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Abstract 

During the plasma experimental campaigns performed on the tokamak WEST, a 

performance-limiting observation has been made on the Ion Cyclotron Resonance Heating 

(ICRH) system composed of three identical antennas. When only one antenna is powered while 

the remaining two are off, an increase in the internal pressure is measured within the 

non-powered antennas. The internal pressure of the non-powered antennas exceeds a safety 

pressure interlock whose threshold is 4.5 10−3 Pa, and consequently, the application of the RF 

power is prohibited to avoid plasma creation within these antennas. In this paper, the multipactor 

phenomenon caused by the inter-antennas’ coupling is shown to be responsible for the pressure 

increase observed in the non-powered antennas. Additionally, an analytic estimation of the 

pressure rise caused by the multipactor is compared to that observed experimentally. 

Keywords: multipactor, WEST, ICRH, plasma, pressure, coupling 
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1. Introduction 
 

Ion Cyclotron Resonance Heating (ICRH) is an auxiliary heat- 

ing system commonly employed on nuclear fusion devices 

such as tokamaks. ICRH system is a bulk plasma heating 

method based on the resonance principle between the cyclo- 

tron motion of an ion in a static magnetic field and the plasma 

wave having the same frequency. 

On the tokamak WEST, located in Cadarache, France, two 

Radio-Frequency (RF) heating systems are available [1]: (i) 

the ICRH system composed of three identical antennas oper- 

ating in the frequency range [46–65] MHz during continuous 

wave operation [2], and (ii) two Lower Hybrid Current-Drive 

(LHCD) antennas operating at 3.7 GHz [3]. An illustration of 

the vacuum vessel of the tokamak WEST, along with the loca- 

tions of the different heating systems, is given in figure 1. We 

are mainly interested in the ICRH system to address a problem 

limiting the operation of the antenna system. 

Although the three WEST ICRH antennas are operated 

at slightly different frequencies, cross-talk between anten- 

nas is evidenced, as shown herein. During the experimental 

campaigns on WEST, the following observation has been 

made on all three ICRH antennas during plasma operations: 

if one ICRH antenna is powered with the remaining anten- 

nas being off, a pressure rise (from ∼10−5 Pa to a pres- 

 
 

 

 
 

Figure 1. A top view illustration of the vacuum vessel of the 
tokamak WEST, with the different RF heating systems’ 
employment: in purple three ion cyclotron resonance heating 
(ICRH) antennas, in red two lower hybrid current drive (LHCD) 
antennas, and in green the moveable antenna protection limiter. 

non-powered antennas. If the pressure exceeds the predefined 

safety threshold pth = 4.5 10−3 Pa [4], a safety interlock 

prohibits the (re-)application of the RF power to avoid gen- 

erating and sustaining an RF-induced plasma inside the anten- 

nas, which can affect the operation of the ICRH system, for 

example by preventing the use of another antenna later in the 

plasma scenario. Therefore, this phenomenon can complicate 

or even stop the antennas’ nominal operations. A pressure rise 

example is shown in figure 2, where a single ICRH antenna 

is operated (Q1), and the remaining two are off (Q2 and Q4). 

When the antenna Q1 couples its power to the plasma, the pres- 

sure increases inside the two powered-off antennas (Q2 and 

Q4). This pressure is sufficient to prohibit Q2 and Q4’s use, as 

it is above the predefined security threshold pth. 

One possible cause explaining these observations is the 

multipactor phenomenon [5], a resonant RF vacuum discharge 

induced by antenna cross-talking. A possible worst-case con- 

sequence is the metallization of the capacitors’ ceramics or 

the RF feed-through window if multipactor-induced plasma is 

sustained in its vicinity. 

A similar observation has also been made on the ICRH sys- 

tem of the Alcator C-Mod tokamak [6, 7]. The authors’ work 

identified the multipactor-induced glow discharge as the prin- 

cipal cause of neutral pressure limitations observed on Alcator 

C-Mod, constraining its operation. Indeed, the development 

of the gas breakdown is affected by the electron population’s 

increase and the gas density increase by molecules’ desorption 

from the surfaces. The latter increases the rate of gas ionization 

by electron impact. 

The paper aims to validate whether the multipactor explains 

the pressure rise occurrence during plasma operations by 

dividing the analysis into two main steps. In the first step, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. An example demonstrating the pressure rise in the 
off-mode antennas (Q2 and Q4) on plasma when only one antenna is 
on (Q1, operating with 0.55 MW). The antennas’ coupled powers 
are plotted in the top figure versus time. In the bottom figure, the 
antennas’ internal pressure is plotted versus time, and the dashed 
grey line represents the pressure rise limit (pth) beyond which the 
(re-)application of RF power is prohibited for security reasons. 

 

 

we determine the generator’s forward power range trigger- 

ing the multipactor phenomenon in the various components of 

the ICRH system during plasma operations. The latter charac- 

terizes the multipactor occurrence in the non-powered ICRH 

antennas when only one antenna is powered. Yet, the second 

sure ranging between 
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step is crucial for determining the pressure rise level caused 

by the multipactor phenomenon to compare it to the pressure 

rise level observed experimentally. 

The rest of the paper is organized as follows: section 2 

recalls the definition of the multipactor phenomenon and its 

consequences on the heating system of a tokamak. Section 3 

describes the WEST ICRH antenna and highlights the meth- 

odology used to address the multipactor occurrence in its vari- 

ous components. Section 4 presents the multipactor trigger- 

ing forward powers when only one ICRH antenna is active 

in a plasma scenario. Section 5 formulates the pressure rise 

problem to estimate the pressure increase level caused by the 

multipactor phenomenon and compare it to the experimental 

pressure rise. Section 6 concludes the work. 

 

 

2. Multipactor phenomenon 
 

Multipactor is a vacuum discharge observed in microwave 

structures at sufficiently low pressures when the electron 

mean free path becomes longer than the electrodes’ separation 

distance [5]. The multipactor mechanism sustains itself by the 

secondary electron emission resulting from electrons’ impact 

on the RF device’s surfaces with sufficient kinetic energy to 

release, on average, more secondary electrons than the number 

of impinging electrons—so that more electrons are generated 

than removed. The secondary electron emission could come 

either from a metallic or dielectric surface. Two conditions, 

found in [5, 8–11], must be simultaneously fulfilled to trigger 

the multipactor. 

For nuclear fusion devices, multipactor affects or limits the 

heating antennas’ performance, reduces the reliability of the 

RF heating and current-drive systems, and limits the max- 

imum power coupled to the plasma [12, 13]. Furthermore, the 

multipactor can induce a gas breakdown at lower gas pres- 

sures than expected by a regular RF Paschen breakdown, espe- 

cially in the case of high DC magnetic fields [6, 7]. In addi- 

tion, multipactor electrons’ clouds can induce reflected power 

(detuning) to the antennas and eventually damage the high- 

power sources. If not stopped, the temperature rise, and the 

subsequent increase of pressure due to particles’ desorption, 

caused by multipactor, can lead to RF components’ damage, 

such as the vacuum feed-through ceramics by excess heat 

stress or its metallization by arc-induced sputtering [14] up to 

causing a puncture or a fracture that can lead to a vacuum break 

event. Subsequently, a sustained multipactor event can trig- 

ger a corona discharge leading to components’ partial or total 

destruction [15, 16]. Indeed, some damaging gas discharges 

are initiated by the increased outgassing triggered by the mul- 

tipactor and the local pressure rise [17]. 

 

 

3. Multipactor in WEST ICRH antennas 

 
3.1. WEST ICRH antennas’ description 

The WEST ICRH system is made of three identical anten- 

nas. Each antenna, represented in figure 3, is fed by two 

 

 
 

Figure 3. An illustration of the different components of one ICRH 
antenna used on the tokamak WEST. Each side has its own 
high-power generator. 

 

 

generators—one generator per antenna side. On plasma oper- 

ation, the power delivered by each generator ranges from 

100 kW up to 1.5 MW. The electromagnetic power is transpor- 

ted by feeding 30 Ω coaxial transmission lines. From the gen- 

erators’ side, following the nitrogen-pressurized transmission 

lines is the sealing RF feed-through barrier—coaxial feed- 

through made of a cylindrical ceramic piece—ensuring the 

tightness between the nitrogen-pressurized transmission lines 

and the under-vacuum components. 

Under vacuum conditions, following the RF feed-through 

is the matching system composed of a two-stage matching net- 

work. The first stage is a passive two-stage quarter-wavelength 

impedance transformer [4, 18]. The second stage is a tuneable 

internal conjugate-T [19], composed of tuneable capacitors 

connected in parallel via a T-junction (referred to as ‘bridge’). 

The impedance transformer is designed to match the imped- 

ance of the RF feed-through window to the input port’s imped- 

ance of the T-junction on a broad range of frequencies. It 

is made of two quarter-wave stages, where the first stage is 

connected to the RF feed-through and is of 17.4 Ω charac- 

teristic impedance, and the second stage of 5.5 Ω character- 

istic impedance and is connected to the T-junction’s input 

port. 

The rears of the two impedance transformers of each ICRH 

antenna are connected to one vacuum auxiliary pumping sys- 

tem, which aims to improve the vacuum conditions inside the 

antenna. Each impedance transformer of one antenna side is 

equipped with a pressure gauge (so two pressure gauges per 

ICRH antenna) for pressure monitoring during operation. The 

auxiliary pumping system location is shown in figure 3. 

The second stage of the matching system consists of a 

T-junction with the input port connected to the impedance 

transformer and the two output ports, each connected to a 

matching—tuneable — capacitor. 

Each WEST ICRH antenna’s front face—connecting the 

antenna sides—is a phased array of loop radiators, denoted 

straps. Therefore, each WEST ICRH antenna is a four-straps 

antenna (2 poloidal 2 toroidal), composed of two toroidal 

sides that we will refer to as left and right sides (as seen 
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Figure 4. Circuit model of the three WEST ICRH antennas facing a 
plasma, where both sides of each antenna are modelled. The WEST 

representative plasma scenario is represented by a (12 × 12) 
S-matrix to take into account the RF coupling between the ICRH 
antennas. Each simplified circuital schematic represents one WEST 
ICRH antenna and is constituted of two sides. Each side is 
constituted of a radio-frequency generator, feeding transmission 
lines, RF feed-through, matching system—T-junction, impedance 
transformer, and two capacitors. The two sides are connected to the 
antenna front face composed of four straps. 

 

 

from the exterior of the torus), each fed by a high power 

source, and constituted of one RF feed-through, one imped- 

ance transformer, one T-junction, and two parallel tuneable 

capacitors. 

The circuital representation of each WEST ICRH antenna 

is given in figure 4. 

 
3.2. Methodology description 

We want to investigate if the multipactor is responsible for 

the pressure rise measured in the non-powered ICRH antennas 

when only one antenna is powered. The latter is achieved by 

determining the generator’s forward power range, triggering 

the multipactor within the off-mode antennas during plasma 

operations. In such scenarios, the antennas facing plasma have 

a high coupling which depends on the plasma properties, 

where an important fraction (up to 1.5 MW [2]) of the gen- 

erators’ power is coupled to the plasma but also to the other 

antennas. 

During the WEST ICRH antennas’ operation, the operator 

has to make the following decisions: 

 

choosing the number of active antennas and its (their) for- 

ward power(s); 

choosing the frequency at which the two generators feed an 

antenna; 

tuning the capacitors of the antenna(s) at its (their) fre- 

quency(ies) of interest. Two main situations are found: (i) 

the capacitors are tuned to match the frequency of the gener- 

ators and are called tuned capacitors. (ii) The capacitance of 

each capacitor is set to 120 pF—highest capacitance value, 

and are called detuned capacitors, as the antenna is no more 

resonant. 

 

During plasma operations, when an antenna is powered, both 

sides are equally powered, generally in dipole configuration— 

with a 180◦ phase difference between both sides—and the four 

capacitors of the antenna are tuned to make it resonant at the 

frequency of interest. 

Therefore, our goal is twofold: (i) determine the gener- 

ators’ forward powers and capacitor states that can trigger 

multipactor inside the different sides and components of the 

antennas at the frequency of interest, and (ii) suggest—if there 

are any—the best strategies to reduce or avoid multipactor in 

plasma operational scenarios. To achieve our goals, we have 

developed a methodology detailed in [11], which was applied 

to study the multipactor occurrence during the RF condition- 

ing phase—under vacuum (no plasma)—of each WEST ICRH 

antenna. 

We summarize herein the methodology’s main steps [11]: 

 

(a) Determine the multipactor electric field thresholds for 

the various components constituting the WEST ICRH 

antennas while accounting for the standing wave patterns: 

T-junction and the impedance transformer while taking 

two ICRH extreme relevant electron emission properties 

of the components’ stainless steel silver-coated material: 

non-conditioned Total Electron Emission Yield (TEEY) 

mimicking the material properties before the RF condi- 

tioning phase—worst case scenario, and fully-conditioned 

TEEY to mimic the material properties at the end of the 

RF conditioning phase—best case scenario. The TEEY of 

both cases are illustrated in figure 5. These two structures 

were analyzed in detail in [11]. 

Furthermore, to complete the multipactor analysis, 

using Ansys-HFSS4, we have simulated the multipactor 

electric field thresholds for RF feed-through, which is a 

multi-material structure, illustrated in figure 6. Following 

the procedure analysis of [11], the RF feed-through 

is split into two regions: a conical silver-coated trans- 

mission line region (Pre-Window) and a multi-material 

region composed of a silver-coated conductor and the 
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Figure 5. TEEY measurements for a WEST ICRH representative 
silver-coated sample baked for three days and maintained at 
70 ◦C [10, 11]. In red, the TEEY data are measured before any 
conditioning treatment; and in black, the TEEY data are measured 
after a full conditioning treatment of the surface (with a cumulative 

electron dose of 2338 µCmm−2). 

 

 

alumina ceramic (Window). The analysis has shown that 

the Pre-Window region is not prone to multipactor for 

the non-conditioned and the fully-conditioned TEEY 

data curves of a silver-coated stainless steel repres- 

entative sample of the ICRH antenna (red and black 

curves of figure 5). Whereas, the Window region is 

prone to multipactor when the non-conditioned TEEY 

curve of silver (red curve of figure 5) and the as- 

received TEEY data curve of alumina (blue curve of 

figure 7) are assigned. Nevertheless, the fully-conditioned 

TEEY curve of silver (black plot of figure 5) and the 

conditioned TEEY data curve of alumina (orange plot 

of figure 7) show no multipactor occurrence in the 

structure. 

It should be noted that the multipactor thresholds are 

determined without accounting for the toroidal DC mag- 

netic field of the WEST torus. 

(b) Solving for the electric field in the antenna sections, using 

a full-wave and a circuit solver (ANSYS Electronics) to 

determine the excited electric fields. 

(c) Comparing the multipactor electric fields thresholds to 

excited electric fields, to determine the forward gener- 

ators’ powers—lower and upper thresholds—triggering 

multipactor inside the various components of the 

antennas. 

 

 
3.3. Plasma’s test-cases 

While ICRH operators define the generator frequencies and 

the four matching capacitance values for all three ICRH anten- 

nas, the WEST plasma control system sets the RF power of the 

generators, feeding both sides. We will study the following two 

operational cases: 

Figure 6. Left—the design of the RF feed-through, where in red the 
alumina ceramic is represented, in grey the inner conductor, and in 
black the outer conductor. Right—the cut view representation of 
each of the RF feed-through multipactor regions. The RF 
feed-through is divided into two different multipactor regions: 
(1) — Pre-Window of silver-coated stainless steel material, 
(2) — Window of multi-material structure (alumina and 
silver-coated stainless steel). 

 

 
Figure 7. In blue, the TEEY data for an as-received alumina sample 
(measured at ONERA/DPHY). In orange, the TEEY data for a 
conditioned alumina sample. The conditioned TEEY data are 
extracted from [20]. 

 

Case 1: One ICRH antenna is on—the generators of both 

sides are powered—and the four capacitors are tuned 

at 55 MHz. The antenna is operated in dipole—with 

a 180◦ phase difference between both sides. The 

remaining two antennas are off, and their capacitors 

are tuned at 55 MHz. 

Case 2: One ICRH antenna is on—the generators of both 

sides are powered—and the four capacitors are tuned 

at 55 MHz. The antenna is operated in dipole—with 

a 180◦ phase difference between both sides. The 

remaining two antennas are off, and their capacitors 

are detuned. 

 

The circuit model of three ICRH antennas during plasma 

scenarios is represented in figure 4, where each antenna side’s 
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components are modeled. In particular, all the components 

(RF feed-through, T-junction, and impedance transformer) 

of the left and right sides of each antenna are taken into 

consideration using their full-wave models in ANSYS Circuit, 

except for the capacitors that are modeled using an equivalent 

lumped circuit determined from a fitting of a full-wave model 

[21]. Moreover, an S-matrix representative of a WEST plasma 

scenario is obtained by a full wave model of the WEST torus 

with the three ICRH front faces. Therefore, this matrix has a 

(12 12) dimension as each antenna front face is a four ports 

passive component. 

Solving self-consistently the simulation leads to the excited 

electric fields’s determination in all the components of the 

three WEST ICRH antennas, which is then used to deduce the 

multipactor occurrence in each region of interest of each struc- 

ture of the three antennas [11]. 

 

4. Results—multipactor-triggering generators’ 

forward powers 

In this section, we determine for each component of each 

antenna side the lower and upper one side generator forward 

powers triggering the multipactor at the frequency of 55 MHz. 

 
4.1. Results-case 1 

In this first case, both generators of the antenna Q1 are powered 

with the same forward power, and the four capacitors are tuned 

for the antenna to resonate at 55 MHz. Q2 and Q4 are non- 

powered with their capacitors tuned at 55 MHz. 

First, we have considered the non-conditioned TEEY data 

curve (red curve of figure 5) for the silver-coated com- 

ponents and the as-received TEEY data curve for the alu- 

mina ceramic (blue curve of figure 7). The results are illus- 

trated in figure 8 where we have represented the range of 

the forward generator’s power—the forward power range 

corresponding to the generator of one side of the powered 

antenna—triggering the multipactor in each antenna com- 

ponent: T-junction, impedance transformer and the RF feed- 

through. The blue (respectively black) vertical lines corres- 

pond to the forward powers triggering multipactor within 

the RF components of the left (respectively right) side 

of each antenna. The grey hatched region corresponds 

to the operational nominal power range of one powered 

generator [100 kW–1.5 MW]. 

It could be remarked that within the operational range of 

one generator of the WEST ICRH antennas, the multipactor is 

triggered in all the components of the non-powered antennas 

(Q2 and Q4) except for the T-junction and RF feed-through of 

the left side of the Q2 antenna as the electric field observed in 

their multipactor regions, within the [100 kW–1.5 MW] power 

range, is not enough for the multipactor to be triggered in these 

components. The latter could be attributed to the anisotropic 

characteristics of the non-symmetrical S-matrix of the simu- 

lated plasma. 

 

 
 

Figure 8. The forward powers of one generator triggering the 
multipactor in the T-junction, impedance transformer and RF 
feed-through of each antenna Q1, Q2, and Q4. The blue (respectively 
black) vertical lines correspond to the forward powers triggering 
multipactor in the components of the left (respectively right) side of 
each antenna. The grey hatched region corresponds to the nominal 
operational power range of one powered generator. Q1 is powered 
(tuned capacitors), while Q2, and Q4 are non-powered and their 
capacitors are tuned at 55 MHz. The non-conditioned TEEY data 
are used. 

 

 

As an illustrative example, figure 9 represents the electric 

field cartography in the WEST ICRH antennas for a forward 

power of 1 MW for both generators of the antenna Q1. In 

this figure, the red arrows refer to the components where the 

multipactor is triggered. 

Second, we have considered the fully-conditioned TEEY 

data curve (black curve of figure 5) for the silver-coated com- 

ponents and the conditioned TEEY data curve for the alumina 

ceramic (orange curve of figure 7). The results are illustrated in 

figure 10. There is no forward power range for which the mul- 

tipactor is triggered in the RF feed-through component since 

there is no multipactor in this component for the conditioned 

TEEY data. 

Figure 10 shows that the conditioning reduces the mul- 

tipactor range in the various components of the WEST ICRH 

antennas and that within the [100 kW–1.5 MW] forward power 

range, there is almost no multipactor-trigger in the non- 

powered antennas when compared to the results of figure 8 

except for the impedance transformer of Q4 when the forward 

power is approximately equal to 1.5 MW. 

 

 
4.2. Results—case 2 

In this second case, both generators of the antenna Q1 are 

powered with the same forward power, and the four capacit- 

ors are tuned for the antenna to resonate at 55 MHz. Q2 and 

Q4 are non-powered with their capacitors detuned. The res- 

ults corresponding to the non-conditioned TEEY data curves 

are represented in figure 11. The latter shows that, due to the 
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Figure 9. The electric field cartography in the various components of the three WEST ICRH antennas. Only Q1 is powered with a forward 
power of 1 MW per antenna side. The components where the multipactor is triggered are indicated with red arrows. 

 

 

Figure 10. Same caption as figure 8. Q1 is powered (tuned 
capacitors), while Q2, and Q4 are non-powered and their capacitors 
are tuned at 55 MHz. The fully-conditioned TEEY data are used. 

 

 

capacitors detuning, there is almost no multipactor trigger in 

the non-powered antennas when compared to the results of 

figure 8 except for the impedance transformer of the Q4’s 

Figure 11. Same caption as figure 8. Q1 is powered (tuned 
capacitors), while Q2, and Q4 are non-powered and their capacitors 
are detuned at 55 MHz. The non-conditioned TEEY data are used. 

 

 

left side when the forward power is approximately equal to 

1.5 MW. The multipactor is not triggered according to the con- 

ditioned TEEY data used. 
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5. Pressure rise formulation 
 

In this section, we estimate the pressure rise caused by the 

multipactor avalanche whenever it takes place in the ICRH 

antennas’ system of WEST. The estimated pressure rise will 

be compared to the one observed during the experiments on 

the tokamak WEST. 

 
5.1. Problem formulation 

We assume that the steady state is reached when a pressure 

rise is observed on an ICRH antenna since the time needed 

for the pressure to rise on the system is much greater than the 

rebounding time of the desorbed particles. Indeed, in such a 

case, it is possible to establish a balance equation between the 

rate of desorption and that of pumping. 

Consequently, the molecular desorption balance equation is 

given by 

 

+ R − ϕ · Sp = 0 (1) 

The mean speed of gas molecules v ms−1 is calculated 

by the Maxwell-Boltzmann distribution and is given by 

⟨v⟩ = 

√ 
8kBT 

(4) 

 

where, m is the mass of the desorbed molecules in [kg]. 

 
5.1.2. Surfaces’ molecular desorbed rate R. We rely on 

the X-ray photoelectron spectroscopy (XPS) [22, 23] data 

analysis, obtained for a WEST ICRH antenna representative 

material sample of silver-coated stainless steel, to monitor the 

chemical surface modifications [10], and relate it to the mul- 

tipactor simulation results to estimate the molecular desorbed 

rate R. 

The evaluation of R results from six steps summarized in 

the following: 

1) Exploitation of the XPS data obtained after each in-situ 

conditioning phase to calculate the percentage of desorbed 

carbon atoms per electron dose. The evaluated quantity is 

    

where 

 
R is the surfaces’ molecular desorbed rate (caused by mul- 

tipactor) expressed in [(#molecules) /s]. 

ϕ is the pump-impinging molecular flux defined as the num- 

ber of molecules crossing a unit surface during a unit of time, 

2) Evaluation of the electron dose caused by the multipactor 

discharge. The latter is denoted d and is expressed in 

Cm−2 . The multipactor electron dose quantity is eval- 

uated from the Spark-3D statistical data [11], giving the 

average multipactor electrons’ impact density i expressed 

in em−2 . d is related to i through the elementary elec- 

tron’s charge |q|, where d = i × |q|. 

Sp is the pumping effective surface m2 , depending on the 

pump system design. 

 

R and ϕ are to be evaluated. 

 

5.1.1. Pump-impinging molecular flux evaluation ϕ. 

Knowing that the molecular distribution is spatially uniform 

and non-uniform in the velocity space, the molecular flux can 

be expressed as 

 
1 

ϕ = 
4 

n⟨v⟩ (2) 

 

where, n is the molecular volume density expressed in 

(#molecules) /m3 and ⟨v⟩ is the gas molecules’ mean speed 

 

We assume that we are dealing with an ideal gas to evaluate 

the molecular volume density n given therefore by 

 

n = 
N 

= 
p 

. (3) 
V kBT 

 

where N is the total number of molecules [(#molecules)], V 

is the gas volume m3 , p is the gas pressure in [Pa], kB is the 

 

caused by multipactor, obtained by multiplying the per- 

centage of desorbed carbon atoms per electron dose mC by 

the electron dose caused by the multipactor d. The quantity 

is denoted pC = mC  d and is expressed in [%Carbon]. 

4) Calculation of the number of carbon #CarbonSMP present 

on the surface contributing to the multipactor avalanche. 

The surface contributing to the multipactor is evaluated 

from Spark-3D, and is denoted as SMP m2 . 

5) Calculation of the number of desorbed carbon due to 

multipactor: 

#desorbed(Carbon)SMP 
= #CarbonSMP × pC. 

6) Evaluation of the molecular desorbed rate: 

R = 
#desorbed(Carbon)SMP

 

t 

where t is the time needed for the desorption to take place 

that we will consider equal to the multipactor simulation 

time—the time for the multipactor discharge to be sus- 

tained. 

Now that the pump-impinging molecular flux ϕ and the 

molecular desorbed rate R are evaluated, we get back to the 

balance equation (equation (1)) and express the pressure rise 

(in [Pa]) caused by multipactor by the following: 
 √  

Boltzmann constant expressed in JK−1 , and T is the gas tem- 

perature in [K]. 
p = 

R
 

2πmkBT 

Sp 

. (5) 

denoted mC and is expressed in %Carbon/ Cm−2 . 

3) Evaluation of the desorbed carbon atoms’ percentage 

• 

• 

and expressed in (#molecules) / m2 s . 
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× 
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× 
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MP × 

MP 
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Figure 12. The percentage of desorbed carbon per cumulative 
electron dose received by the WEST ICRH representative sample. 

 

 
5.2. Multipactor pressure rise estimation—numerical 

application 

The WEST ICRH representative sample was subjected to the 

WEST operational conditions, where first, it was baked for 

three days at 200 ◦C to mimic the baking phase of the toka- 

mak WEST. Then, it was conditioned by electron bombard- 

ment to eliminate the surface’s impurities by desorbing the 

hydroxides, hydrocarbons, and contaminants from the sample 

surface while being maintained at a temperature of 70 ◦C— 

operational temperature of the antennas. The latter mimics the 

RF conditioning phase of the ICRH antennas before being 

used on plasma. 

The XPS spectra, acquired at the different condi- 

tioning phases, showed the desorption—decrease in the 

concentration—of contaminants such as carbon and oxygen. 

We will be mainly interested in analyzing carbon desorption 

since it is the main desorbed species detected by XPS dur- 

ing electron bombardment. More details about the surface 

monitoring and the electron dose effect on the WEST ICRH 

representative sample are given in [10]. 

In particular, the percentage of desorbed carbon elements 

versus the cumulative electron dose received by the sample is 

given in figure 12, showing an increase in the carbon desorp- 

tion with the electron dose. 

As the volatile molecules are the most desorbed molecules 

during electron beam bombardment, we consider only the 

methane-based-desorbed molecules. 

The estimation of mC — the percentage of desorbed carbon 

atoms per electron dose—is done by linearly interpolating the 

first two percentages of desorbed carbon. We have chosen to 

linearly interpolating the first two data points as the electron 

dose estimated by the multipactor simulations lies within this 

range of values. Therefore 

The evaluation of the multipactor electrons’ impact dens- 

ity (denoted i) relies on Spark-3D statistical simulations’ out- 

puts. In particular, we define the average electrons’ impact 

density as the relevant quantity for the pressure rise evalu- 

ation. i should be estimated after the saturation of the mul- 

tipactor phenomenon, i.e. the development of the electron 

cloud caused by the multipactor in the antennas’ components. 

The latter is a limitation in Spark-3D5 since it does not account 

for any saturation mechanisms such as, for example, space 

charge effects. Nevertheless, if the simulation is forced for 

a long time, it could reach that time with a numerical plat- 

eau region in the number of electrons. Or even stops before, 

once the number of electrons reaches a maximum threshold— 

simulator internal parameter as the simulations are resource 

demanding. 

For example, simulating the T-junction of the WEST ICRH 

antenna at 55 MHz for 10 000 ns, with the non-conditioned 

TEEY data curve leads to a numerical saturation in the num- 

ber of electrons—a plateau region is observed. The average 

multipactor electrons’ impact density evaluated in this case is 

i = 1.284  1014 em−2. Consequently, the multipactor dose is 

d = 2.05 10−5 Cm−2, and the desorbed carbon atoms’ per- 

centage is: pC = 0.5412  10−5%. 

As we consider methane molecules, we can assume that 

one carbon atom exists per 10−20 m2. The number of car- 

bon can be expressed as: #CarbonS = SMP  1020, with 

SMP corresponding to the T-junction component. Therefore, 

the number of desorbed carbon by the multipactor effect 

is #desorbed(Carbon)S  = 0.46  1013. And the surfaces’ 

molecular desorbed rate is R = 4.6  1017 [(#molecules) /s]. 
The pressure rise caused by the multipactor avalanche 

triggered in the T-junction of a WEST ICRH antenna is eval- 

uated using equation (5), where the temperature is taken 

equal to the operational antenna temperature (70 ◦C) and 

m the methane molecule’s mass. Accounting for meth- 

ane fragments and methane molecules with oxygen ele- 

ments, the methane mass is bounded by 1.67  10−26 kg ⩽ 

m ⩽ 8.34  10−26 kg. Therefore, the pressure rise caused 

by the multipactor triggered in the T-junction geometry 

for the pumping effective surface of the WEST ICRH 

antennas is: 

1.35 mPa ⩽ p ⩽ 3 mPa. 

As the Spark-3D does not account for the space charge 

effects, we have conducted a simulation for a section of the 

impedance transformer—Transition 2 defined in [11] — of 

the WEST ICRH antenna using a multipactor tool called 

SPIS that accounts for the space charge effects [24]. The 

simulation is performed at the frequency of 55 MHz for the 

non-conditioned TEEY data curve of the ICRH representative 

sample. It was found that the average current density of this 

geometry at the saturation level is 9 A m−2. Consequently, the 

evaluated molecular desorbed rate for the region in question 

 

mC = 
∆%C 

∆dose 
= 0.264. (6) 

 

 
5 Version 1.6.3. 
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× 

~ 

 

is R = 7.6 1017 [(#molecules) /s], and the pressure rise 

caused by the multipactor triggered in the impedance trans- 

former is: 

radial direction inside the ICRH antenna, will be the purpose 

of future work. 

 

 

 
5.3. Discussion 

2.2 mPa ⩽ p ⩽ 5 mPa. ORCID iDs 
 

Eva Al Hajj Sleiman  https://orcid.org/0000-0003-2095- 

6870 

At this step, we can compare the experimental pressure rise 

level to that caused by the multipactor phenomenon, as eval- 

uated in section 5.2 by the developed steady-state formula- 

tion. Although the Spark-3D software does not model any 

saturation mechanism, there is a good agreement between 

the estimated pressure rise obtained via the multipactor sim- 

ulations ( 10−3 Pa) and the experimentally measured pres- 

sure rise (10−3 Pa–10−2 Pa). This agreement is also evidenced 

when SPIS, a multipactor tool accounting for the space charge 

effects, is used. Therefore, the pressure rise observed on the 

ICRH antennas when only one antenna is active can be attrib- 

uted to the multipactor phenomenon, as the pressure level 

caused solely by the multipactor phenomenon is within one 

order of magnitude of the experimentally measured pressure 

rise. 

 

6. Conclusion 
 

In this paper, we have investigated the problem causing the 

increase in the internal pressure level of the ICRH system of 

the tokamak WEST when only one antenna is powered. The 

findings indicate that when only one antenna of the WEST 

ICRH system is powered, while the remaining two are off, 

the multipactor is triggered in the various components—T- 

junction, impedance transformer, and RF feed-through—of 

the non-powered antennas due to the inter-antennas coupling. 

The latter indicates that the cause of the pressure rise can be 

explained by the multipactor when the non-conditioned WEST 

ICRH representative TEEY is used. Furthermore, the results 

show that the multipactor range is reduced when the fully- 

conditioned TEEY is used, and the capacitors of the off-mode 

antennas are detuned. Hence, detuning the capacitors of the 

non-powered antennas should be favorable when operating 

the antenna system. The latter finding agrees with the results 

obtained when we analyzed the multipactor occurrence during 

the RF conditioning phase of the WEST ICRH antennas [11]. 

From the other side, we have formulated the pressure rise prob- 

lem and have found that the estimated pressure increase caused 

by the multipactor phenomenon is comparable to that experi- 

mentally measured. Consequently, the multipactor induced by 

the antennas’ cross-talk is the most probable cause for the pres- 

sure rise observed internally in the non-powered antennas of 

the WEST ICRH system. 

The main limitation of the present work is that we have not 

accounted for the toroidal magnetic field when estimating the 

lowest and highest multipactor electric field thresholds of each 

component of the WEST ICRH antenna, specifically that it is 

known that the DC magnetic field is responsible for altering 

the electrons’ trajectories within the structures. Accounting 

for the effects of the DC field, which is inhomogeneous in the 

Julien Hillairet  https://orcid.org/0000-0002-1073-6383 

Mohamed Belhaj  https://orcid.org/0000-0001-6941-9932 

Vincent Maquet  https://orcid.org/0000-0001-5539-3903 
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