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AbstrAct.

ITER as a superconducting fusion machine needs efficient wall conditioning techniques for 
application in the presence of a permanent high magnetic field mainly for (i) reducing the in-
vessel impurity content, (ii) surface hydrogen isotope exchange and (iii) controlling the in-vessel 
long term tritium retention. Encouraging results recently obtained with Ion Cyclotron Wall 
Conditioning (ICWC) in the present-day tokamaks and stellarators have raised ICWC to the status 
of one of the most promising techniques available to ITER for routine inter-pulse and overnight 
conditioning with the ITER main ICRF heating system in the presence of the permanent high 
toroidal magnetic field. This paper is dedicated to a milestone experiment in ICWC research: the 
first simulation of ICWC operation in an equivalent ITER full-field scenario and the assessment of 
the wall conditioning effect on the carbon wall in the largest present-day tokamak JET. We address 
in this paper the following main topics: (i) an analysis of the RF physics of ICWC discharges, (ii) 
the optimization of the operation of ICRF antennas for plasma startup and (iii) an outlook for the 
performance of ICWC in ITER using the ICRF heating system. Important operational aspects of 
the conventional ICRF heating system in JET (the so-called A2 antenna system) for use in the 
ICWC mode are highlighted: (i) the ability of the antenna to ignite the cleaning discharge safely 
and reliably in different gases, (ii) the capacity of the antennas to couple a large fraction of the RF 
generator power (>50%) to low density (~1010−1012 cm-3) plasmas and (iii) the ICRF absorption 
schemes aimed at improved RF plasma homogeneity and enhanced conditioning effect. Successful 
optimization of the JET ICWC discharge parameters (BT

 = 3.3 T, f = 25MHz) resulted in a reliable 
operation of the JET A2 antennas and a high conditioning efficiency in a scenario imitating closely 
ITER full field operation (BT

 = 5.3T, f = 40MHz) with the fundamental Ion Cyclotron Resonance 
for deuterium (w =wcD+) located on-axis. Numerical modeling with the 3-D electromagnetic code 
Micro Wave Studio, a 1-D RF full wave code and a 0-D plasma code allows extrapolating the 
results obtained on JET and other present-day tokamaks to ITER and provides good prospects for 
the use of the ITER ICRF antennas for ICWC purposes.

1. IntroductIon

In ITER and other superconducting fusion devices, the presence of the permanent, high toroidal 
magnetic field will prevent using Glow Discharge Conditioning (GDC) between pulses [1-3]. An 
alternative is the Ion Cyclotron Wall Conditioning (ICWC) technique, based on Radio-Frequency 
(RF) discharge ignition and sustainment with conventional ICRF heating or ICWC dedicated antennas 
in the presence of BT. This was recently demonstrated in present-day tokamaks [4-8] and stellarators 
[9-12] and summarized in Refs. [13,14]. The encouraging results obtained have promoted ICWC 
to the status of one of the most promising techniques available to ITER for routine inter-pulse and 
overnight conditioning of the first wall, in particular for recovery after disruptions, hydrogen isotope 
ratio control and fuel removal. The ability to operate in the ICWC mode has been confirmed as a 
functional requirement of the ITER main ICRF heating and current drive system [3,15]. 
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This paper focuses mainly on a study of the RF physics aspects of ICWC discharges and the 
further development of a model consistently describing the process of ICRF plasma production. 
This study is aimed on the elaboration of safe and efficient operation of standard ICRF heating 
antennas in the ICWC mode: (i) the ability to safely and reliably ignite RF cleaning discharges 
in different gases, (ii) the possibility to couple a large fraction of the RF generator power (>50%) 
to low density (~ 1010−1012 cm-3) plasmas and (iii) the development of RF power absorption 
schemes aimed at improved RF plasma homogeneity and enhanced conditioning effect. All these 
factors were identified as crucial to achieve the main ICWC target – to be an efficient conditioning 
technique for fusion reactors with superconducting coils. Upgrading of the earlier developed gas 
breakdown model [16-19] gave an impact on the selection of the principal antenna parameters 
(frequency, RF voltage / RF power, antenna phasing) and gas pressure range needed for safe 
operation of the ICRF system. Optimization of the antenna phasing and absorbed RF power by 
electrons in the regime of plasma waves excitation/absorption in plasmas containing multi-ion 
species resulted in a successful performance of the JET ICWC experiments with two standard A2 
antennas (BT

 = 3.3 T, f = 25 MHz) in a scenario simulating ITER full field (BT
 = 5.3T, f = 40MHz) 

conditions: on-axis location of the fundamental Ion-Cyclotron Resonance (ICR) for deuterium,
ω =ωcD+. The experiments were done with the carbon wall in JET.
 Finally, we assess the feasibility of ITER ICRF system operation in the ICWC mode with numerical 
modeling (3-D MWS electromagnetic code [20], 1-D RF full wave code [21] and 0-D plasma code 
[22]) and empirical extrapolation from the results obtained on the largest present-day tokamaks.

2. bAsIc prIncIples of plAsmA productIon wIth stAndArd poloIdAl 

Icrf AntennA: present stAtus

The initiation of ICRF discharges in a gas-filled toroidal vessel in the presence of a static toroidal 
magnetic field BT results from the absorption of RF energy mainly by the electrons [17,23]. The 
parallel electric RF field E|| (parallel to the BT-field lines) is thought to be responsible for this process 
[16]. The neutral gas breakdown initiates from the acceleration in the E||-field of a few initial free 
electrons with rather low energy up to the ionization energy and subsequent electron-impact avalanche 
ionization. Usually, such initial electrons are present in the vacuum vessel as a background due to 
sporadic ionization events in the injected gas by cosmic and/or terrestrial radiation. 
 In this section we discuss basic aspects of (i) the E||-field generation in vacuum by conventional 
ICRF heating antennas, (ii) the gas breakdown and initial ionization and (iii) the RF plasma build-
up and sustain the conditioning discharge in the regime of plasma wave excitation and absorption. 
For further analysis, we assume that the toroidal BT-field is along the z-axis. We note also that 
throughout the text, Gaussian-cgs units will be employed.

2.1. Generation of antenna-near e||-field in vacuum 
Electromagnetic wave propagation in vacuum satisfies the well-known dispersion relatio
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       к 2 =    ,     (1)    

where к is the wave vector, ω = 2�f with f the generator frequency and c is the speed of light in 
vacuum. In a uniform medium of infinite extent, all wave numbers are allowed and the spectrum 
ω(к) is continuous. However, it is a common characteristic of bounded media (waveguides), that 
the spectrum of eigenmodes and eigenvalues is discrete [24]. As a result, even a carefully designed 
antenna array will excite a band of discrete modes. Therefore, the dispersion relation (1) in a torus 
with cylindrical cross section may be written in the following form [25]:

      к 2r
 = ω2 / с2 - к 2z

   - к 2θ ·       (2)

Here кr , кθ , кz
   are the wave vector components with к2

z 
   =      

 
, к 2θ =       ; R0 and r0 are the major 

and minor radii of the torus, respectively, and n and m the toroidal and poloidal mode numbers 
determined by the antenna кZ and кθ spectra in vacuum. Depending on the dimensions of the 
vacuum vessel relative to the wavelength, the electromagnetic waves can either propagate or 
be evanescent. For most of the antenna toroidal/poloidal к-spectrum in the typical ICRF band 
(~20-60MHz), the electromagnetic waves (Electric (E) cylindrical modes) cannot propagate in 
the vacuum torus of the present-day small-size fusion machines (r0 ≈

 50-136cm, R0 ≈
 165-296cm):

кr
2
 = ω2/c2-кz

2
 -

 кθ
2 < 0. Even the RF waves with the longest toroidal wavelength (кz =

 1/R0) or with 
infinite wavelength (кz =

 0), which satisfy the propagation condition кr
2

 >
 0, only oscillate in front 

of the antenna (кr r0 < �) but cannot propagate along the torus. The perpendicular wavelength of 
such waves is still larger than the cross-section of present-day tori. Hence, the free electrons may 
initially be accelerated up to the ionization energy in the locally generated antenna-near electric 
RF field E|| ≡

 Ez. 
 It should note that in future large-size fusion machines like ITER, the electromagnetic waves 
can already propagate in vacuum torus in the mentioned ICRF band. Details of the latter regime 
will be analyzed in Section 4 of the present manuscript.
In the general case of an ICRF antenna with poloidal straps and a tilted Faraday Screen (FS) like 
in the case of the JET A2 antennas [26], the RF E-field in vacuum can be induced electrostatically 
and inductively [18]. 
The electrostatic Ez -component results from the RF potential difference between the central 
conductor and the side parts of the antenna box (antenna protection side RF limiters) revealing 
exponential decay in radial (r ≡

 x) direction: 

Ezelst (r) ≈ (VRF / d)exp(-кz1∆r).                                           (3)

Here VRF is the maximum RF voltage on the central strap, d is the toroidal gap between the current 

ω
с

2 
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strap and the antenna box (Fig.1),кz1 = p/d is the inverse decay-length of the antenna-near field.
 The inductive electric RF-field results from the RF voltage induced between FS bars by the 
time-varying magnetic flux generated by RF current in the antenna straps. This electric RF field 
may have a parallel component due to (i) a tilting position of the FS rods relatively to the BT-
direction (angle β) and (ii) a small magnetic deviation of the antenna straps from the perpendicular 
direction to the BT-field line caused by the vertical component of the toroidal magnetic field ripples 
in the antenna vicinity (angle γ) or by the additionally imposed vertical magnetic field BV ≡ By

 << 
BT (angle q). The total inductive Ez-component of the antenna fringe field depends on these angles 
β, γ, θ, their mutual orientation and also decays in radial direction:
 

Ezelm (r) ≈ [(VRF /N)ly]sin(β ± γ ± θ)exp(-кz2∆r),                                   (4)

where N is the number of FS gaps, ly  is the poloidal width of FS gaps, lz is the FS toroidal length-
per-strap, кz2

 = �/lz. 
 Such a simplified analytical description of the antenna-near Ez-field in vacuum was found in a 
good agreement with numerical simulations for real antenna configurations with the commercial 
3-D electromagnetic code Micro Wave Studio (MWS) [20].
 Details of the Ez-field structure typical for ITER multi-strap ICRF antenna with non-tilted FS 
are shown in Figs.2,3. Important points to note are: 

- The Ez-field is maximum in the gaps between the antenna straps and side walls (septa) closer 
to the strap edge highlighting the electrostatic nature of the field (Fig.2a).

- The amplitude of the Ez-field decreases in the poloidal direction from a maximum value at 
the feeding point to zero at the grounding point (Fig.2a). The impact of such variation of the 
antenna-near Ez-field on gas breakdown will be discussed in Section 3.1. 

- The field penetrates outside the antenna box through the gaps between the FS rods and shows 
a discrete character in the poloidal direction (Fig.2b). 

- The amplitude of the parallel electric RF field decays exponentially in radial direction,           
Ez (r) = E0 exp(-кzDr), with the inverse decay-length of the antenna-near field кz determined 
by the antenna toroidal size and the current phasing between the antenna straps (Figs.2,3). 

- In monopole phasing (Fig. 3a), the characteristic parallel length of the variation of the Ez-
field outside of the antenna box in toroidal direction Lz1

 = 2Ez / (dEz /dz) lzis much larger than 
the width of a single strap lz, Lz1 >> lz. It is comparable in dipole phasing Lz2 ≥ lz (Fig.3b).

2.2 Initial gas breakdown
The analytical/numerical analysis of the E|| ≡ Ez-field generated by standard ICRF antenna with 
poloidal straps was used as a basis for the development of a model for the RF plasma production 
in toroidal magnetic fusion devices.
We will start a study of the neutral gas electrical breakdown in presence of the antenna-near RF 
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field from the formulation of equation of motion of free electron in an inhomogeneous RF electric 
field and consider only inhomogeneity along the field direction (z-direction). We will also use 
in our analysis a simple approach based on the concept of the “average electron” [27], i.e. an 
ensemble of electrons characterized by their velocity distribution function will be replaced by the 
same amount of electrons having an average velocity. Assuming a constant toroidal magnetic field 
BT along the z-axis the parallel equation of motion for an “average electron” may be formulated in 
the following way [28]:
     me        = –eEz(z)cos(ω t) - me      .   (5)

The first term of Eq.(5) at the right hand side describes the electron motion under the action of the 
Lorentz force, the second term the friction force (momentum loss of the electrons due to collisions 
with gas molecules or atoms with the effective collision frequency νс ). An analytic treatment 
of the problem is possible when we apply a perturbation theory which comprises mathematical 
methods that are used to find an approximate solution to a problem starting from the exact solution 
of a related problem and adding to it “small” terms. Following this technique, we will write the 
solution of Eq.(3) in terms of a power series and retain terms up to second order, i.e. z(t) ≈ z0 + z1 
(t) + z2 (t) , and identify z0 as the starting position of the electron [29]. We further expand the spatial 
evolution of the electric field to first order in terms of a Taylor series: 

     Ez(z) ≈ Ez (z0 ) + z1 (t)              , Ez(z0) >> z1(t)             .                           (6)

Note that the second term in Eq.(6) is already of second order and no contribution from the z2(t)-
solution is required. Using this approach we separate the motion of the electron, as suggested by 
Swanson [30], into:
- a fast oscillation motion slowed down by the mentioned above collisions 
- 
                                            me                = –eEz(z0) cos(ω t) - me               , (7)

- a slow motion which describe an averaged drift of the electron oscillation center 
- 

                                            me 〈              〉= –e〈z1(t)cos(ω t)〉               ,                                         (8)

The first integral of Eq.(5) has the following solution:

      υz1(t) =         = ––                 (ωsin(ω t) +    cos(ω t)) +                    exp(–    t)               (9)

We assume here that the electron starts motion from the rest (υz1(t0) = 0) and Ez0 = Ez (z0). One can 
easily see that the first term of Eq.(9) describes a “stationary” oscillation velocity of the electron 

d  z
dt

2

2
dz
dt νс

dEz(z0)
dz

dEz(z0)
dz

d2z1

dt2
dz1

dt
νс

d2z2

dt2
dEz(z0)

dz

νс  
eEz0   c

me(ω
2 +   2)νс

ν
νс

eEz0 

me(ω
2 +   2νс

dz1

dt
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and the second term gives its exponential time-decay induced by collisions. The second integral of 
Eq.(7) describes an oscillation amplitude of the electron:

       z1(t) = z0 +                       (ωcos(ω t) –     sin(ωt)) –                     exp(–     t)  (10)

Substituting Eq.(10) in the force equation (8) and averaging over 2�/w time-scale, we get: 

me〈–––––〉 = - ––––––––––––– ––––– = - –––––––––––––– ––––––                    (11)

This equation describes a slow drift motion of the electron toward the weak field area under the 

action of the second order RF ponderomotive force Fp = – ––––––––––––∇z(E
2
z0) = –∇zΦp

 
and 

its associated ponderomotive potential Φp = –––––––––––
  

in the presence of collisions with gas 

molecules and atoms with the effective collision frequency      . We note here that the “potential” 

of the ponderomotive force is defined as the potential energy. 
The energy can be transferred from the RF field to the electrons only through random collisions 
with the mentioned neutrals. Knowing the velocity of the electron fast oscillations (Eq.(9)), we can 
estimate a kinetic energy of the electron fast oscillations averaged over a cycle:

         〈We 〉 = –– 〈υ2
z1 (t)〉 ≈ –––––––––– .                                        (12)

If the average oscillation energy of the free electrons exceeds the ionization potential energy for 
the gas molecules i.e. 〈We 〉 ≥ εi , the gas ionization will occur. This inequality provides a lower limit 
to the amplitude of the parallel RF electric field required for neutral gas breakdown:

Ez0 ≥ Ez0 min = (2/e) √meεi ω 1 +    2 / ω2 .                                             (13)

Note that (i) the ponderomotive RF potential acts only near the antenna since at RF breakdown 
the waves do not propagate in the torus (ωpe < ω , see Section 2.2) and (ii) the ponderomotive 
force derivation from Taylor expansion is valid for small/medium RF field amplitudes only,                                           

             (see Eq.(6)), when the oscillation amplitude of electrons in the RF

field, 〈z1〉 = 〈υz1〉 / ω, is considerably smaller than the characteristic parallel length scale of the 
spatial variation of the Ez-field, Lz = 2Ez0 ⁄ (dEz0 /dz): 

 << Lz.                                   (14)

A more precise expression for the condition (14) was found by Carter for a linear variation in the 

eEz0 

meω(ω2 +    2)νс

νс
eEz0 

me(ω
2 +   2)νс

νс

d2z2

dt2
e2Ez0

2me(ω
2+   2)νс

dEz0

dz

e2

4me(ω
2+   2)νс

dE2
z0

dz

4me(ω
2+   2)νс

e2

e2E2
z0

4me(ω
2+   2)νс

νс

me
2 4me(ω

2+   2 )νс  

e2E2
z0

νс  

Ez0>>z1( t)dEz0/dz

eEz0 max

√ 2meω √ω2 +    2νс  
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parallel RF electric field amplitudes of the form [16]: 

Ez (z)≈ Ez0                   , z< Lz ⁄ 2.                                               (15)

We first consider an approximate formulation of the parallel equation of motion for an “averaged 
electron” in an inhomogeneous RF electric field retaining both solutions, fast oscillation and slow 
drift motions, and assuming     = 0 for simplicity:

 me ––––– = –eEz0 cos(ω t) – ––––––– ∇z (E
2
z0)                                     (16)

Substituting Eq.(15) into Eq.(16) and setting τ = ωt , we obtain the Mathieu equation 

––––– + (2δ2 + 2δ cos τ) z = 0                                                   (17)

for which the condition for stable oscillatory solution is well known [31]. The parameter                               
δ = eEz0 / meω

2Lz is the stability parameter for the Mathieu equation that indicates when the concept 
of a “ponderomotive force” begins to break down. The trajectories of free electrons are no longer 
trapped in front of the antenna above the stability threshold [16]: 

δ ≥ – – 2 δ2 or δ > –––––– ≈ 0.183.                                           (18)

For low energy free electrons, the ponderomotive potential may have two different transport effects 
depending on their position with respect to the RF ponderomotive potential well. 
The electrons that are born from ionization events inside the antenna RF potential wells will remain 
trapped and oscillate for many RF periods thus giving rise to increased ionization efficiency. 
Therefore, we may consider the condition (18) as an upper limit to the parallel electric field which 
keeps the electrons trapped:

Ez0 ≤ Ez0 max = (me /e) (0:18Lz ) ω
2 1+(    2 / ω2).                            (19)

Taking into account the lower (13) and upper (19) limits on Ez0, the local neutral gas breakdown 
with the trapped electrons will be efficient if the amplitude of the antenna-near electric field meets 
the boundary condition:

(2/e) √meεi ω 1+(   2 / ω2) ≤ Ez0 ≤ (me /e) (0.18Lz ) ω
2 1+(   2  / ω2).                   (20)

An extension of the local breakdown condition (20) to the non-local (over torus) ionization with 
non-trapped electrons was undertaken by Schüller [32]. There are two types of non-trapped 
electrons:

z
(Lz / 2)

νс

d2z
dt2

e2

4meω
2

d2z
dτ2

1
4

√3 – 1
4

νс

νс νс
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1) The escaped electrons: when the value of the parallel component of the electric field Ez exceeds 
the Ez max value (19), the electrons escape from the antenna-near field region acquiring maximum 
available kinetic energy: 

〈We max〉 ≈ –––––––––––––– .                                               (21)

2) The repelled-out electrons: the low energy electrons that are born outside the antenna region and 
approach it along the BT-field lines will be repelled back by the antenna ponderomotive force. While 
being repelled back to a region where Ez(z)≈ 0, the electrons gain an amount of the ponderomotive 
potential energy, (me 〈υ

2
z  〉) / 2 = Φp, which is equal to the average kinetic energy of the oscillatory 

motion (Eq.(12)). Only those electrons that are repelled-out by the RF ponderomotive force with a 
field amplitude of Ez0 > Ez0 min (Eq.(13)) will contribute to ionization events. 
 The ionization frequency for trapped and non-trapped electrons obtained by averaging the 
electron collisional ionization cross-section over an RF period can be represented as a function 
of the ratio Ez /ƒ [32] and is shown in Fig.4 for the case of hydrogen gas. From this figure it 
becomes clear that the differences in ionization frequency close to and far from the antenna are not 
dramatic. However the toroidal length outside the antenna area, (2�R0 – Lz), is much larger than 
the one inside, Lz , and therefore the electron multiplication due to non-trapped electrons may be 
comparable or even larger than the contribution due to trapped electrons. Figure 5 shows the gas 
breakdown diagram for both trapped and non-trapped electrons in the parameter space “electric 
field – frequency” for the JET A2 antennas. The general tendency predicted by the present model 
is that the higher the operation frequency, the higher the amplitude of the Ez -component of the 
electric field needed to ionize the gas and the broader the ionization zone with the electrons trapped 
and repelled from the antenna location. From this analysis we conclude that both, escaped and 
repelled electrons with energies exceeding the energy can initiate ionization anywhere in the torus, 
away from the antenna-near field, in addition to ionization in front of the antenna with the trapped 
electrons. This conclusion is in agreement with the experimentally observed toroidal symmetry 
of the line-integrated Ha emission (Balmer-lines in the visible spectrum) from ICWC plasmas 
measured in different toroidal/poloidal locations [18].
The model also predicts that the gas breakdown cannot be achieved with ICRF antennas in the 
low frequency range below a certain threshold defined by the parameter Lz characterizing the 
spatial variation of antenna Ez-field (for the given A2 antenna geometry and monopole phasing 
this frequency is around 3 MHz, see Fig.5): all electrons will be expelled/repelled-out from the 
antenna by the ponderomotive force before they accelerate to the ionization energy of the gas in 
the torus. This mechanism may explain the failure to produce RF plasmas in the stellarator U-1M 
at any amplitude of the Ez-field [33] at frequencies below 1.0 MHz. One should mention that (i) if 
the electrical breakdown condition (Eq.(18)) is satisfied, the Ez max-line shown in Fig.5 separates 
the ionization zones with trapped and non-trapped electrons only formally and (ii) the breakdown 
conditions may be located at different radii with respect to the antenna strap surface depending on 

e2E2
z0 max

4me
2(ω2 +    2)νс  
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the applied RF voltage. The role of the trapped electrons in safe operation of ICRF antenna in the 
plasma production mode and details of the radial location of the gas breakdown zone using the JET 
A2 antennas will be discussed in Section 3.

2.3. Excitation/absorption of plasma waves and plasma density build-up over the torus 
We consider in what follows the generation of waves in a plasma cylinder folded up to a 
torus and assume that the toroidicity is small, r << R0. Here r is the plasma minor radius, R0  
is the plasma major radius. We assume that the plasma density and temperature are functions 
of the radius r and the variation of the toroidal magnetic field due to toroidicity is weak,     

BT ≡ Bz = B0 ––– = –––––––––––––––– . The plasma will be treated as an anisotropic dielectric 

with a “cold plasma” ( ω /(√2κ||) >> υTe ) dielectric tensor 

                                                     
   (22)

with the following components [24]: 

S= – (R + L), D =  – (R–L), R = 1 – ∑ –––––––––, L=1 – ∑  –––––––––––, P = 1 - ∑  –––––.(23)

Here ωpe = (4pnee
2 / me)

1/2, ωpi = (4pniZ
2e2 / mi )

1/2 are the electron and ion plasma frequencies,     
ωce = eB0 / mec, ωci = ZeB0 / mic  are the electron and ion cyclotron frequencies, Z is the charge 
state. The dispersion relation that relates the perpendicular refractive index N⊥ = к⊥c/ω and the 
parallel refractive index N|| = к|| c/ω to the frequency has the form of bi-quadratic equation [24,34]:

SN4
⊥– [(S–N 2  

|| )(S + P) – D2]N 2  
⊥+P[(S–N 2  

|| )
2 – D2] = 0.                              (24)

Here “perpendicular” and “parallel” indexes are related to the toroidal magnetic field BT. Since  
N|| is determined by the antenna spectrum and ω is fixed by the generator, Eq.(22) can be solved 
for N 2  

⊥  . Noting that ω2
pe / ω

2 is much larger than other quantities in Eq.(24) it can be considerably 
simplified. The two solutions of the dispersion relation then may be approximated by slow wave 
(SW) and fast wave (FW) solutions [24,34]: 

к 2⊥SW
  ≈ –– –––––––––––                                                   (25)

к2
⊥FW

  ≈ –– –––––––––––––––.                                              (26)

R0
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   s s
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c2
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We first consider cut-off densities (thresholds for the excitation, к2
⊥=0) and range of the propagation 

of the plasma waves, к2
⊥>0, in terms of SW and FW depending on the plasma density in the ion 

cyclotron range of frequencies (ICRF), ωci < ω << ωce. The lowest density at which plasma wave 
can be excited corresponds to the SW cut-off frequency, к2

⊥sw = 0 → P = 0 , which is determined 
by the electron plasma frequency ωpe [23,24]:

ω2 = ω2
pe + ω2

pi ≈ ω2
pe, me << mi .                                           (27)

For the generator frequency f ≈32.5 MHz (typical for tokamaks JET, TEXTOR, ASDEX Upgrade) 
and deuterium gas we obtain ne

(1)
– cr ≈1.3×107 cm-3. Plasma with density ne < ne

(1)
– cr will flow along 

the toroidal magnetic field lines and will not disturb the RF field near the antenna. Under natural 
conditions, ωpe should be merely considered as the time scale for restoring charge neutrality 
distorted by a collective displacement of the electrons from the ion background rather than the 
frequency for a regular free plasma oscillation as the latter will not be stable in a chaotic medium. 
However, if the plasma is subjected to a well-defined external perturbation like an electromagnetic 
wave excited by the antennas, a precisely defined driven oscillation can be maintained in principle 
indefinitely.
If к⊥SW r > � , the SW can start propagating along the torus and transfer energy to the electrons, 
causing further volume ionization of the neutral gas and plasma build-up in the density range       
ne

(1)
– cr < ne < ne

(2)
– cr . The critical density < ne

(2)
– cr  is determined by the cold plasma or the lower-

hybrid resonance (LHR) condition, к2
⊥SW → ∞ (S = 0) : 

ω2 = ω2
LH ≈ ω2

ci + ––––––––––– ≈ ω2
ci + ω2

pi,     ω
2
pe << ω2

ce .                     (28)

At ne ≈ ne
(2)

– cr ≈ 3.5 1010 cm-3 (f=32.5 MHz, BT=2.24 T, deuterium, parabolic density profile), a 
zone with LHR appears at the plasma core, and as the density is raised further up this resonance 
shifts to the Low Field Side (LFS) plasma edge. The SW does not penetrate into a dense plasma

( ω > ωLH ), where ne < ne
(2)

– cr and is absorbed by electrons in the peripheral plasma.

At higher density, ne ≈ ne
(3)

– cr > ne
(2)

– cr , the fast magneto-sonic wave (FW), Eq.(26), becomes 

propagating. The density threshold for the FW excitation ne ≈ ne
(3)

– cr is determined by the LFS 
(antenna side) cut-off frequency for the FW:

к2
⊥FW 

= 0 → (R - N 2  
||  ) (L - N 2  

||  ) = 0  →  (R - N 2  
||  ) = 0                            (29)

Recalling that ωci< ω << ωce and that the condition for charge neutrality of deuterium plasmas 

may be written in the Stix’s form [24]: ––– = – ––– ,  we obtain the following FW cut-off condition: 

ω2
pi

1 + ω
2
pe / ω

2
ce

ω2
pe

ωce

ω2
pi

ωci
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ω2
pi =     ––––––– –1    ωci (ω + ωci) .                                              (30)

Note however that the FW cutoff frequency depends strongly on the к   || values determined by the 
antenna spectrum contrary to the SW cutoff frequency, Eq.(27). Consequently there is a large 
difference in the < ne

(3)
– cr values depending on the antenna current spectrum, which in the case of 

a multi-strap antenna depends on the relative phasing of the currents in the individual straps. E.g. 
for TEXTOR ICRF antenna, < ne

(3)
– cr ≈ 6.9×1010 cm-3 for monopole phasing at f=32.5MHz (with 

dominant к   || = ntor / R0  ≈ 0.01 cm-1, for toroidal mode number ntor = 2) and ne
(3)

– cr ≈ 2.7×1012 cm-3 

(for dipole phasing at f=32.5MHz with dominant к   
|| ≈0.06 cm-1, ntor =10), respectively. These 

estimates indicate the presence of a gap in the plasma density between the upper limit for SW 
propagation (ne

(2)
– cr) and threshold for FW excitation (ne

(3)
– cr). The gap in density becomes large 

(about two orders of magnitude) in the case of a double strap antenna operated with straps in (0 π)-
phasing. As a result, a prompt and robust RF plasma build-up up to a density ne0 ≈ (3÷6)×1012 m-3 
as observed in the experiments [18] cannot be explained taking into account the energy deposition 
by the SW and FW in the cold inhomogeneous plasma approximation.
 However considering the finite ion temperature approximation (finite-Larmor-radius formalism, 
к⊥ ρi ≠ 0 ), mode conversion of the SW (ω > ωpi ) into an Ion Bernstein Wave (IBW) (ω < ωpi ) 
can occur in the vicinity of a “cold LHR” (ω ≈ ωpi ). This mode propagates towards higher density 
regions ( ω < ωpi )where the IBW dispersion relation for the frequency range ωci < ω ≤ 2ωci  may 
be approximated in the form [35]: 

к2
⊥IBW  ≈ ∑  ––––––––  ∑ –––––––––––––––––––      .                         (31)

Here k is Boltzmann’s constant. As follows from Eq.(31), the IBW is a small-scale wave: к⊥ ρi ≈ 0.4 
during the ionization and the density build-up phase (e.g. again for TEXTOR ICWC plasmas with 
ne0

 ≈ 4.0×1010 cm-3, Ti ≈
 5eV, at f = 32.5MHz and BT

 = 2.24T). The IBW perpendicular wave-vector 

к⊥ is a weak function of the density and is practically independent of the antenna к|| -spectrum. 
 The dispersion relation D(k,r) = 0 for Maxwellian plasmas was studied numerically using a 1-D 
dispersion solver [36], which takes into account finite temperature effects. In addition to the FW 
and SW, it describes the IBW which are absent in the cold plasma description. As an illustration, 
we show in Fig. 6 the basic plasma wave dispersion diagram for plasma in TEXTOR at high 
and low BT. One can clearly see that for the chosen plasma density and antenna dipole phasing 

(dominant к|| = 0.06 cm-1) the FW does not propagate at high BT, Re( к2
⊥FW ) < 0. At low BT, the FW 

tunnels through the evanescent region from the antenna location on the LFS and starts propagating 
to the plasma core, Re(к2

⊥FW ) > 0. Additionally, 4 higher harmonic cyclotron resonances (ω / ωcD+ 

= 7 – 10) appear over the plasma cross-section. They separate the plasma into 5 regions in which 
5 higher frequency branches of the IBW are propagating. 

к2  
|| c

2
 

ω2

ω2  
pi 

ω2 – ω2  
ci

3ω2  
pi ( kTi / mi ) 

( 4ω2  
ci 

 – ω2)   (ω2 – ω2  
ci

  
i i

–1



12

An efficient plasma build-up and sustainment of the RF discharge relies on the dissipation of the RF 
power on the electrons. Because of the very low plasma temperature during the ionization phase, 
Te≈(3−5) eV [5,17,37], the RF power is expected to be indeed dissipated mostly by electrons via 
elastic and non-elastic collisions with gas molecules, atoms and ions. The collisional damping is 
rather strong for the SW as Im к⊥SW / к⊥SW ~ vei / ω , and inefficient for direct interaction of the 
FW with the electrons because Im к⊥SW / к⊥SW ~ (vei / ω)(me / mi) [34]. The latter may be improved 
through conversion of the FW to the SW and IBW if ω > ωci or by conversion at the Alfvén 
resonance if ω < ωci . The absorption and coupling by non-linear mechanisms is also possible 
[38]. The wave absorption via electron Landau damping mechanism becomes efficient at much 

higher electron temperatures (Te>100 eV at f=25 MHz and κ ||≈0−0.06 cm-1) which are not relevant 
for wall conditioning. The plasma build-up and sustainment can be obviously understood as a 
progressive excitation of the waves in plasmas through a progressively rising density, governed 

by the antenna к|| -spectrum of the radiated power, PRF(к||). Such a non-resonant (collisional) 
coupling of the RF power allows ICRF plasma production at any BT. This statement from theory 
was clearly confirmed during pioneering RF plasma experiments in the tokamak TEXTOR [18]. 
Low BT plasma production scenarios could be important for ICWC operation during e.g. the 
commissioning phase of ITER. 

3. JET ICRF A2 antenna operation in ICWC mode
3.1. Antenna safety considerations and ICWC operational window
A major concern for ICRF antenna operation in plasma production mode is to prevent deleterious 
arcing events and plasma ignition inside the antenna box. To find out if such risks exist, we plot in 
Figs.7,8 the radial locations of the RF breakdown zones for trapped and non-trapped electrons for 
different frequencies, RF voltages at the antenna straps and relative phasings between straps for 
the JET A2 antennas. The diagrams show clearly that electrical breakdown of gas with trapped, 
repelled-out and escaped electrons can be achieved in a wide range for the generator frequency 
and RF voltage. One should notice that as the Ez-field decays away from the antenna surface in 
vacuum (see Section 2), there will always be regions where the Ez-field fulfills the gas breakdown 
condition, Eq.(13). Analysis of the H2 ionization rate in terms of the ratio Ez /ƒ [kV/mMHz] (Fig.3) 
shows that ionization with locally trapped electrons ( (Ez /ƒ)trap ≈(0.4−1.9) and non-trapped 
(repelled-out) electrons ( (Ez /ƒ)rep ≈0.3−1.4) becomes dominant for the parameter range applied in 
Figs.7, 8. The non-trapped (escaped) electrons (1.0< (Ez /ƒ)esc <3.0) are inefficient for ionization 
because of getting too high energy (1 keV<We-esc <10 keV) [39]. 
 The benefit of using monopole phasing (0000) compared to super-dipole phasing (00��) is 
clear as the breakdown zone involving the trapped and non-trapped (repelled-out) electrons is 
much larger and results thus in a shorter breakdown time [40]. Also the trapped electrons can play 
an important role for the safe operation of the antenna because: 
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(1)  The penetration of the gas breakdown zone inside the antenna box can be changed with the 
 antenna frequency or the RF voltage (see Fig.8); 
(2)  The trapped electrons dominantly populate the low energy part of the distribution 
 (10eV<We-trap <2000eV) which is very efficient for (i) electron collisional ionization [39] and 

for (ii) secondary electron emission based on the electron resonance multipactor effect [41, 42].
For a safer operation of the antenna in plasma production mode the breakdown zone could be 
shifted out of the antenna box by e.g. increasing the RF voltage on the straps. However, the RF 
voltage at the antenna straps shows a variation in the poloidal direction from a maximum value 
at the feeding point to zero at the grounding (Fig.2a). As a result, the breakdown zone for trapped 
electrons may be shifted out of the antenna box only locally in the poloidal direction, e.g. in 
the vicinity of the feeding point, as demonstrated in Figs.7,8. But ionization zones with relevant 
amplitudes for gas breakdown, Ez ≥ Ez min ≈3 kV/m at  f=25 MHz (Fig.7) or Ez ≥ Ez min ≈4.8 kV/m 
at f=40 MHz (Fig.8), will inevitably be present inside the antenna box due to the poloidal variation 
of the RF voltage. Operation at lower frequency can only reduce a critical range of the variation 
of RF voltage along the antenna strap that meets the breakdown condition with trapped electrons 
inside the antenna box but not eliminate the ionization zone completely. For example, operation 
with VRF-strap=15 kV at the feeding point of JET A2 antenna results in ~2 times narrower critical 
range of RF voltage variation at 25 MHz compared to 40 MHz: 0.2 kV<VRF(25MHz)<6 kV versus 
0.3 kV<VRF(40MHz)<15 kV. 
 How to achieve a safe operation in such non-trivial conditions? The third parameter that can 
be varied (in addition to RF field amplitude and frequency) is the gas pressure in the torus. The 
breakdown model (Eqs.(19,20)) predicts a very weak dependence on the gas pressure in the torus 
due to low collisionality, vc << ω, for a large range of ICRF frequencies (~20-60 MHz) at gas 
pressures typical for ICWC operation (10-5-10-3 Pa). According to this model therefore, the radial 
location of the breakdown zone can only be shifted towards the antenna strap at very high gas 
pressures (p≥10 Pa), which are atypical for ICWC operation and for which vc ≥ ω. This prediction 
is in clear contradiction with the experimentally observed gas pressure threshold at p≥0.1 Pa 
above which the ICRF antenna cannot operate in the ICWC mode due to regularly happening 
arcing events inside the antenna box [18]. A different model was developed by Schüller [32], in 
which he assumes that plasma formation in front of the antenna takes place when the residence 
time of the electrons oscillating in the inhomogeneous Ez-field in front of the antenna is longer 
than the characteristic time for gas ionization, tresid > tioniz. Extending this hypothesis to RF-field 
amplitudes present inside the antenna box (see Fig.2a) we obtain the following upper limit for the 
concentration of neutrals (i.e. gas pressure) inside the antenna box above which arcing and plasma 
formation can happen: 

n0 < ––––––– . ––––––––––––––––––––, (ve-n << ω).                            (32)eEz

√2meω
1

Lz ant <σv> ioniz-max
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Here Ez is the amplitude of antenna field oscillating with frequency ω, Lz ant  is the antenna toroidal 
size, <σv> ioniz-max is the maximum value of the electron collisional ionization rate for the gas 
present in the torus. It is clearly seen from Eq.(32) that the RF electric field Ez is a crucial factor 
determining the pressure safe limit. The generation of arcs and very likely plasma breakdown inside 
the antenna box can be initiated if its amplitude is close to the lower threshold for breakdown, Ez = 
Ez0 min,(see Eq.(13)) at which Ez0 min / ω = const for the given gas. Substituting Eq.(13) into Eq.(32) 
we obtain finally the following constraint on the pressure range inside antenna box as a function of 
the antenna size , gas ionization potential and electron collisional ionization rate: 

p [Pa] < 2.46×10-7 ––––––––––––––––.                                          (33)

The RF field amplitude and frequency are implicitly present in Eq.(33) to meet the threshold 
for breakdown defined by Eq.(13). For the case of the JET A2 antenna operated in hydrogen or 
deuterium (H2 electron collisional ionization rate <σv> ioniz-max ≈ 4 ×10-8 cm3/s [39]), ionization 
potential for molecules εioniz = 15.2eV , Lz ant ≈ 4×36cm ), Eq.(33) indeed indicates that one should 
avoid hydrogen torus (antenna) pressure values in excess of 0.17 Pa. 
Therefore, safe antenna operation for ICWC applications implies the following operational recipes:

- Antenna baking, vacuum conditioning and extra gas pumping from the antenna box and vacuum 
transmission line – in order to keep the gas pressure inside antenna box below a safe limit. 

- Selecting the lowest frequency consistent with ICWC operation.
- Applying the RF voltage/power at strongly reduced pressure before the gas injection (Eq.

(33)) and with a ramp-up time shorter than the gas breakdown time in order to initiate ignition 
outside the antenna box.

To simulate an ITER full-field operation scenario (BT=5.3 T and 40–55 MHz frequency band for 
the ITER ICRF system) whilst taking into account safety considerations and tokamak operational 
constraints in JET, the JET ICWC experiments were performed selecting the following parameters: 
f=25 MHz and BT=3.3 T in order to keep the same ratio f/BT≈7.6 MHz/T as in ITER (40 MHz at 
5.3 T) with resonance condition for deuterium ω = ωcD+ on-axis. Two of the four A2 ICRF antennas 
in JET, antenna C (fA2-C=26.06 MHz) and antenna D (fA2-D=25.21 MHz) each having four straps, 
were operated in monopole (0000) or super-dipole (00��) phasing to generate ICWC discharges in 
He, D2 or a mix of both. Adapted gas inlet programming and the JET cryopumps were used to keep 
the gas pressure during the RF pulse (≥8 s) in the range 2 10-3 Pa. This low pressure is far below the 
limit predicted by Eq.(33) but was imposed by JET operational constraints in order to avoid arcing 
inside the Vacuum Transmission Line (VTL) as the VTL-pressure is coupled to the torus pressure. 
To extend the ICWC plasma in vertical direction and push it down towards the divertor area, an 
additional vertical magnetic field BV between 3 and 30 mT in the “barrel” shaped configuration 
was also applied [43]. A schematic layout of the JET ICRF antennas and diagnostics involved in 
the ICWC experiment is shown in Figure 9.

√εioniz

Lz ant <σv> ioniz-max



15

3.2. Coupling RF power to low density ICWC plasmas
The plasma production scheme described in Section 2 is intended for a sustained ICWC discharge 
and assumes that the ICRF antenna couples the RF power to the plasma with a sufficiently high 
efficiency during all phases of the discharge. Here we define the antenna-plasma coupling efficiency 
as the fraction of the generator power coupled to the plasma, η = PRF - pl / PRF-G. The conventional 
ICRF antenna with poloidal straps is designed for heating of dense (ne>1013 cm-3) target plasmas 
using FW excitation with high coupling efficiency (η>0.9). The use of this antenna for RF plasma 
production, but with the “plasma heating settings” (high кz-spectrum of the radiated RF power), 
resulted in poor coupling (h0~0.2−0.3) to the low density RF plasmas ne~1010-1011cm-3, at 
which FW is typically non-propagating (see Fig.6a). To improve the coupling to such low density 
plasmas FW excitation in low density plasmas is enhanced by using [44]: (i) phasing of the antenna 
such that low кz values dominate in the spectrum of the radiated RF power, (ii) FW-SW-IBW 
mode conversion (MC) in RF plasmas with two ion species, (iii) operation at High Cyclotron 
Harmonics (HCH), typically ω ≈ 10ωci. The first solution (adapting the antenna phasing) results 
in a dramatic reduction (of about two orders) in the threshold density for FW excitation, (Eq.
(21), with the JET A2 antennas (f=25 MHz, BT=3.3 T, deuterium gas in the torus) when changing 
the phase of the RF current in the antenna straps from 0 �0 �-phasing (ne-FW-dipole≈1×1013 cm-3, 
кz28≈0.07 cm-1) to 0000-phasing (ne-FW-monopole≈6×1010 cm-3, κz3≈7.5×10-3 cm-1), respectively. The 
JET ICWC experiments have clearly demonstrated that indeed the antenna coupling efficiency 
strongly increased with monopole phasing (>50%) at which FW excitation was possible (Fig.10) 
thus confirming similar results earlier obtained in TORE SUPRA [40]. 
 A comparison for the same experimental conditions between monopole (0000) and super-
dipole (00ππ) resulted in a higher coupled power (230kW vs. 65kW) and better radial/poloidal 
homogeneity of ICWC plasmas for monopole phasing (A2 Antennas C and D, PRF-G tot=2×300kW, 
(He+D2)-plasma, ptot~2×10-3 Pa, BT=3.3 T, BV=30 mT). The better coupling in monopole phasing 
due to the beneficial wave spectrum was also enhanced by the resulting increase in density. It is 
well known from the ICRF coupling theory and experimental studies that the antenna coupling 
resistance depends on the plasma density [45-47]. The increase of the coupling efficiency with 
applied RF power during plasma production experiments at fixed gas pressure is in agreement with 
the theory and indicates a rise of the plasma density with coupled power. The latter is typical for 
plasmas with non-complete ionization [18, 22, 48]. 
 Another solution for increasing the coupling is based on the effect of FW conversion to SW 
and IBW in low density/temperature plasmas containing two ion species, e.g. D++H+, 4He++D+ 
or 4He++H+. The effect was predicted from modeling with the TOMCAT full wave 1-D RF code 
[21] accounting for electron (collisional, Landau, TTPM) and ion (collisional, linear cyclotron at 
n=1-3 harmonics) damping mechanisms, tested for the first time in JET [49] and further developed 
during ASDEX Upgrade ICWC experiments [43]. Generally, the FW may be non-propagating over 
the plasma cross-section except for the narrow conversion area located close to the fundamental 
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ion cyclotron resonance (ICR) of the main plasma species, protons ( ω = ωcH+ ) or deuterons                     
( ω = ωcD+ ), depending on the ICWC scenario. In this regime, antenna coupling becomes sensitive 
to the radial location of the MC layer: the closer this layer is located to the antenna surface the 
higher the antenna-plasma coupling. This coupling effect is more pronounced for the standard 
0�0� -phasing operation (η / η0 >3) [43]. 
Coupling to low density plasmas may also be enhanced by increasing the ion cyclotron harmonic 
number by ~10 times either by decreasing the BT -value or increasing the generator frequency. In 
terms of FW excitation, this effect is attributed to a strong shrinking of the SW and FW evanescent 
layers at the plasma edge [18]. As a result, the FW propagation in low density ICWC plasmas 
becomes possible even in the high кz-spectrum case (Fig.6b), giving rise to the antenna coupling,   
η / η0  ≈4 [44]. One should note, however, that the last solution cannot be realized in ITER at full- 
or half-field operation with the given frequency band for the ICRF H&CD system (40−55 MHz) 
and is only useful for very low field operation during commissioning or repair periods.

3.3. ICWC discharge characterization and optimization 
Since the gas breakdown phase of the ICRF discharge is considered critical during the fast transition 
from vacuum to plasma conditions, RF power was applied prior to gas injection during JET-ICWC 
experiments, in order to avoid gas breakdown inside the antenna box. 
 It was necessary to pre-match the antenna to a vacuum-near load which is typical to ICRF 
antenna operation in the low density plasma condition. An example of the transition from the RF 
breakdown phase (at t=3.75 s) to the sustained phase for a typical JET ICWC discharge is shown 
in Fig.11. The gas breakdown event shows up as an increase in the coupling resistance, a drop 
in the antenna RF voltage and in a burst in the Ha emission (measured away from the antenna). 
This correlation, obtained during ICWC discharge initiation, is an indication of successful gas 
breakdown outside of the antenna box [49]. 
 Further JET-ICWC optimization resulted in a single RF pulse (up to 9s), with a multi-step RF 
power waveform. Figure 12 shows a typical JET-ICWC pulse with the JET A2 antenna operating in 
the newly developed plasma production mode as described above. The ICWC discharge formation 
via robust ionization of the working gas (D2, He or their mixtures) and the discharge sustainment 
with improved homogeneity (ne≈(1−3)×1011 cm-3) in conditions relevant to the ITER full field 
(on-axis resonant condition ω = ωcD+) were achieved in close agreement with the JET safety 
regulations: multi-step RF pulse was applied first to the magnetized (BT=3.3 T) vacuum torus, 
followed by a delayed (≈0.5 s) pre-programmed injection of the torus gas mixture in order to keep 
the total pressure down to about 2×10-3 Pa during the ICWC sustainment phase. 
 When the gas reached the antenna-near RF-field, it was successfully ionized resulting in the 
observed RF power coupling efficiency to the low density plasma (dashed curves) of about 60%. 
The increase in the loading resistance (detection of the coupled RF power) coincides with the 
moment of the gas breakdown. Signals from the multi-channel FIR interferometer clearly indicate 
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the RF plasma presence in the whole cross-section from LFS (antenna side, channels 4-3) towards 
HFS (channels 2-1). RF plasma ignition was achieved on the first ICWC discharge attempt due to 
the selected monopole phasing in mode conversion (MC) scenario. Sporadic tripping on antenna 
power/voltage, as observed during previous ICWC experiments in JET [49], could be avoided by 
careful antenna pre-matching to vacuum conditions and RF power applying to vacuum torus prior 
to gas injection. 

 The RF plasma build-up over the total cross-section of the JET vessel was also confirmed 
by images from wide-angle (Fig.13) and antenna-viewing (Fig.14) CCD cameras. The visible 
light image shows the overall improvement of the plasma poloidal homogeneity and its extension 
towards the divertor by switching on the vertical magnetic field (Fig.13b). The bright vertical 
zone visible in the plasma images (Fig.14) coincides with the location of the fundamental ICR for 
deuterons on-axis, ω = ωcD+ . The presence of the fundamental ICR in plasma cross-section plays 
a crucial role in the ICRF plasma production process based on electron collisional ionization. 
The resonance triggers a radially extended plasma wave mode conversion (FWàSWàIBW) in 
plasmas with several ion species which results in an electron dominant absorption of the RF power. 
Figure 15 shows an example of modeling with the TOMCAT code [21] of the RF power absorption 
in a JET multi-ion ICWC plasma, typical for isotope exchange experiments: D2 gas injection 
into the vessel with H2 preloaded walls [14]. Because of the low plasma temperature during the 
ionization phase (Ti<Te~5-10 eV [5, 41, 49]), the RF power is predicted to be dissipated mostly 
collisionally. The electrons absorb the largest fraction of the coupled power, PRF-e≈ (0.75-0.9)Ptot 
mainly in the mode conversion zone extending from the on-axis ICR (ω = ωcD+) towards the HFS 
due to the presence of the deuterium-hydrogen ion species mixture. The maximum in the plasma 
density profile of JET D2-ICWC plasmas correlates with the maximum for the predicted electron 
power deposition profile, PRF-e, mainly at the HFS in the mode conversion zone thus confirming the 
basic electron collisional ionization mechanism for ICRF plasma production (Fig.16). The higher 
plasma density typically seen at the LFS, (i.e. where the antenna is located) and also observed in 
other machines [48, 50] cannot be predicted with the present version of the TOMCAT code and 
needs further investigation. The ions absorb a minor fraction of the RF power, PRF-i ≈(0.10-0.25)
Ptot, mainly collisionally. In addition, cyclotron absorption by resonant deuterons and hydrogen 
molecular ions H2

+ is predicted at the on-axis fundamental ICR (Fig.15). High energy hydrogen 
and deuterium CX atom fluxes resulting from the IC absorption were detected in all ICWC 
experiments that simulated ITER half-field operation scenario, i.e. with on-axis fundamental 
cyclotron resonance for protons, ω = ωcH+ = 2ωcD+ undertaken previously on other devices than 
JET [11, 13, 18, 49]. Interestingly, the high energy D (E⊥(D) ≈5-20 keV) and H ( E⊥(H)≈2-15 keV) 
CX atoms were also detected by the NPA diagnostic in the present JET ICWC experiments as 
well (see Fig.12, also [14]). The possible acceleration mechanisms for the protons in JET ICWC 
plasmas (fundamental ICR for molecular ions H2

+, ω = ωcH2+, with their further dissociation and/
or direct non-linear ICR for the protons at the first sub-harmonic, ω = 1/2ωcH+, [51]) and role of 
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the fast particles in the ICWC efficiency will be the subject of further studies.

3.4. Optimization of the wall conditioning efficiency 
The conditioning efficiency was studied by measuring the overall outgassing rate of several marker 
gases using mass spectroscopy and/or optical penning gauges. We define the outgassing rate of a 
given species as the quantity [52]:

QRR (t) ~ V (dp / dt) + p · s + V ( кd + кi ) pne                                    (34)

Here V is the volume, p and s are the partial pressure of the given mass and its pumping speed, 
respectively, кd and кi are the dissociation and ionization rate and ne is the electron density.
It is known that the ICWC conditioning efficiency increases with increasing gas pressure and 
coupled RF power [14]. JET safety regulations forced to keep the gas pressure during ICWC 
experiments at the very low value of 2×10-3 Pa, which was never used in the ICWC experiments 
before. Therefore only the RF power coupled to the plasma was used as a parameter for the 
optimization of the D2-ICWC experiments.
 Figure 17 gives an example of such an optimization by applying D2-ICWC in JET with the first 
wall preloaded with H2. The increase in the partial pressures for masses 3 (HD) and 2 (H2) after 
the RF pulse termination was much higher in the case of antenna monopole phasing (solid lines) 
compared to super-dipole phasing (dashed lines). The net power coupled to the ICWC plasma was 
doubled with monopole phasing (for the same generator power) and (possibly partly due to this) a 
higher and more homogeneous plasma density was obtained. In this way we could maximize the 
ratio between out-pumping (H) and retained (D) atoms without reducing the H release.
 The efficiency for fuel removal by isotopic exchange was assessed using the following 
procedure: two hours of a H2 glow discharge to preload the walls with ≈4×1023 H-atoms, after 
which the JET cryopumps were regenerated. This was followed by 8 nearly identical D2-ICWC 
discharges (p = 2×10-3 Pa, BV = 30 mT, 9s duration). The cryopumps were then again regenerated 
and the gas released was analyzed by gas chromatography [14]. The isotopic ratio deduced from 
midplane spectroscopy, is shown in figure 18 as a function of the cumulated discharge time. The 
data show a noticeable increase of the isotopic ratio D/(D+H) between 40% and 60% in a cumulated 
discharge time of 72s. The following averaged isotope exchange efficiency was achieved: Houtgassed/
Dimplanted≈1/3.
The evolution of the antenna coupling and related antenna-near plasma density during the isotope 
exchange experiments highlighted a dominant role of the mode conversion process in (D+H)-
plasmas with variable concentration of the ion species. Both parameters were higher at lower D+ 
concentration (Fig.19), i.e. at the beginning of the D2-ICWC experiment (Fig.18) and gradually 
decreased with increasing cumulated conditioning time while the generator power was kept 
constant. The TOMCAT code predicts a decrease in the fraction of RF power absorbed by the 
electrons (via a MC process) with increasing D+ concentration (Fig.19). To highlight this tendency, 
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only data of 4 ICWC discharges with the identical RF generator power (380 kW) delivered to the 
JET A2D antenna from the 8 available conditioning shots (Fig.18) were used in the mentioned 
analysis (Fig.19). Therefore the lowest values for antenna coupling and plasma edge density 
coincide implicitly with the lowest H-removal rate and may be used for an alternative monitoring 
of the surface isotope exchange. 

4. Icwc dIschArge extrApolAtIon to Iter

As was mentioned in Section 2, electromagnetic waves cannot propagate in the vacuum vessel of 
present-day tokamaks or stellarators in the typical ICRF band (~20-60 MHz) due to the small size 
of their cross-section relative to the excited wavelength. Therefore the gas breakdown phase of the 
ICRF discharge, initiated by the antenna-near Ez-field, is considered critical for the operation of 
ICRF antennas in the plasma production mode because of the fast transition of the antenna loading 
conditions from vacuum to plasma. However, this cautious condition may be considerably easier 
and safer in future large-size machines keeping in mind the fact that the excited wavelength (for 
the same ICRF band) will already be comparable with the cross-section size of vacuum vessel 
and propagation of vacuum electromagnetic waves will be possible. Generally, electromagnetic 
wave solutions in closed vacuum waveguides may be classified with the E-waves (electric type) 
that contain electric field in the direction of propagation and with the H-waves (magnetic type) 
that contain magnetic field in the direction of propagation [53]. The ICRF plasma production 
in toroidal fusion machines is based on the acceleration of the electrons in the RF electric field. 
Therefore, further progress in understanding the neutral gas RF breakdown in large-size fusion 
machines can be expected from studying the dispersion relation for the E-waves. A general solution 
for Maxwell’s equations in a vacuum waveguide in cylindrical coordinates ( r, θ, z ) results in the 
following expression for the Ez-field of a positively travelling E-wave (in the +z-direction):

Ez (mn) = Ez0 Jm (kr r) exp(ikzn z + ikθmθ – iωt).                                   (35)

The required boundary condition is that the tangential electric field should be zero at all conducting 
surfaces, Ez (r0) = 0. This requires Jm ( kr r0) = 0 and we obtain finally the dispersion relation for 
the E-wave:

k2
z = ––– – –––––––––– .                                                  (36)

Here αml are the roots of the m-th order Bessel function of the first kind, Jm(αml ) = 0. The frequency, 
which determines a threshold for the wave propagation along the waveguide, к2

z = 0, is called the 
cut-off frequency, f c-Eml 

:

f c-Eml 
= ––––– √ m2 + α 2ml.                                                       (37)

ω2

c2
(m2 + α2

ml )
r0

2

c
2�r0
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It is easy to show that the lowest cutoff frequency of all E-waves in a given cylindrical waveguide 
corresponds to the first root of the zero-order Bessel function, α01 = 2.405: fc -E01

= 1.147 × 108 r-1
0 

(Hz). A further increase in the generator frequency ( f  > fc -Eml 
) results in the E-wave propagation 

along the waveguide with parallel wave-vector к2
z  > 0, satisfying to vacuum dispersion relation (Eq.

(36)). The present analysis clearly shows that the boundary condition for guided electromagnetic 
waves results in a quantization of the radial and poloidal wavenumbers: an infinite set of discrete 
values for кr and кθ is allowed [24, 53]. Considering the vacuum torus as a straight cylinder of the 
length L = 2�R0 with identical ends, we obtain also a discretization of the toroidal mode numbers 
needed to achieve a standing wave pattern formed by the superposition of incident and reflected 
waves. Therefore the resonant excitation of the high-Q cavity modes (eigenmodes) in the vacuum 
torus (Emln-modes) may be achieved at frequencies fEmln

 determined by discrete values of the 
poloidal, radial and toroidal wave vectors [53]:

fEmln 
=  –––    ––– + ––– + ––– 

 
.                                          (38)

Here n and m are the integer toroidal and poloidal mode numbers (number of wavelength variations 
in toroidal/poloidal directions), l is the integer ( ≠ 0 ) number of half-wavelength variations from 
wall to wall in radial direction, R0 and r0 are the major and minor radii of the torus, respectively.
 Modeling of the electromagnetic wave propagation for the ITER-like D-shaped vacuum torus 
was undertaken with the 3-D MWS code [20]. The eigenmode solver predicts a frequency threshold 
for the E-wave excitation and vacuum eigenmode formation in the frequency range ≈43-44 MHz 
(Figs.20,21), which is fortunately in the frequency band for the ITER ICRF H&CD system. 
 Further analysis shows that the numerically found frequency for the homogeneous distribution 
of the Ez-field along the ITER-like torus ( f E010

=42.9807 MHz) corresponds to the cut-off 
frequency of the E010-mode excitation in cylindrical waveguide (ntor=0) with effective radius                                   
r0–eff  ≈ 0.91√ rv rh , where rv ≈394 cm and rh ≈220 cm are the ITER vessel vertical and horizontal 
radii, respectively. The first global ( E011 cavity mode, ntor=1) resonance is predicted to be excited 
at frequency f E011 = 43.8469 MHz slightly shifted from the threshold frequency f E010

. Therefore 
careful fine-tuning of the RF generator to resonant excitation of the cavity modes is necessary. 
The result of ITER gas breakdown analysis is shown for the standard case of non-propagating 
(evanescent) electromagnetic waves in a vacuum torus ( f=40 MHz) in Fig.22 and for the regime 
with torus cavity mode formation ( f E010 

=42.9807 MHz) in Fig.23. The new regime demonstrates 
several principal advantages for safe and reliable performance of the gas breakdown in ITER 
compared to the “standard evanescent” regime:

- Ability to start ionization in the vessel core at ultra-low RF voltage at the antenna strap (VRF-

strap ≈2.5 kV);
- Potential to achieve ionization over the total cross-section at moderate RF voltage
 (VRF-strap ≈15 kV);

c
2�

m2

r0
2

α2
ml

r0
2

n2

R0
2√
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- Performance of gas breakdown entirely outside the antenna box due to boundary condition 
Ez = 0 at all conducting surfaces;

- Simultaneous breakdown in the full torus due to vacuum eigenmode formation.
This newly discovered effect gives evidence that the gas breakdown and initial ionization may occur 
in ITER simultaneously over the whole torus. It should note that the promising regime with the 
cavity modes excited in vacuum torus will exist during a short moment of the neutral gas breakdown. 
We may expect that the globally generated RF plasma will play a double role: destroy the vacuum 
cavity modes and set up the condition of plasma wave excitation in the toroidal plasma ( ωpe  ≥ ω 

) within a short time scale. However the latter is very important for ICRF antenna safe operation 
during vacuum-plasma transition phase and can considerably facilitate the ICWC operation even 
at high frequencies. Extrapolation of the vacuum eigenmode solutions from the present-size fusion 
machines to ITER indicates that the discovered effect can be tested only in a vessel with the size of 
ITER: the small size of the cross-section in present-day toroidal fusion machines requires operation 
at much higher frequencies that are not available at their ICRF systems (Fig.24). 
 An upgraded 0-D plasma code [22] was used to estimate the RF power necessary to produce 
and sustain ICWC hydrogen/deuterium plasmas in ITER (αpl ≈240 cm, R0=620 cm) at BT=5.3 T 
in the pressure range p≈(2-8)×10-2 Pa. The code predicts that RF plasmas with a density ne≈(1-
5)×1011 cm-3, electron temperature Te≈1-2 eV and ionization degree gi≈0.05-0.10 can be produced 
with a power Ppl-ITER ≈0.3-1.5 MW coupled to the electrons depending on the gas pressure. 
Assuming an "optimistic" antenna coupling efficiency η≥0.5 at monopole-phasing, this corresponds 
to a generator power PG-ITER ≈0.6-3.0 MW. A direct extrapolation from the TEXTOR and JET 
ICWC data (coupled power Ppl-TEXTOR ≈12-30 kW, Ppl-JET 230 kW, assuming a similar power 
density scaling and antenna coupling) gives a power of Ppl-ITER ≈1-2 MW and PG-ITER ≈2-4 MW, 
respectively. Interestingly, the amount of RF power needed to sustain the ICWC discharge in ITER 
as predicted by the 0-D plasma code and obtained from the direct extrapolation to ITER as outlined 
above was found in a reasonable agreement with another extrapolation of the ICWC power needed 
for ITER, based on the ratio of the PFC surfaces (~3.5 MW) [3]. 
 The TOMCAT 1-D RF code [21] predicts that a more homogeneous power absorption by the 
electrons over the ITER vessel may be achieved in the MC scenario at intermediate BT=3.6 T 
with two different frequencies (f1=40 MHz and f2=48 MHz) and low кz -spectrum (p/3-, p/6- 
or monopole-phasing between the RF currents in the toroidally adjacent antenna modules). 
Performance of the MC scenario at half-field (BT=2.65 T) or at full field (BT=5.3 T) may result 
in a less homogeneous ICWC discharge. However, plasma production with an antenna phased to 
low кz -spectrum of the radiated RF power is beneficial: (i) the FW is already propagating in low 
density plasmas; (ii) better antenna coupling is foreseen; (iii) larger fraction of the coupled RF 
power may be transported to a distant (>2 m) mode conversion layer. 

conclusIon

Recent progress is presented in the understanding of the basic processes responsible for gas 
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breakdown and ICRF plasma production, and in the modeling, characterization of antenna 
coupling and establishing of the parameters for ICWC plasmas targeted on the increase of the wall 
conditioning efficiency. 
These studies resulted in: 

1. Further development of a consistent model for RF plasma production in a magnetized torus 
comprising pre-wave and wave phases of gas ionization, plasma build-up and sustain using 
standard ICRF antenna.

2. Working out a general approach for ICRF antenna operation in the plasma production mode 
and establishing reliable working parameters (antenna RF voltage and power, frequency, 
phasing and gas pressure) needed for efficient wall conditioning. 

3. First successful simulation of the ITER full field ICWC scenario in the largest present-day 
tokamak JET. 

4. Demonstration of the principle possibility to make use of the currently planned ITER ICRF 
HCD system for ICWC applications based on simulations with 3-D electromagnetic, 1-D RF 
and 0-D plasma codes and complimented by direct extrapolation of the experimental data 
obtained on the present-day tokamaks. 
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Figure 1. Scheme for Ez-field generation by standard ICRF 
antenna in vacuum: (1) antenna strap with RF current; 
(2) Faraday screen rods; (3) antenna box. 

Figure 2. Ez-field simulation for the four straps of ITER 
multi-strap (24 array) ICRF antenna with 3-D MWS code: 
(a) inside antenna box at r=1 cm from strap (the fat vertical 
dashed red lines represent the antenna private limiters), 
(b) outside at r=1 cm from FS. Antenna strap locations 
are shown schematically with vertical (dashed) white 
contours and FS - with horizontal (solid) white contours 
(VRF-strap=15 kV, f=48 MHz, �/6-phasing).

Figure 3. Contour plot for Ez-field pattern in (x-z)-coordinates simulated with the MWS code for ITER antenna 
(f=40 MHz, PRF/strap=0.33 W): (a) - monopole (0000)-phasing, (b) - dipole (0�0�)-phasing.

http://figures.jet.efda.org/JG11.311-1c.eps
http://figures.jet.efda.org/JG11.311-2c.eps
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figure 4. The ionization rate per molecule H2 near 
the antenna within the area Lz (red ) due to oscillatory 
movement of the electrons and the same outside Lz (blue) 
due to the ponderomotive drift as function of the Ez/f-
ratio [32].

Figure 5. Hydrogen RF breakdown diagram in (Ez-f)-
parameter space with two ionization zones: (I) – gas 
breakdown with trapped and non-trapped (repelled-out) 
electrons, (II) – gas breakdown with non-trapped (escaped 
and repelled-out) electrons. The upper threshold for 
trapped electrons (Ez-max-line) is plotted for the JET A2 
antenna powered in monopole phasing, pH2=2×10-3 Pa.

figure 6. Plasma waves dispersion diagram, Re (k⊥
2), in logarithmic scale for the case of TEXTOR D2 plasma 

(ne0=1×1012 cm-3) in high BT=2.24 T (a) and low BT=0.5 T (b) (f=32.5 MHz, dipole phasing → k||(R0+a)=0.06 cm-1).
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Figure 7. Radial location of RF breakdown zones in H2 
(D2) gas calculated for JET A2 antenna geometry: (I) – 
ionization with trapped and non-trapped (repelled-out) 
electrons (Eq.(19)), (II) – ionization with non-trapped 
(escaped and repelled-out) electrons (Eq.(20)) at 
f=25 MHz, VRF-strap =15 kV, pH2=2×10-3 Pa and different 
phasing: monopole (0000) or super-dipole, s-d, (00��).

Figure 8. H2 (D2) RF breakdown diagram with the same 
RF voltage, phasing and gas pressure pH2=2×10-3 Pa as 
shown in Fig.7 but at higher frequency f=40MHz

Figure 9. Layout of JET ICRF antennas (highlighted in green) and diagnostics involved into ICWC experiment.
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Figure 10. JET A2 antenna coupling to low density 
(ne(a)≈3×1011 cm-3) ICWC plasmas as a function of the 
antenna phasing and FW cut-off density (f=25 MHz, 
deuterium, BT=3.3 T). The blue bars indicate the coupling 
efficiency for different phasing of the 4 strap antenna.

Figure 11. Experimentally observed indications of gas 
breakdown with JET A2 antennas in a safe manner: drop 
in antenna RF voltage, rise in antenna resistance and 
concomitant rise in Hα signal (Pulse No. 79322, A2C 
(black) and A2D (red) antennas).

Figure 12. Typical performance of ICWC discharge in JET using ICRF A2 antennas C and D operated in monopole 
phasing in conditions similar to ITER full field: f=25 MHz, PRF-G-max≈400 kW, h≈0.6, BT=3.3 T, ptot=2×10-3 Pa, gas 
composition – D2:He ≈ 0.85:0.15. From top to bottom: Toroidal magnetic field, ICRF power (solid lines correspond 
to generator power (A2-C – blew, A2-D – red), dashed lines – to RF power coupled to plasma, respectively), Gas 
injection from modules GIM-1 (D2) and GIM-4 (He), Pressure from gauge TO4, Line integrated density from FIR 
interferometer at 189 cm (nel1), 270 cm (nel2), 304 cm (nel3), 374 cm (nel4), Charge exchange H and D atom fluxes 
from neutral particle analyzer.
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Figure 13. JET D2-ICWC plasma images from wide-
angle CCD camera looking towards antennas A and B: 
(a) BV=0 mT (Pulse No: 79271), (b) BV= 30 mT (Pulse 
No: 79273). ICWC regime: A2C+A2D at f=25 MHz, 
monopole phasing, PRF-c ≈250 kW, BT=3.3 T and 
ptot≈2.0×10−3 Pa. 

Figure 14. JET D2-ICWC plasma images from CCD 
camera looking at antenna D, straps 1 and 2: (a) 
BV=0 mT (Pulse No: 79271), (b) BV=15 mT (Pulse 
No: 79277). Operation regime: f=25 MHz, monopole 
phasing, PRF-G =2×400 kW, BT=3.3 T.

Figure 15. Absorbed power PRF-e(r) and PRF-i(r) 
simulated for JET-like ICWC plasmas: 56%D+:40%
H+:2.0%D2

+:1.5%H2
+:0.5%C12

+; ne≈2.5×1011 cm-3, 
kz(0)≈0.03 cm-1. 

Figure 16. Line-integrated RF plasma density 
profile measured in JET ICWC conditions: 
BT=3.3 T, pD2=2x10-3 Pa, A2D and A2C antennas 
at f=25 MHz, monopole phasing, Ppl-tot≈250 kW, nD/
(nD+nH)≈0.58-0.60.
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Figure 17. Effect of the antenna kz-spectrum on JET 
D2-ICWC output (H2 preloaded): 0000-phasing (shot 
#79274, solid curve) vs. 00ππ-phasing (shot #79276, 
dashed curve), f=25 MHz, BT=3.3 T, p≈2×10-3 Pa, 
partial pressure for masses m=2 and m=3 form penning 
gauge spectroscopy).

Figure 18. Evolution of the isotopic ratio as a function of 
the cumulated JET D2-ICWC discharge time measured 
via visible midplane spectroscopy.

Figure 19. Correlation between A2D antenna coupling, 
plasma edge density at LFS (antenna side) measured 
during JET ICWC isotope exchange experiment (PRF-
G≈380kW, fA2D=25.21MHz, monopole phasing, BT=3.3T) 
and fraction of the electron absorbed power predicted by 
TOMCAT code.

Figure 20. 3-D MWS eigenmode solver: Ez-field 
distribution along the torus in ITER-like vacuum 
vessel at a cut-off frequency (ntor=0) for the E010-mode 
propagation (fE010=42.98MHz, all eigenmode solutions 
are normalized to 1 Joule total stored energy). 
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Figure 21. 3-D MWS eigenmode solver: radial 
distribution of Ez-field for vacuum cavity mode E010 
excitation in ITER-like vessel at cut-off frequency 
(fE010=42.98MHz, normalization to 1 Joule total stored 
energy). 

Figure 22. Modeling of radial location of H2 (D2) 
breakdown zone with ITER ICRF antenna operated in 
“vacuum evanescent wave” regime: (I) – ionization zone 
with trapped and non-trapped (repelled-out) electrons, 
(II) – ionization zone with non-trapped (escaped and 
repelled-out) electrons at f=40 MHz, VRF-strap=20 kV, 
pH2=2×10-3 Pa and different phasing: monopole (0000) 
or super-dipole ,s-d, (00��). 

Figure 23. Hydrogen RF breakdown condition in ITER-
size vessel with ICRF antenna tuned to excitation of 
vacuum cavity mode E010 (cylindrical approximation: 
rant=r0≈268cm, fE010=42.98MHz, VRF-strap=2.5kV (curve 
1), VRF-strap=15kV (curve 2), pH2=2×10-3 Pa. Here 
r-coordinate starts from the center of torus vessel but 
not from the antenna strap surface as was used in the 
“vacuum evanescent wave” regime shown in Fig.22 (also 
in Figs.7-8).

Figure 24. Extrapolation of vacuum eigenmode solutions 
from the present-size fusion machines to ITER vessel as 
predicted by MWS modeling for torus with non-circular 
(D-shaped) cross-section (symbols) and theory of cavity 
mode excitation in torus with equivalent circular cross-
section (dashed line).
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