It is shown that preliminary
baking and conditioning suppress or reduce the range in which
multipactor can be triggered.

I. INTRODUCTION

Multipactor is an electron multiplication mechanism oc-
curring in RF devices, in a vacuum environment, when the
electron mean free path is longer than the electrode separa-
tion distance [1]-[3]. Multipactor can be observed in many
applications such as space applications [4], tokamak fusion
reactors’ RF components [5]: antennas, transmission lines, RF
windows, and as well as, in particle accelerator structures [6]
or microwave vacuum tubes [7].

Multipactor can have detrimental effects on devices’ normal
operation: increasing the system noise level leading to signal
degradation [8], outgassing [9], raising the local temperature of
the device that may damage internal components [10], loading
the cavity with the build-up of an electron cloud [11], and
generating undesirable harmonics [12]. If not stopped, the
temperature rise, and the subsequent increase of pressure due
to particles’ desorption, caused by multipactor, can trigger a
corona discharge which may lead to components’ destruction
[9], [13].

In nuclear fusion devices’ radio-frequency heating and cur-
rent drive systems, the consequences of multipactor-initiated
discharges can be problematic, and limit the operation relia-
bility or the maximum coupled power [14], [15]. In addition,
this effect can increase the reflected power to the source,
which can damage the high RF power sources (klystrons or
tetrodes). RF components, such as vacuum feed-through (also
called windows), can be damaged by excess heat production
or metallization of the ceramics produced by arc-induced
sputtering [16].

High power Ion Cyclotron (IC) RF antennas are used on
the fusion experimental tokamak WEST (Cadarache, France)
[17]. These antennas use coaxial lines made of stainless
steel covered with a 50 um silver coating, and are of 302
characteristic impedance. Silver has been selected as coating
material to reduce RF losses. Before being operated, these
antennas are subject to in-situ conditioning treatments: baking
and RF conditioning. RF conditioning, is an antenna-surface
conditioning technique based on short (ms) RF power pulses,
and is used to clean and remove the impurities deposited on
the surfaces. The effects of these treatments on the multipactor
thresholds are addressed herein.

As multipactor experiments are expensive to realize, espe-
cially with complex components of large dimensions such as
the ones used as heating systems for fusion reactors, devel-
oping numerical tools for multipactor prediction is valuable.
However, the multipactor thresholds are highly dependent on
the RF device geometry and material properties [18], but also
the solver configurations. Hence, particular attention must be
paid to carry out realistic multipactor analysis.

The purpose of this paper is twofold. In the first part, we
describe the methodology to reliably determine the RF power
thresholds, for which multipactor can be triggered inside any
coaxial sections. This is done using a developed multipactor
prediction algorithm that relies on the temporal evolution of
the electron population evaluated by the software product
Spark-3D [19]' for a given RF power and frequency. In a
circular coaxial line, multipactor may be developed for zones
between a lower and an upper voltage or power thresholds [1],
[11]. At the difference of most recent references studies [18],
[20], [21], we are specifically interested in the highest mul-
tipactor threshold, which affects high power RF applications
for fusion reactors. To validate our calculation methodology,
we have compared the simulated power multipactor thresholds
to measured data from [22]. In addition, we have reproduced
the scaling laws for coaxial geometries reported in references
[1], [11], [23], where the predicted multipactor thresholds are
compared qualitatively with the experimental results from [1],
to verify the proposed scaling laws.

In the second part, the total electron emission yield (TEEY),
for the coating material constituting the IC antennas used on
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Fig. 1. Representation of the vacuum space of a cylindrical coaxial cable.

WEST, is measured in various relevant operational conditions
such as baking and temperature, and the surface properties are
studied in terms of the desorbed species during conditioning.
In addition, the impact of the surface conditioning of this
material on the multipactor thresholds for coaxial transmission
lines of characteristic impedance 302 and 50 €2 is explored.

II. MULTIPACTOR PREDICTION OF COAXIAL GEOMETRIES
A. Multipactor Conditions

Total electron emission yield (TEEY), generally referred
to as o, is defined as the mean number of back-scattered
and secondary electrons emitted per incident primary electron.
It is a function of the impact energy, and the angle of
incidence of primary electrons [24], [25]. For a given angle
of incidence, the TEEY curve is generally identified by: the
maximum TEEY (0,4,) corresponding to the peak impact
energy (Epq.); and the minimum and maximum incident
energies where 0 = 1, defined as the first (E.;) and second
(E.2) crossover energies.

For multipactor to occur, two conditions must be satisfied
[1], [2]: i) one necessary but not sufficient condition, that
the impact energy of electrons colliding with an electrode
must be sufficient, i.e., it should exceed the first cross-over
energy of the material, so that the total electron emission
yield (TEEY) of the electrode surface is greater than one, for
secondary electrons to be released. ii) the second condition
is the resonance condition for the electron’s motion to be
synchronized with phase change of the RF electric field [1],
[25]. As the multipactor thresholds are very sensitive to the
electron emission yield, the knowledge of the material TEEY
is essential for accurate multipactor predictions [18].

B. Geometry Model and Previous Findings

Consider a uniform circular coaxial transmission line con-
sisting of an inner conductor of radius a and an outer con-
ductor of radius b. d = b — a, is the gap distance between

electrodes. The characteristic impedance Z; of the coaxial
transmission line is given by [26]
Zy= L [yt (1
2tV ¢ a

where ¢ and p are respectively the permittivity and the
permeability of the filling material between the inner and outer
conductor, which is the vacuum in our study case (¢ = g,
1= po; €9, and pp being respectively the vacuum permittivity
and the vacuum permeability).

For a coaxial cable, two different types of multipactor can
occur [7], [11]: double-sided multipactor, an electron multi-
plication occurring between the inner and outer conductor,
and single-sided multipactor where electrons both come from
and impinge on the outer conductor. Moreover, in coaxial
geometries, there is a minimum multipactor voltage threshold
beyond which multipactor is triggered in the vacuum space
between the conductors, and a maximum multipactor voltage
threshold after which no multipactor takes place [11].

In a coaxial line structure, the electric field is in-
homogeneous and inversely proportional to the radial distance
from the centre of the inner conductor, if the TEM mode is
dominant. In this geometry, a ponderomotive force, also known
as the Miller force [7], tends to push the electrons toward the
outer region of lower electric field amplitude, causing, once
the conditions are met, a single-sided multipactor on the outer
conductor. In most cases, this force also leads to a shorter
transit time, when travelling from the inner conductor to the
outer conductor, than that when going from the outer to the
inner conductor. For resonance to occur, the sum of the two-
way transit times should be equal to an integer number of RF
cycles [11].

The time-harmonic electric field, in the vacuum between the
electrodes of a circular coaxial line, is radial and is given by
[24], [25]

E(rt) = sin(wt) T (2)

v
rin(b/a)
where T is the radial unit vector (Fig. 1) and V is the
peak voltage magnitude, defined as the integral of the electric
field along the radial direction, i.e. V(t) = fab E(r,t)dr. For
a matched line, the RF power flowing into the line is given
by P =V?/(2%).

Many authors have investigated the multipactor threshold
voltage V;,,,, of such geometry using analytical, numerical and
experimental work for which main findings are recalled here.
Vaughan studied, in [2], the simplest case of multipactor for
two parallel plates separated by a distance d and driven by
an RF voltage at frequency f. He also found that, the lower
and the upper multipactor voltages, bounding the region where
multipactor can occur within the geometry, are proportional to
(fd)*.

In [27], Woo stated that the similarity principle leads to
two scaling relations for the coaxial cables. In the first one,
for various products f x d, the multipactor breakdown volt-
ages are proportional to (fd)?, in agreement with Vaughan’s
analytical studies [2], but provided that there is no change
in the multipactor mode. Moreover, he revealed that the upper



multipactor voltage thresholds follow remarkably well this law
for all b/a. For the lower multipactor voltage thresholds, he
found that the (fd)? is only true for a high b/a ratio, and
the exponent is less than 2 otherwise, where the breakdown
voltage is more sensitive to surface conditions. In the second
law, for constant product f x d, two coaxial cables of different
dimensions but with the same characteristic impedance, i.e.,
ratio b/a, exhibit the same breakdown voltages.

In his paper, Woo validated experimentally the scaling
relations applied to coaxial transmission lines. A shift to higher
values, for breakdown voltages of the multipactor region,
has been observed with increased characteristic impedance or
equivalently the ration b/a. He explained this by the decrease
of multipactor’s probability of occurrence because of the
increased gradient of the electric field for increasing b/a.

In [11], the authors derived an approximate solution (po-
sition and velocity formulas) for the non-linear differential
equations of electron motion in coaxial transmission lines.
They found that, a single-sided multipactor, for which the time
between collisions corresponds to an integer number of RF
periods, exhibits a (fb)2Z, voltage dependence. This result is
in agreement with numerical calculations done by Somersalo
[23] and Pérez [28].

Udiljak et al. [11] also proved that when the inner radius
is of the order of the outer one, that is for low characteristic
impedance, the multipactor analysis for the coaxial is similar
to that of a parallel plate geometry and double-sided multi-
pactor is dominant. But, in the case when the inner radius
is smaller than a determined threshold equal to 58% of the
outer radius, that is for high characteristic impedance, a high-
order double-sided multipactor is no more possible and only
a single-sided multipactor is present, provided that the initial
velocity is low and fast oscillating motions of the electron’s
position are small.

For a double-sided multipactor, they derived a multipactor
voltage scaling law given by (fd)2. This law is valid for
the first order resonance, for all values of the characteristic
impedance, whereas for higher order resonances, it is valid
only for low characteristic impedance [11]. In agreement with
the results found by Woo [27], their analysis showed that, an
increase in the characteristic impedance of the line leads to an
increase in the multipactor threshold, and to a narrower region
for the first order multipactor.

However, the range of validity of their work is restrained to
GHz range of frequencies. Where the taken assumption that
A < (wR)?, where A = eE,b/m, E, being the electric field
on the outer conductor, e and m respectively the charge and
mass of one electron, and R the time-averaged position of the
electron, is valid for GHz frequencies [24]. Hence, in the MHz
range of frequencies used in this work, this analytical method
could not be applied, and an alternative should be found.

Somersalo, in [23], [29], developed a computational method
to analyze the multipactor phenomenon in different RF struc-
tures to determine the multipactor power, type (single-sided or
double-sided), and order. Somersalo analyzed the multipactor
in a coaxial transmission line and extracted from the results
four scaling laws: i) the single-sided multipactor voltage, for
a coaxial cable of fixed characteristic impedance, follows

(fd)*/(n + 1), n being the multipactor order, ii) a scaling
law for the double-sided multipactor voltage, with respect
to the frequency and dimensions, that agrees with Woo’s
experimental laws (fd)?, and iii) for varying line impedance,
the single-sided, and double-sided multipactor voltages follow
respectively (fd)2Z, and (fd)2Z5'>.

In [20], the authors simulated the minimum voltage thresh-
olds, for the onset of multipactor, using the commercial
software CST Particle Studio and compared the results with
Woo’s published experiments [27]. They concluded that the
level of agreement is dependent on the model of the secondary
emission electron yield data.

Most of these studies focused on predicting the minimum
breakdown voltage for multipactor onset. However, for mag-
netic confinement-based fusion reactors’ applications where
high power (MW range) antennas are used, we are also inter-
ested in predicting the maximal breakdown voltage triggering
the multipactor phenomenon, for which little literature exists.

C. TEEY measured data

We are interested in studying the multipactor thresholds, for
coaxial transmission lines of characteristic impedance 30 ()
and 50 (2, using different TEEY measurements data curves
for WEST antennas’ representative samples, made of stainless
steel and coated with 10 um Ni and 50 pm Ag, i.e., more than
2 times the skin depth at the lowest frequency considered in
this work.

For the results discussed in Section IV-B, the TEEY curve
corresponds to the measurements performed at the ONERA
laboratory, at normal incidence at 53 °C, using an ultrahigh
vacuum facility dedicated to electron emission characterization
[30], for a silver-coated stainless-steel sample baked at 190 °C
for two hours before the measurements. These measured
values of TEEY, for the silver-coated sample, are illustrated
in Fig. 2. The first crossover energy for this TEEY curve,
is E.; =~ 27eV (first incident energy where ¢ = 1). This
parameter is known to affect multipactor thresholds [18].

For the results discussed in Section IV-C, the TEEY data
curves are measured, at normal incidence, for a silver-coated
stainless steel sample, subjected to the representative opera-
tional conditions for the WEST antennas in terms of baking,
conditioning, and operational temperature, which are described
below.

Like several fusion reactors and particle accelerators, the
tokamak WEST relies on preliminary baking and RF condi-
tioning phases, before operating, to improve the machine vac-
uum and cleanliness conditions. These commissioning phases
lead to modify the electron emission properties of the surfaces
constituting the device. The bake-out under vacuum and the
RF conditioning, are two methods known to reduce the TEEY
of the surfaces [31]. In this study, the RF conditioning is
simulated by an in-situ electron bombardment. This condi-
tioning treatment of the samples, also known as the dose
effect, is a surface treatment method based on impacting the
surfaces with an electron beam of specific intensity, for a given
time [6]. In particular, for the treatments to be representative
of the WEST-tokamak case, the sample was first baked at
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Fig. 2. In blue, the measured TEEY data, at normal incidence, for a stainless-
steel sample coated with silver and baked at 190 °C for two hours. In orange,
the measured TEEY data, at normal incidence, for an as-received copper
sample.
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Fig. 3. TEEY measurements for a baked silver-coated stainless steel
sample, maintained at 70°C, before conditioning, and after impact-
ing its surface by the following cumulative electron doses (from top
to bottom): 6uCmm~2, 16uCmm=2, 79uCmm=2, 1045uCmm=2,
1172uC mm~—2, and 2338 uC mm~—2.

200 °C for three days and then maintained at a temperature
of 70 °C during TEEY measurements. This sample was then,
subject to different cumulative electron doses, to simulate the
RF conditioning effect, and after each dose, the TEEY was
measured in situ. These TEEY measurements are represented
in Fig. 3. These measurements clearly show the effect of
the baking and the conditioning with dose, on the TEEY
properties, where the maximum TEEY is reduced, and the
first crossover energy becomes greater than the case of the
TEEY measurements before conditioning.

The values of the maximum TEEY and the first crossover
energy, for these TEEY curves, corresponding to the dif-
ferent electron doses, are given in Table I. These values
show the saturation of the TEEY measurements properties, in

terms of the first crossover energy and the maximum TEEY,
when the sample is subject to an electron dose greater than
1172 uC mm~2; because when the dose is increased from
1172puCmm~2 to 2338 uC mm~2 (almost doubled), the first
crossover and the maximum TEEY change only slightly (with
a relative difference of ~ 2% for the maximum TEEY, and
~ 6% for the first crossover energy). Therefore, once the
surface state reaches the TEEY properties given in the curve
corresponding to the electron dose of 2338 uCmm~—2, the
conditioning effects become negligible. In addition, the surface
won’t be severely re-contaminated, because this treatment is
done in-situ under vacuum, and the surface is not re-exposed
to air.

The contaminants desorption was evidenced by monitor-

1000ing the chemical surface modifications of the sample, af-

ter each conditioning phase, using an X-ray Photoelectron
Spectroscopy (XPS) [32]. XPS, is a surface-sensitive tech-
nique, used to identify the chemical state of the elements
present on the last few nanometers of the sample surface.
The XPS spectra, acquired in-situ, at the conditioning phases,
show the presence of contaminants and in particular, carbon
and oxygen as well as silver. The atomic concentration of
these different elements, for the different electron doses, are
represented in Figure 4. For the first three electron doses
6 uCmm~2, 16 uCmm~2, and 79 uCmm~2 a decrease in the
concentration of both oxygen and carbon is noticed, indicating
hence the desorption of the contaminants from the sample
surface. Above the third electron dose, a re-increase in the
concentration of carbon is observed, leading to an eventual
decrease in silver atomic concentration. This phenomenon
has been observed before [33], [34], and is attributed to
the electron gun used for conditioning, which becomes a
source of contamination due to evacuated molecular fragments
containing the carbon element. Therefore, conditioning phases
are important to eliminate the hydrocarbon elements and
adsorbed oxides on the surface of the IC antennas and lead to
the reduction of the TEEY. Nevertheless, if the conditioning
time exceeds (Ds x S) /I, no effect on the surface properties
will be noticed (where Dy is the electron dose above which
no variation in the TEEY properties is observed, S is the
conditioned antenna surface, and I being the conditioning
current). The effect of these surface treatments on multipactor
thresholds, for coaxial transmission lines of characteristic
impedance 302 and 50 (2, is addressed in the next section.

TABLE 1

TEEY PARAMETERS FOR THE SEVEN CURVES OF FIG. 3.
Cumulative Dose [WCmm 2] | TEEY ez | Ec1 [€V]

0 (before conditioning) 1.86 46

1.76 45

16 1.63 50

79 1.51 60

1045 1.38 88

1172 1.28 94

2338 1.25 100
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Fig. 4. Surface atomic concentration for the different elements, found on the
surface of the baked silver-coated stainless steel sample, at each conditioning
phase.

III. MULTIPACTOR THRESHOLDS MODELLING
A. Multipactor Threshold Definition

Spark-3D has its own implemented automatic multipactor
power threshold determination algorithm. Nevertheless, it only
determines the lower threshold for which multipactor occurs.
Since in this study we are also looking for upper thresholds,
we have implemented an algorithm to predict both multipactor
thresholds, based on the growth rate of the electron population.
The algorithm is generic and relies only on the data of
the time-evolution electron numbers, given by any software
solving the electron dynamics’ equations inside the geometry.
Using these data, a coefficient a is calculated to predict an
increase or decrease of the electron population

Nes — N,
tr—1

a= 3)
where N, ¢, N, are respectively, the number of electrons at the
end of the simulation, and at a pre-selected time ¢ < ¢y. In that
way, the growth rate or decrease of electron population over
the last IV periods, where N is a predefined number dependent
on the geometry, determines whether or not the multipactor
is triggered inside the geometry: if @ > 0, multipactor is
assumed; otherwise there is no multipactor. In addition, an
algorithm to scan powers is used, along with the imple-
mented thresholds-prediction algorithm, in order to determine
accurately the lower and upper multipactor thresholds for a
given coaxial geometry. The developed algorithm agrees with
the implemented Spark-3D algorithm, predicting the lower
multipactor bounds as depicted in Figure 5.

B. Software Details

To use Spark-3D, the cartography of the electromagnetic
fields of any geometry must be imported before running the
multipactor calculation. To this end, ANSYS-HFSS is used
for solving the electromagnetic fields of the geometries in the
frequency domain.

TABLE II
COMPARISON BETWEEN THE MEASURED MULTIPACTOR POWER
THRESHOLDS AND THE SIMULATED POWER THRESHOLDS FOR A 50 €2
COAXIAL TRANSMISSION MADE OF COPPER.

Lower multipactor power [W]

Upper multipactor power [W]

Freq [MHz| Measurements | Simulations Measurements | Simulations
100 64 55 180 161
120 74 73 414 383
140 119 117 619 681

For a given geometry to be analyzed, TEEY boundary
conditions obtained from the measurements described in the
previous section, are applied to all the metallic surfaces of the
analyzed geometry.

The initial number of seeded electrons is a user-defined
value, and these electrons are seeded once at the beginning of
the simulation run. By default in Spark-3D, the initial positions
of seeded electrons are weighted to favour regions of the high
electric field. A convergence study on the multipactor thresh-
olds against the number of initial electrons is systematically
made, for each different geometry.

The electron emitted energy distribution, used in Spark-3D,
is a Maxwell-Boltzmann distribution [35] with most probable
energy of 4eV. The elastic and inelastic back-scattered elec-
trons are taken into consideration, and the angular distribution
for secondary electrons is taken into account using a cosine
law.

For each power scanned, the software will generate a file
representing the temporal evolution of the number of electrons
for that power, using an electron tracker algorithm that is
based on a leap-frog method [36]. Then, using the multipactor
decision algorithm, based on the rate of growth of electrons,
the lower and upper power multipactor bounds are determined.
It should be noted that Spark-3D does not take the space
charge effect into account.

IV. RESULTS
A. Comparison with experimental data

To validate the methodology and the developed algorithms,
a comparison between the multipactor experimental data,
given in [22], and the simulation results is done. The mea-
sured power multipactor at frequency 100 MHz, 120 MHz,
and 140 MHz are obtained for a coaxial transmission line
of characteristic impedance 502, and separation distance
d =~ 1.1 cm. This coaxial was made of copper and its
measured TEEY data curve is represented in Figure 2 (curve in
orange). Both the measured and simulated multipactor powers
are given in Table II, and show that the difference between
the simulation results obtained by averaging the multipactor
predicted thresholds from 10 runs, and the measured thresholds
did not exceed 15 %, validating hence the methodology and
the developed algorithms.

B. Scaling laws’ validation for a 50 ) silver-coated coaxial
line

For the simulations discussed here, the measured TEEY
tabulated data for silver-coated material, illustrated in blue in
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Fig. 5. Simulated susceptibility data for a coaxial transmission line of
characteristic impedance Zg = 50 €2, and inter-electrode distance d = 4 cm
(blue) and d = 2 cm (green), while varying the frequency in the range
[10 — 150] MHz. The plots are obtained for the TEEY curve of the silver-
coated material in Fig. 2 (blue curve), using the prediction algorithm based on
the rate of growth applied to the time-particle evolution results of Spark-3D.
The results obtained by the automatic solver of Spark-3D are plotted in red.

Fig. 2, are imported into Spark-3D. In all the simulations, the
vacuum region is initially seeded with 2000 electrons and the
developed algorithm relying on the electrons’ growth rate is
applied. It should also be noted that there is no DC magnetic
field applied during multipactor simulations. There is no
reflection in the coaxial transmission line (matched situation).
The thresholds are given in voltage rather than in power, as
further studies will focus on unmatched configurations for
which voltage is more meaningful than power.

In Fig. 5, the frequency is varied between 10 MHz and
150 MHz for a 50 ) coaxial transmission line of two different
separation distances. The green curve corresponds to the
average voltage multipactor thresholds and error bars, for a
coaxial transmission line of separation distance d = 2cm.
Whereas, the blue dotted curve corresponds to the average
multipactor threshold voltages and the error bars for a coaxial
transmission having a separation distance d of 4cm. For
both curves, the average multipactor voltages are calculated
from 10consecutive runs, using our developed multipactor
prediction algorithm. In red, the average lower multipactor
voltage thresholds, obtained by the automatic solver of Spark-
3D, and corresponding to the blue curve case, are represented.
These results show a very good agreement between the pre-
dicted thresholds using our implemented algorithm, and the
lower predicted thresholds obtained by the automatic solver
of Spark-3D. The maximum multipactor voltages are plotted
as a function of the f x d product, for the measured TEEY
values of the silver sample (represented in blue in Figure 2). It
can be remarked that the standard deviation of the numerical
errors, for the 10 simulation runs, are very small in logarithmic
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Fig. 6. In blue and green, the simulated susceptibility data were obtained

by varying the frequency, and fixing the separation distance d. The curve in
purple, corresponds to the simulated susceptibility data when the separation
distance d is varied in the range [0.4 — 3] cm, and the frequency is fixed
to 100 MHz. Plots are obtained for the TEEY curve, of the silver-coated
sample (Fig. 2), for a coaxial transmission line of characteristic impedance
Zo = 50 €, and applying the developed algorithm for multipactor prediction.

scale representation.

The results’ shape is similar to the one obtained by Woo
[1], [27]. Nevertheless, the multipactor thresholds obtained by
simulation are not quantitatively comparable to the measured
thresholds given in [1], [27], because the measurements were
done for a copper coaxial, of undetermined TEEY, whereas
simulations were done for a silver-coated coaxial. Only the
global shape of the multipactor thresholds in function of the
fxd product is to be compared. Using the prediction algorithm
based on the electrons’ growth rate, it can be remarked that
the results have the same shape as Woo’s experimental results
and confirm the dependence stated by Woo and further authors:
for the upper multipactor voltage thresholds the dependence
is (fd)?, whereas for the lower multipactor voltage thresholds
the dependence is found to be proportional to (fd)P, where p
is a fitting parameter, ranging between 1 and 2, and determined
for each multipactor mode. Moreover, the simulation results
validate that, for a fixed characteristic impedance, two coaxial
cables of different dimensions exhibit the same multipactor
thresholds at a fixed f x d product.

Inside the region bordered by the multipactor threshold
points, multipactor is triggered for this geometry, whereas
outside of it no multipactor can take place.

According to the second scaling law proposed by Woo
[27], for a coaxial transmission line of fixed characteristic
impedance, the multipactor thresholds should be the same for a
given f x d, independently of the choice of the frequency and
the inter-electrode distance. To prove that this is indeed the
case for the simulated multipactor thresholds independently
of the scanned parameter (f or d), the maximum multipactor
voltage thresholds obtained for a 502 coaxial transmission
line of variable separation distance d and operating at a



fixed frequency of 100 MHz, are represented in purple in the
Figure 6 (the blue and green data points of Figure 5 are re-
plotted here for comparison purpose). The results show that, in
the f x d product range [20 — 600] MHz - cm, the multipactor
voltage thresholds for the 50€) coaxial of fixed distance d
and variable frequency are in strong correspondence with the
multipactor voltage thresholds obtained for a 50 €2 coaxial of
variable distance and fixed frequency.

C. WEST operational conditions’ effect on Multipactor thresh-
olds

On the tokamak WEST, the coaxial lines are of charac-
teristic impedance Z, =~ 30 €, where b = 230/2 mm
and a = 140/2 mm. For this reason, in this section, we
investigate the effect of the WEST-relevant conditioning phase,
on the multipactor thresholds for coaxial transmission lines
of characteristic impedance 502, and 30€2. To study the
operational conditioning effects, simulations were carried out
using two TEEY measurements’ curves of Fig. 3: before
impacting the surface with an electron beam (before condition-
ing), and after impacting it with a cumulative electron dose of
2338 uCmm 2.

In Fig. 7, the average simulated multipactor voltage thresh-
olds and the error bars, calculated from 3 consecutive runs,
for a matched coaxial transmission line of characteristic
impedance 50¢) and a separation distance d of 4cm, are
plotted in violet. The average simulated multipactor voltage
thresholds and the error bars, for a coaxial transmission line
of characteristic impedance 302 and a separation distance
d of 4.5cm, are plotted in grey. The maximum multipactor
voltages are plotted as a function of the f X d product, for
the TEEY curves corresponding to the non-conditioned and
the fully conditioned measurements, represented in Fig. 3. The
frequency is scanned in the range [20 — 150] MHz. It is found
that the conditioning both increases the lower multipactor
thresholds and decreases the upper multipactor thresholds.
This results in decreasing the overall region area in which
the multipactor is expected to be triggered in the coaxial
transmission line. Moreover, the conditioning suppresses the
multipactor occurrence at low f x d products, as shown in
Fig. 7. These effects could be explained by the increase in
the first crossover energy, and the decrease in the maximum
TEEY values, as illustrated in Table I. Owing to the IC
high voltage operational conditions, the multipactor region
should be bypassed by achieving an RF rise time less than
the multipactor rise time. This large jump in the RF voltage,
is known as multipactor push-through, as the multipactor is not
sustained in the antenna since there is no sufficient time for
it to be developed. Therefore, reducing the multipactor region
has an effect on the reduction of the efforts needed to achieve
the push-through.

V. CONCLUSION

A multipactor detection algorithm is proposed to determine
the minimum and maximum voltages limiting the range of
voltages where multipactor is triggered in any coaxial trans-
mission line. We compared this methodology to multipactor

6000
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—4+— Z, =300, at 70°C before conditioning
at 70°C after conditioning
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Fig. 7. The violet (respectively gray) plots are the simulated susceptibility
voltage multipactor data for a coaxial transmission line of characteristic
impedance Zp = 50 Q (Zp = 30 2), and inter-electrode distance d = 4
cm (d = 4.5 cm), while varying the frequency in the range [10 — 150]
MHz. Plots are obtained for the first and the last TEEY curves represented
in Fig. 3, corresponding to the non-conditioned case, and the case after
impacting the sample with a cumulative electron dose of 2338 uC mm™2
(fully conditioned).

measured experimental results, obtained for a 50 (2 coaxial line
made of copper, and we validated the scaling laws proposed
for this type of geometries. The TEEY properties’ variations,
resulting from the operational conditions of WEST, are stud-
ied. Moreover, the dependence of the multipactor thresholds on
the TEEY curve properties, in particular, the maximum TEEY
and the first cross-over energy, is highlighted in this paper
using two different TEEY curves for the same material: one
measured TEEY curve before conditioning the sample, and a
measured experimental data points after fully-conditioning the
surface with a cumulative electron dose of 2338 uCmm™2.
It is shown that both baking and dose effect conditioning,
reduce the f x d product range over which the multipactor
is triggered inside the geometry, and reduce the multipactor
voltages’ range for each f X d product.
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