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Abstract. In this paper the 0D description of magnetized toroidal hydrogen-helium
RF discharges is presented. The model has been developed to obtain insight on ICRF
plasma parameters, particle fluxes to the walls and the main collisional processes,
which is especially relevant for the comprehension of RF wall conditioning discharges.
The 0D plasma description is based on the energy and particle balance equations for
9 principal species: H, H+, H2, H+

2 , H+
3 , He, He+, He2+ and e−. It takes into account

(1) elementary atomic and molecular collision processes, such as excitation/radiation,
ionization, dissociation, recombination, charge exchange, etc... and elastic collisions,
(2) particle losses due to the finite dimensions of the plasma volume and confinement
properties of the magnetic configuration, and particle recycling, (3) active pumping
and gas injection, (4) RF heating of electrons (and protons) and (5) a qualitative
description of plasma impurities. The model reproduces experimental plasma density
dependencies on discharge pressure and coupled RF power, both for hydrogen RF
discharges (ne ≈ 1 − 5 · 1010 cm−3) as for helium discharges (ne ≈ 1 − 5 · 1011 cm−3).
The modeled wall fluxes of hydrogen discharges are in the range of what is estimated
experimentally: ∼ 1019 − 1020 /m2s for H-atoms, and ∼ 1017 − 1018 /m2s for H+-ions.
It is found that experimentally evidenced impurity concentrations have an important
impact on the plasma parameters, and that wall desorbed particles contribute largely
to the total wall flux.

PACS numbers: 52.50.Qt, 52.55.Dy, 52.65.-y, 52.80.Pi
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1. Introduction

In this paper the 0D description of a hydrogen-helium plasma implemented in
TOMATOR-0D (0D Transport Oriented model for MAgnetized TOroidal Rf discharges)
is outlined. The model has been developed to describe the evolution of ICRF plasmas
from discharge initiation to the (quasi) steady state plasma stage. The radio-frequency
(RF) plasma production technique in the Ion Cyclotron Range of Frequency (ICRF)
attracts growing attention among fusion experts because of its high potential for solving
several basic problems of reactor oriented superconducting fusion machines. The ICRF
plasma parameters will differ according to the application:

• ICRF wall conditioning in tokamaks [1, 2, 3] and stellarators [4]: In wall
conditioning applications one intends to create a high and homogeneous flux of
particles to the walls to provoke chemical and physical processes on the plasma
facing components. Wall conditioning objectives are facilitating tokamak plasma
start-up and improving its performance by e.g. reducing the amount of impurities
on the wall or lowering the recycling of particles [5], and in future machines wall
conditioning can be used to mitigate the tritium inventory build-up [6]. The
envisaged plasma parameters for ICRF wall conditioning are low plasma density
ne = 1010 − 1012 cm−3 and low electron temperature Te = 1 − 5 eV. These
temperatures cover a range wherein a hydrogen or helium plasma can have an
ionization degree of a few percent up to full ionization. The modeling efforts
on hydrogen-helium RF discharges are mainly motivated by the urgent need to
consolidate the Ion Cyclotron Wall Conditioning (ICWC) technique, which is
presently the main technique envisioned for the conditioning of the ITER first
wall in the presence of the toroidal magnetic field [7], and for which helium and
hydrogen are the most common discharge gases.
• ICRF assisted tokamak start-up [8]: In ICRF assisted tokamak start-up the aim

is to produce a dense target plasma (ne = 1012 cm−3) before the start of the
ohmic discharge, to reduce the inductive toroidal electric field requirements and
the magnetic flux consumption in the primary coils during the breakdown phase.
• Target plasma production (ne0 = 1013 cm−3) in stellarators [9]: In a stellarator,

where ohmic breakdown is not possible, plasma production in the ICRF band is a
possible way to build up a dense target plasma [10].

The 0D model allows to study ICRF plasma build-up for the above applications
in the mentioned typical density ranges, up to ne = 1013 cm−3, and temperature
range of Te = 1 − 103 eV (limited by reaction rate data). It gives insight on ICRF
plasma parameters, particle fluxes to the walls and main collisional processes, the
latter being the fundamental mechanism for the build-up of a plasma. This is of
particular importance since most standard tokamak plasma diagnostics are not adapted
to accurately diagnose these typical low temperature and low density plasmas. Together
with experimental data, the model can thus be used to obtain better understanding of
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the physics behind ICRF plasma production.
This paper is divided into two parts. A first part (section 2) is devoted to the

description of the implemented model equations. In section 2.2 the included elementary
inelastic and elastic collisions are listed, in section 2.3 the particle confinement properties
and edge conditions (particle recycling) are outlined, in section 2.4 the implementation of
the discharge control parameters (e.g. active gas throughput and coupled RF power) into
the balance equations is given and finally in section 2.5 the balance equation adaptations
to include impurities are introduced. Throughout these sections comments will be given
on the effect of the different processes on the modeling results. In the second part of this
paper (section 3), an overview of modeling results is given including a comparison with
experimental data. To check the balance equations, in section 3.1 the plasma parameters
are analyzed as a function of electron temperature and compared to literature, and in
section 3.2 the plasma parameters are modeled as a function of discharge pressure and
coupled power for hydrogen, helium and hydrogen/helium discharges, and compared to
experimental data of TEXTOR and TORE SUPRA. Also temporal dependencies have
been successfully modeled and are presented in [11].

2. Model description

2.1. Balance equations

To describe numerically in a 0D approach the evolution of ICRF plasma parameters in
tokamaks and stellarators, a set of transport equations [12, 13, 14, 15] was adopted.
The equations are derived from the standard continuity and heat balance equations
given by Braginskii [16], where all particle species are assumed to have a Maxwellian
energy distribution. In the present model the transport equations are updated to include
molecular hydrogen and helium, which is especially of importance for wall conditioning
plasmas. The 0D plasma description is based on the energy and particle balance
equations for 9 species: H, H+, H2, H+

2 , H+
3 , He, He+, He2+ and e−. It takes into account

(1) elementary atomic and molecular collision processes, such as excitation/radiation,
ionization, dissociation, recombination, charge exchange, etc... and elastic collisions,
(2) particle losses due to the finite dimensions of the plasma volume and confinement
properties of the magnetic configuration, and particle recycling, (3) active pumping and
gas injection, (4) RF heating of electrons (and protons) and (5) a qualitative description
of plasma impurities, as shown in eq. (1) and (2),
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∑
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where np and Tp are the population density and Maxwellian temperature, kijk is
the reaction rate for reaction i between particles of population j and k, Ei

jkp the
corresponding energy change for the involved populations and εijkp accounts the number
of lost or gained particles for each population, τp and τE,p are the particle and
energy confinement time, QS,p and QL,p are external particle sources and losses with
corresponding energy sources QSE,p and losses QLE,p, and finally Ejp is the energy
transfer from population j to p due to elastic collisions, with kel

j the elastic collision
reaction rate. In the following sections the equation elements are thoroughly discussed.

2.2. Elementary processes in hydrogen-helium plasmas

In this section all the included atomic and molecular reactions that are relevant for
the model are described. The model does not treat excited states as separate species.
Since cross sections are mostly dependent on the excited state of the involved particle,
radiative-collisional models (RC) [17, 18] are applied where possible to obtain effective
rate coefficients.

2.2.1. Inelastic electron impact reactions

• Electron collisions with H, H+ (Table 1, 1-3): The effective reaction rates are
calculated taking into account excited states of the hydrogen atom up to n = 5,
where n is the principal quantum number. The excitation rate coefficients are
based on K-matrix calculations [19] and all the values used were compared with
recommended close-coupling calculations [20]. The population of the hydrogen
excited states n = 2 and n = 3 was found less than 0.5% relative to the ground
state at the electron density of 1012 cm−3.
• Electron collisions with H2, H+

2 and H+
3 (Table 1, 4-12): For electron collisions with

the hydrogen molecule (reaction 5, 6 and 8) effective rate coefficient calculations
were effectuated based on the Yacora model [17]. The RC model for molecular
hydrogen includes the ground state and electronically excited states up to the
principal quantum number n = 10. The individual electronic states are resolved up
to n = 3 (e.g. d3Πu). For n > 3 this is not the case. The ground state, all states
in n = 2 and the states GK1Σ+

g , I1Πg, e3Σ+
u and d3Πu in n = 3 are vibrationally

resolved. Additional reactions and their reaction rates are selected from [21].
• Electron collisions with He, He+ and He2+ (Table 1, 13-16): The effective reaction

rates were obtained from the collisional radiative model NOMAD [18], using the
recommended set of atomic data [22]. For He atoms the singlet and triplet states up
to n = 4 (19 states) are considered independently and for He+ ions the calculations
are extended up to the first n = 6 excited states. Electron energy loss for collisions
with He, He+ and He2+, including excitation, ionization and recombination, are
implemented as cooling rates and are approximately independent on the electron
density. The cooling rates are implemented in the electron energy balance equation
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Table 1: Summary of the included elementary inelastic processes in hydrogen-helium plasmas.

Reaction Reference

Electron collisions with H, H+

1.) Excitation e + H −→ e + H∗ see text
2.) Ionization e + H −→ e + H+ + e see text
3.) Recombination e + H+ −→ H + hν see text

Electron collisions with H2, H+
2 and H+

3
4.) Excitation e + H2 −→ e + H∗

2 [21]
5.) Dissociation e + H2 −→ e + H + H see text
6.) Ionization e + H2 −→ e + H+

2 + e see text
7.) Dissociative ionization e + H2 −→ e + H+ + H + e [21]
8.) Recombination e + H+

2 −→ H2 + hν see text
9.) Dissociation e + H+

2 −→ e + H+ + H [21]
10.) Dissociative recombination e + H+

2 −→ H + H [21]
11.) Dissociative recombination e + H+

3 −→ H + H + H [21]
e + H+

3 −→ H2 + H [21]
12.) Dissociation e + H+

3 −→ e + H+ + H + H [21]

Electron collisions with He, He+ and He2+

13.) Ionization e + He −→ e + He+ + e see text
14.) Recombination e + He+ −→ He + hν see text
15.) Ionization e + He+ −→ e + He2+ + e see text
16.) Recombination e + He2+ −→ He+ + hν see text

Ion impact reactions
17.) Charge exchange H+ + H −→ H + H+ [24]
18.) Charge exchange H+ + H2 −→ H + H+

2 [21]
19.) Charge exchange H+

2 + H2 −→ H2 + H+
2 [21]

20.) Charge exchange He+ + H −→ He + H+ [24]
21.) Charge exchange He+ + He −→ He + He+ [21]
22.) Charge exchange He2+ + H −→ He+ + H+ [25]
23.) Charge exchange He2+ + He −→ He+ + He+ [26]
24.) Charge exchange He2+ + He −→ He + He2+ [21]
25.) Formation of H+

3 H+
2 + H2 −→ H+

3 + H [21]
26.) Excitation H+ + H −→ H+ + H∗ [21]
27.) Excitation H+ + H2 −→ H+ + H∗

2 [21]
28.) Ionization H+ + H −→ H+ + H+ + e [21]
29.) Ionization H+ + He −→ H+ + He+ + e [21]
30.) Dissociative ionization He+ + H2 −→ He + H+ + H [21]

as

Ėe = ...−∆Ee
He ne nHe −∆Ee

He+ ne nHe+ −∆Ee
He2+ ne nHe2+ . (3)

Recombination reaction (14) includes both radiative recombination and dielectric
recombination.

2.2.2. Inelastic ion impact reactions The included ion impact reactions are listed
in Table 1 (17-30). The employed general formula to determine the reaction rate in
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(Maxwellian) particle collisions from the cross section is given by

k(T1, T2) =
√

2
π

(
m∗

kBT ∗

)3/2 ∫ ∞
0

u3σ(u)e−
m∗u2

2kBT∗ du (4)

with T1 and T2 the Maxwellian temperatures of the interacting particles, T ∗ =
(T1m2 + T2m1)/(m1 +m2) and m∗ = m1m2/(m1 +m2) their reduced energy and mass,
with m1 and m2 the masses of the interacting particles, kB is the Boltzmann constant,
u = |−→v1 − −→v2 | is the impact velocity and σ(u) the velocity dependent cross section
[23]. The charge exchange reactions that have no effect on particle balances (reactions
17, 24, 21 and 24) are included since they are important for temperature equalization
between ions and atoms or molecules. Reactions (28) and (29) are negligible for reduced
temperatures below 100 eV.

2.2.3. Elastic processes Elastic collisions have a direct effect on the energy balance
of the involved particles. Indirectly also the particle densities will be affected due to
the energy dependent reaction rate coefficients. Since we require the model to predict
the temperature and density of the plasma species in a self consistent manner, both
the elastic Coulomb collisions between the charged particles and elastic ion-neutral and
neutral-neutral collisions are included.

Energy transfers through Coulomb collisions between the charged particles are
based on [27]. The resulting averaged energy transfer Q12

c from population 1 to 2 is
proportional to the difference of the Maxwellian temperatures of the two groups and
the Coulomb collision frequency ν12. It is implemented into the energy balance as:

Ė1 = ...−Q12
c = ...− 3/2(T1 − T2)ν12n1 (5)

with n1 and T1 the particle density and temperature of the first group.
The relevance of elastic ion-neutral and neutral-neutral collisions was already shown

for fusion edge plasmas for temperatures below 10 eV [28, 29, 30], and can be illustrated
by comparing elastic collisions with their mutually related charge exchange collisions.
The relation between the cross section for momentum transfer via elastic collisions σmt

and charge exchange reactions σcx in homonuclear systems for the low energy region
is approximately given by σmt = 2.21σcx [31]. The reaction rates for elastic collisions
are obtained via eq. (4), using momentum transfer cross sections from [32, 33, 34], and
implemented in the model according to eq. (5).

2.3. Particle residence times and edge conditions

The confinement time of a particle can be expressed as a function of the dimensions of the
vessel and the particle velocity towards the vessel walls. This velocity will depend on the
considered physical mechanism. For losses of neutral particles the thermal velocity can
be used. For charged particle losses one should consider separately the drift velocities,
the diffusion velocity across the magnetic field and the ion velocity along the magnetic
field lines.
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2.3.1. Neutral wall fluxes To estimate the flux of neutrals (H, H2, He) striking the
walls, their mean free path, thermal velocity and the approximate average distance they
need to travel to reach the walls of the toroidal chamber, are required. For the latter we
take an approximate distance of two times the minor radius a, accounting for the fact
that for all lines of sight that have a toroidal component, the average distance is larger
that a. The mean free path λp of neutral particle ’p’ is defined as

λp = vT,p/
∑
j,i

kijp nj (6)

where vT,p is the thermal velocity of neutral p and the sum goes over the different species
j in the plasma and over the possible reactions i between neutral p and particle j. The
wall flux, or neutral particle loss term, is then estimated by defining their effective
confinement time

τp = 2a
vT,p

e2a/λp (7)

which is in the 0D approach weighted by the probability that the particles will travel a
distance of 2a without undergoing a collision (e−2a/λn).

2.3.2. Ion wall fluxes The ion wall fluxes are constrained by the magnetic field. The
axisymmetric magnetic configuration considered in the model consists of a high toroidal
magnetic field Bθ (with ~1θ the toroidal direction), inhomogeneous in the radial direction
(~1r), to which a smaller homogeneous vertical field (Bz, with ~1z the vertical upwards
direction) is superimposed:

~B(r, z) = Bθ(r0)r0

r
~1θ +Bz

~1z (8)

with r the radial position with respect to the torus center, r0 the major radius of the
toroidal axis and Bθ(r0) the toroidal magnetic field strength on the toroidal axis.
Plasma drifts: It is known in controlled magnetic nuclear fusion that plasmas in this
magnetic configuration are not in equilibrium. In the vertical direction the plasma is
subject to ’ ~B × ∇B’ drifts stemming from the field curvature and gradient. The drift
velocities are equal in size but in opposite direction for electrons and for ions, up for
electrons and down for ions (for standard clockwise Bθ-direction). Charge cumulation
in the plasma edge due to the ’ ~B ×∇B’ current induces a vertical electric field in the
vessel, causing an outward drift velocity. Particle losses due to both drifts are included
in the model. The vertical electric field is calculated self consistently from the vertical
’ ~B × ∇B’ current, the estimated short-circuit currents in the conductive vessel walls
and the short-circuit currents running in the plasma along the magnetic field lines in
case of an applied vertical magnetic field. For partially ionized plasmas (Te < 10 eV)
the radial drift is found to be negligible. The confinement time due to vertical drifts is
inversely proportional to the particle energy, and of the order of 0.3 s for a 3 eV proton
(for TEXTOR vacuum vessel dimensions and Bθ = 2.3 T).
Losses along magnetic field lines: On application of a vertical magnetic field, the
magnetic field lines will describe a spiral around the vertical torus axis, connecting
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the bottom and top of the vessel. The connection length L from top to bottom depends
on the magnetic fields and plasma radius a: Lsin(φ) = a, with tan(φ) = Bz/Bθ. When
the connection length is of the order of the mean free path λp of the ions, losses along the
magnetic field lines are significant. The vertical component of the velocity of a thermal
ion is estimated as vT,pBz/Bθ, with vT,p the thermal velocity.
Diffusion across the magnetic field: Charged particles diffuse across the toroidal
magnetic field due to random collisions in the plasma. The diffusion coefficient is
given by D⊥ = ρ2νc, with ρ the average step length the particle takes in collisions,
and νc its collision frequency. The step length can be considered to be the gyration
radius. In the well known Bohm scaling [35] the collision frequency is set equal to the
cyclotron frequency, which results in a diffusion coefficient that only depends on the
particle energy, and is valid for all charged plasma particles:

DBohm = 1
16
kbT

eB
(9)

where 1/16 is an empirical factor introduced by Bohm. The related diffusion velocity is
[14]

vBohm = 2DBohm

a
. (10)

The cross field diffusion coefficient has been estimated on TEXTOR via the radial
plasma density decay length λd close to the wall. The latter was determined by two
double Langmuir probes inserted in the plasma, resp. at the top and bottom of the
vessel via the TEXTOR limiter locks, biased at −100 V. The toroidal magnetic field
lines at these positions are limited by poloidal limiters, one at the top and one at the
bottom of the vessel, so that the connection length L of the magnetic field lines equals
one toroidal rotation L = 11 m. Fig. 1 shows the measured densities as function of the
radial position on the left axis, cross checked with the total collected bias current on
the structures (right axis) which is proportional to the plasma density. The observed
background current and density values at large radial positions |z| > 54 cm on the
limiter lock 1 data are attributed to rectified RF current due to the proximity of the
employed A2 RF antenna. The four data sets can be approximately fitted with a same
exponential decay length of λd = 1.1 cm (dashed lines). For the typical modeled electron
temperatures (Te ≈ 3 eV) the measured diffusion coefficient can be found from [36]

Dmeas = λ2
dcs
L

(11)

with cs the ion sound velocity, which results in Dmeas = 0.22 m2/s. For the same electron
temperature, and the applied toroidal magnetic field strength (Bθ = 2.3 T) one obtains
a Bohm diffusion coefficient of DBohm = 0.08 m2/s, which is of the same order as the
measured one, confirming Bohm diffusion in ICWC plasmas. For the above values the
confinement time related to Bohm diffusion is of the order of 0.5− 1.5 s (for TEXTOR
vacuum vessel dimensions and Bθ = 2.3 T).
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Figure 1: Measured decrease of electron density near vessel wall at bottom (LL1) and top
(LL3) of the TEXTOR vessel, where the toroidal magnetic field lines are limited by poloidal
limiters. Left axis: electron density by double Langmuir probe, right axis: collected current
on biased probe holder (−100 V).

The above charged particle loss mechanisms are summarized in the following general
formula for the ion confinement time:

τp = a

(vDz,p + vDr,p + vBohm,p)e−a/λp + vT,pBz/Bθe−aBθ/Bzλp
(12)

where λp the mean free path of the ion, vDz,p is the ’ ~B × ∇B’ drift velocity, vDr,p is
the radial outward ’ ~E × ~B’ drift velocity, vBohm,p is the cross field diffusion velocity and
vT,p the thermal velocity of the ions. Eq. (12) estimating the particle confinement time
is valid only for the plasma ’center’ were the magnetic field lines are either closed or
very long. The confinement time in the plasma ’edge’ where the magnetic field lines
are limited on in-vessel structures is much smaller due to losses along the magnetic field
lines.

Fig. 2 shows the modeled influence of the ion confinement time on TEXTOR
plasma parameters. The electron temperature and density, and the H+-ion and H-atom
density are plotted as a function of the confinement time, for a H2-RF discharge with
pH2 = 5·10−4 mbar and PRF = 100 kW. It is found that ion confinement times above 0.1 s
have a minor influence on the plasma parameters. For smaller confinement times, the
electron density will start to decrease leading, in this example, to a three times lower
electron density in case of τp = 1 ms, while the electron temperature increases. The
above found values for vertical ion drifts and Bohm diffusion make that for partially
ionized plasmas, the ion confinement time has only a minor influence on the plasma
parameters.

In the model the electron losses are set to account for charge neutrality in the
plasma. It is sometimes argued that electrons lose their energy faster than ions. To
account for this one should include an energy confinement time that is smaller than the
particle confinement time: τp,e ≈ χτE,e, with χ > 1. In the model we use χ = 3 based
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Figure 2: Modeled influence of the ion confinement time on plasma parameters for a partially
ionized TEXTOR H2-RF discharge with pH2 = 5 · 10−4 mbar and PRF = 100 kW. Above
confinement times of 0.01 s the influence on the plasma density is minor. Typical confinement
times are ∼ 0.1 s for 3 eV ions.

on [12, 37, 38]. When the neutral gas is partially ionized, e.g. 20%, a change of χ from
1 to 3 decreases the plasma density only by 0.5%.

2.3.3. Edge conditions Neutrals, not affected by the magnetic field will be in constant
interaction with the vessel walls. Also charged particles, due to their collective drifts,
diffusion across the magnetic field, and transport along the field lines will interact with
the walls. To describe the wall interaction in the model, the exchange of particles
between wall and plasma is represented by the recycling coefficient R. From analysis of
TEXTOR and TORE SUPRA mass spectroscopy data it is found that particle recycling
in ICWC plasmas can be up to R ≥ 0.99 [39]. The recycling in the model is assumed
to be immediate. To properly add particle recycling in the balance equations, the main
plasma wall interaction mechanisms have been considered. In the balance equations for
neutral He and H2 (THe, TH2 < 10 eV), the particle and energy reflection coefficient are
set equal to 1, in close agreement with [40, 41]. Hydrogen atoms and ions in interaction
with the wall either pick up a bounded H atom on the wall surface to form directly H2

[42], or either penetrate into the wall to be desorbed later as H2. Also the helium ions
are neutralized by the wall and released with an energy equal to the wall temperature.
The ions H+

2 and H+
3 , having generally very low densities, are recycled as H2. The

implemented edge conditions appear as source terms in particle (QS,p, eq. (1)) and energy
(QSE,p, eq. (2)) balance. A completer treatment of the wall interaction by coupling the
0D-model to a basic wall interaction module is presented in [43].

2.4. Discharge control parameters

The RF discharge control parameters are the discharge pressure, the gas mixture, the
RF power and the magnetic field configuration. Below we discuss the implementation
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of gas injection, active pumping, and the coupling of power into the balance equations.

2.4.1. Gas injection and active pumping In the 0D model, gas injection can be either
regulated to keep the total pressure in the vessel constant (feedback controlled), or is
pre-programmed at a given rate (feed forward). Terms for the removal rate of particles
by the pumps and the injection rate appear in the particle balance as (QS,p and QL,p in
eq. (1))

ṅH2 = ...+QH2,valve − nH2 SH2/Vpl (13)
ṅHe = ...+QHe,valve − nHe SHe/Vpl (14)

with Qvalve the gas injection rate [cm−3s−1], S the pumping speed [cm3s−1] and Vpl the
vessel volume [cm3]. The same terms come back in the energy balance, included in QSE,p

and QLE,p in eq. (2).

2.4.2. Coupled power TOMCAT simulations show that the RF power coupled from the
ICRF antenna to the RF plasma is absorbed mainly collisionally by electrons (typically
x ≈ 75 − 90%) [44]. The remaining fraction (1 − x) is coupled to the ions (all) by
collisional absorption and to IC resonant ions by cyclotron absorption. The coupled RF
power PRF is included in the energy balance equation of the electrons (xPRF/Vpl) and
protons ((1− x)PRF/Vpl). In the present 0D model however, only collisional absorption
is considered, the population of resonant ions (∼ 10−4ne), determined from JET NPA
measurements [5], modeled neutral densities and the charge exchange reaction rate
(reaction 17, Table 1), being negligible.

Fig. 3 shows modeled plasma densities and Maxwellian energies for a TORE SUPRA
hydrogen ICWC plasma, pH2 = 5 · 10−4 mbar and PRF = 100 kW. The figure shows
clearly that the electron density decreases when the fraction of coupled power to the
electron decreases. This can be understood from the fact that electron impact ionization
reactions are much more efficient than ionization on proton impact. Likewise the
generally lower collisionality of the ions allow them to reach Maxwellian temperatures
higher than 10 eV on increasing coupled power fraction (1 − x > 0.5). Higher ion
energies might increase the wall conditioning efficiency of RF discharges. In the present
understanding of ICWC discharges it is stated that most of the ICRF power is coupled
to the electrons. In further modeling results we assumed x = 1.

2.5. Plasma impurities

Impurities in wall conditioning plasmas, either liberated by plasma wall interactions
or from background neutral pressure in the vacuum vessel, strongly affect the plasma
parameters. Fig. 4 shows electron cooling rates on neutral hydrogen, helium, carbon
and oxygen, for a plasma with an electron density of ne = 1011 cm−3, illustrating the
importance of impurities. To obtain the actual energy loss per unit density one has to
multiply with the density of the involved atom. The electron cooling rate on carbon
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Figure 3: Modeled plasma densities (top) and Maxwellian energies (bottom) for a TORE
SUPRA hydrogen ICWC plasma, pH2 = 5 · 10−4 mbar, Bθ = 3.8 T and PRF = 100 kW. The
electron density decreases when the fraction of coupled power to the electron decreases while
the ion temperature increases.

Figure 4: Total electron cooling rate for electron collisions with H, He, C and O as a function
of the electron temperature, Te ([45] = [INDC1995])

is two orders of magnitude higher than that of hydrogen, and almost three orders of
magnitude than that of helium. The contributions of hydrogen and carbon to the
total electron cooling in a low temperature hydrogen plasma (<10 eV) with 1% carbon
impurities are thus of the same order of magnitude. In conditioning plasmas on machines
with carbon facing components one expects mainly hydrocarbons, carbonoxides, and
water as impurities. A proper consideration of the plasma impurities requires including
particle and energy balance equations, containing elementary collisions, elastic collisions,
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particle residence times, edge conditions and pumping of neutral molecules, for all the
relevant impurity species and their ions. To enable a qualitative analysis on the effect
of impurities, the 0D-model includes three extra particle balance equations, one for
atomic carbon C and two for its ionized states C+ and C2+. The energy balance for the
carbon species is not included. The electron energy balance is completed with cooling
rates including excitation, ionization and recombination of carbon atoms and ions (data
obtained from [45]), in the same manner as was done for helium (eq. 3). Also electron-ion
Coulomb collisions are included in the electron energy balance equation. The electron
particle balance is completed with carbon ionization reactions, that contribute to the
electron density (data obtained from [33]). The actual production rate for carbon ions
is however estimated to be lower than the given atomic carbon ionization rate. In
the initial plasma phase, carbon will not be present as atoms, but rather as molecules
due to its chemical reactiveness. For this same reason the electron cooling rate is
estimated to be higher due to the numerous molecular excitational states and to molecule
dissociation energies. Finally, the impurity ion confinement time is set to a constant
value in accordance with [14].

Modeling results confirm that even small amounts of impurities have a large
influence on the final electron density. For example a carbon impurity content of 1%
of the total hydrogen pressure in a TEXTOR discharge of pH2 = 5 · 10−4 mbar and
PRF = 100 kW (Fig. 3, x = 1) decreases the final electron density at least by a factor 2.
Impurity contents of 1% are easily obtainable on TEXTOR. Fig. 5 shows CO and CH4

partial pressures for four subsequent H2-ICWC discharges in TEXTOR with feedback
hydrogen pressure of pH2 = 5 · 10−4 mbar and PRF ∼ 60 kW. According to the mass
spectrometry data, and in accordance to baratron pressure data, there is a background
CO pressure of approximately 4% of the feedback pressure. During the RF discharge
(discharge initiation at t = 2 s, discharge ending at t = 7 s), the CH4 partial pressure
increases to approximately 2% of the feedback pressure. To be able to reproduce RF
plasma parameters the plasma impurity content has to be known and their elementary
collisions have to be accurately described in the balance equations. Unfortunately it is
often difficult to estimate the exact impurity content and even the elementary collision
data of molecules such as H2O, CH4 and CO is scarce. Nevertheless in the next section
on modeling results we will show that the 0D model with carbon impurities is able to
reproduce, at least qualitatively, the experimental data.

3. Modeling results

3.1. Plasma characteristics as a function of electron temperature

In an equilibrium situation, the plasma parameters can be brought back to the electron
temperature. In this section we will illustrate independently of the discharge pressure
and coupled power, the ion fraction data for a pure hydrogen plasma, a pure helium
plasma, and a 50/50 H2/He plasma. The pure gas ion fractions will be compared to the
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Figure 5: CO and CH4 partial pressures from mass spectrometry for 4 subsequent H2-ICWC
discharges (discharge initiation at t = 2 s, discharge ending at t = 7 s) in TEXTOR with
feedback hydrogen pressure of pH2 = 5 · 10−4 mbar and PRF ∼ 60 kW.

literature. In case of gas mixtures, there will be a clear influence of the mixture on the
plasma parameters, especially in the temperature range where the plasma is partially
ionized. The analysis is done for a perfectly confined plasma (τion = 1000 s).

3.1.1. Pure hydrogen plasma Fig. 6 (left, solid lines) gives the hydrogen ion fractions
as a function of the electron temperature. To obtain sufficient ionization, the electron
temperature needs to be above 2 eV. The transition from no ionization to full ionization
happens completely in the electron temperature range of 2 to 2.8 eV. Steady state
electron temperatures between these values can keep partially ionized plasmas. The
presence of H+

2 and H+
3 is significant below 2.7 eV. In this example considering a

perfectly confined plasma the H+
3 density is almost equal to the electron density. In

partially ionized plasmas the presence of H atoms is significant (∼ 10% of ne). In fully
ionized plasmas, the H atoms density is higher than that of the H2 molecules, and both
their concentrations decrease on increasing electron energy. The ratio of H ions and
atoms is found to be in agreement with [46].

On taking into account the confinement properties of the plasma, the full ionization
threshold temperature will shift to slightly higher values. Since ions and atoms are
recycled as neutral molecules, the presence of neutrals at high temperatures will be
more important in the case of the real ion confinement.

3.1.2. Pure helium plasma Fig. 6 (right, solid lines) gives the helium ion fractions as
a function of the electron temperature. From electron temperatures of 2.2 eV on, the
plasma attains a significant degree of ionization. The plasma is partially ionized in
the electron temperature range from 2 to 3 eV. At ≈ 2.4 eV an ionization degree of
0.5 is obtained. A second transition, from the single ionized state to double ionized
state, happens in the electron temperature range of 4 to 10 eV where, as the electron
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Figure 6: Ion fractions as a function of the electron temperature (Te). Left: pure H2 plasma
(solid lines) and 50/50 He/H2 plasma (dashed lines, only electron density). Right: Pure He
plasma (solid lines) and 50/50 He/H2 plasma (dashed lines).

temperature increases, the electron density increases likewise. A simultaneous presence
of He and He2+ appears negligible (at Te = 4.2 eV both are only ≈ 0.25% of nHe+). The
modeled ion fractions are found to be in agreement with [46].

Similar as for the hydrogen case, by taking into account the confinement properties
of the plasma, the full single ionization and double ionization threshold temperatures
will shift to slightly higher values.

3.1.3. Hydrogen-helium mixtures On Fig. 6 also the electron density (resp. normalized
to the initial hydrogen and helium density) and ion fractions (only for helium, right
figure) for a neutral gas mixture of 50/50 H2/He (dashed line) is plotted as a function of
the electron temperature. The increased electron density in the temperature range
of 2.1 to 2.5 eV due to ionized helium results in additional ionization of hydrogen.
Consequently the full ionization state of hydrogen is reached somewhat earlier. The
full ionization state of helium is reached somewhat later than for a pure helium plasma.

3.2. Plasma characteristics as a function of discharge pressure and coupled power

To benchmark the 0D model a comparison follows between model results, using
experimental partial pressures and coupled RF power as model inputs, with
experimental electron density data obtained from interferometry measurements. Once
the density is modeled, additional information on the particle energies and main wall
bombarding particle fluxes can be obtained. We will discuss TEXTOR H2-ICWC
discharge densities as function of RF power and pressure, TORE SUPRA He-ICWC
discharge densities as function of RF power and TEXTOR H2/He-ICWC discharge
densities as function of the gas mixture.
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Figure 7: Modeled and experimental (HCN interferometry) TEXTOR ICRF plasma densities
as a function of the coupled RF power to the electrons (feed back controlled pressures,
Bθ = 2.3 T, Bz = 0.04 T).

3.2.1. TEXTOR H2-ICWC discharges Fig. 7 shows modeled and experimental
TEXTOR ICRF plasma densities as a function of the coupled RF power to the electrons.
The plots contain experimental data for RF discharges with a toroidal magnetic field
of Bθ = 2.3 T and vertical field of Bz = 0.04 T. The pressure during these discharges
was feedback controlled at pH2 = 5 · 10−4 mbar or pH2 = 1 · 10−4 mbar. At a pressure of
pH2 = 5 · 10−4 mbar the measured electron density is of the order of ne = 4 · 1010 cm−3

(PRF = 50 kW). For the same pressure and power, in absence of impurities, the 0D model
predicts a ICWC plasma density of ne = 2.5 · 1011 cm−3. To match the experimental
data the impurity content of the discharge was set to 1.5% for the high pressure case and
consequently 7.5% for the five times lower feedback pressure case. These high impurity
consentrations are realistic on TEXTOR, considering the evidenced high background
CO pressure and increasing CH4 pressure during the discharge (Fig. 5). The figure
shows clearly that the density increases with increasing power. The modeled densities
are in good agreement with the measurements.

Fig. 8 shows the modeled neutral and ion fluxes to the wall as a function of the
coupled RF power, for both the high and low pressure cases. At high pressure the ion
flux is negligible compared to the neutral atom flux, whereas at pH2 = 1 · 10−4 mbar,
keeping the same impurity content, the neutral and ion wall flux becomes comparable.
The neutral flux has decreased due to the smaller mean free path of the neutrals (higher
electron density), and the lower neutral hydrogen pressure. The ions on the other hand
will have a larger mean free path, due to their lower collisionality in the low pressure
plasma, which significantly increases the number of particles reaching the vessel walls via
transport along the magnetic field lines. The predicted temperature of these ions is in
case of a partially ionized plasma around 2 to 3 eV. This temperature is not necessarily
the impact energy on the wall since sheath effects can increase the energy significantly.
The ion wall flux consist mainly of H+. Both the neutral H and H+ flux increase with
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Figure 8: Modeled neutral and ion fluxes to the wall as a function of the coupled RF power,
for the TEXTOR H2-ICWC discharges given in Fig. 7.

the coupled RF power. The energy of the wall bombarding neutrals is about 3 eV, equal
to the assigned average energy to the atoms on dissociation of hydrogen molecules. To
obtain high ion fluxes to the wall one should aim at high RF powers, or low neutral gas
pressures (high PRF/N , with N the total amount of particles in the vessel).

The modeled neutral flux is in the range of the neutral flux that was predicted from
partial H2, HD and D2 pressures, gas injection data and machine pumping speeds on
TEXTOR, published in [39]. Also on TEXTOR the charged particle flux on a toroidal
limiter blade, with a 0.5 m2 surface, was measured. For a grounded toroidal limiter blade,
the measured ion current was 9.3 · 1017 ± 1.3 · 1017 /m2s in case of hydrogen feedback
pressure pH2 = 5 ·10−4 mbar and 16.5 ·1017±0.5 ·1017 /m2s for pH2 = 1 ·10−4 mbar, both
at a coupled RF power of PRF ≈ 100 kW. The measured values are in the range of what
is predicted by the 0D model, and the pressure dependence is qualitatively reproduced.
The predicted ion flux in the low pressure case is however too high by a factor 4, and
the predicted ion flux in the high pressure case is too low by a factor 8.

Finally the pumping probability (1−f), with f the ionization probability, of neutral
H2 as a function of the electron density is shown on Fig. 9. The ionization probability is
the probability that a neutral molecule will be ionized or dissociated instead of pumped
out of the machine [14]. The evacuation of wall desorbed particles is very inefficient in
a plasma with high ionization probability. From the figure it is clear that the pumping
probability of H2 for typical ICWC plasma densities of order ne ≈ 1011 cm−3 is very low,
in the range of 0.1%. Experimentally these low values are confirmed [39]. To optimize
the conditioning efficiency it is clear that a compromise has to be sought between the
high wall fluxes on one side (neutrals: high power, high pressure; ions: high power, low
pressure) and the reionization probability on the other. An alternative solution is to
operate the discharges in pulsed mode: ∼ 1 s discharges followed by sufficient pumping
time (order of a few times the characteristic pumping time) [39].
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Figure 9: Pumping probability (1− f) of neutral H2 as a function of the electron density for
TEXTOR discharges.

3.2.2. TORE SUPRA He-ICWC discharges Fig. 10 shows both experimental and
modeled helium plasma densities as a function of the coupled power for TORE SUPRA
He-ICWC discharges at pressure pHe = 1.8 · 10−4 mbar, Bθ = 3.8 T and Bz = 0 T. The
neutral hydrogen content during these discharges, released by the wall due to the plasma
wall interaction, is set constant to pH2 = 8 · 10−6 mbar in accordance with experimental
partial pressures. To match the experimental data a reasonable impurity content of
0.35% is added to the neutral pressure (the impurity content during TORE SUPRA
ICWC discharges is found to be much lower than on TEXTOR). A helium plasma

Figure 10: Experimental (DCN interferometry) and modeled helium plasma densities
as a function of the coupled power for TORE SUPRA He-ICWC discharges at pressure
pHe = 1.8 · 10−4 mbar, pH2 = 8 · 10−6 mbar (stemming from wall interaction), Bθ = 3.8 T
and Bz = 0 T.

has generally a higher plasma density (ne ≈ 4 · 1011 cm−3) than a hydrogen plasma
(ne ≈ 4 · 1010 cm−3) for the same coupled power at a given pressure. The density in
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He-plasmas is linear with the coupled RF power. Fig. 11 shows the modeled particle
fluxes to the wall as a function of the coupled RF power. As in case of a pure hydrogen
plasma, the fluxes increase with power and with density. Interestingly it is found that the
main wall bombarding species are neutral H-atoms. The He+-ion flux is approximately
equal to the H+-ion flux. The 0D model reveals thus clearly that in case of helium wall
conditioning discharges, the wall released hydrogen particles will largely contribute to
the wall bombarding flux.

Figure 11: Modeled particle fluxes to the wall as a function of the coupled RF power, for
the TORE SUPRA He-ICWC discharges given in Fig. 10.

3.2.3. TEXTOR H2/He-ICWC discharges Fig. 12 shows the influence of the neutral
gas mixture on the electron density for a series of TEXTOR discharges with constant
helium injection and feedback hydrogen injection (ptot = 5 · 10−4 mbar). For a helium
concentration concentration below 50% the electron density is as in previous examples
lower than 1011 cm−3 (interferometer density, blue rectangles). On higher helium
concentrations the electron density increases abruptly to values around 3.5 − 5.5 ·
1011 cm−3. On the right axis the coupled power during these discharges is given. Except
for one single discharge with a helium concentration of 53%, the coupled power (green
dots) in the discharges increases monotonically with the helium concentration, although
the RF generator power was kept constant for all discharges, which means that the RF
coupling efficiency increases with increasing helium concentration. From RF physics
point of view one would expect that the coupling efficiency is firstly dependent on
the electron density rather than on the gas mixture. Since the coupling efficiency
doesn’t show the same discontinuity as the plasma density, it is expected that the
increase of density is due to collisional processes. On the figure also modeled densities
are given (blue triangles). The densities are modeled by adjusting the input coupled
power proportional to the gas mixture, according to the experimental coupled powers.
The model input powers are given by the green rectangles. The hydrogen injection in
the modeling is like in the experiment controlled to keep the total pressure constant,
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Figure 12: Influence of the neutral gas mixture on the electron density for a series
of TEXTOR discharges with constant helium injection and feedback controlled hydrogen
injection (ptot = 5 · 10−4 mbar). The RF coupling efficiency increases linearly with increasing
helium concentration. The plasma density shows a discontinuous increase around He/H2-
concentrations ≈ 50/50 which is presently not reproducible with the 0D model.

while the helium injection is kept continuously constant. In accordance with previous
TEXTOR example, the impurity concentration is set to 1.5% of the total pressure.
It is clear from the figure that the model is able to reproduce the density in case of
a hydrogen like plasma (helium concentration lower than 50%). However it does not
reproduce the sudden density increase observed on higher helium concentration. The
imperfect description of plasma impurities in the model is thought to lie at the origin
of this, but in this stage of the model also the influence of RF coupling properties can’t
be ruled out. It is therefore envisaged to upgrade the 0D model to include a RF power
coupling module based on full wave code TOMCAT, which should preferentially be done
in a 1D context.

Conclusion

In this paper the 0D description of magnetized toroidal hydrogen-helium RF discharge
is presented. The model is developed to obtain insight on ICRF plasma parameters,
particle fluxes to the walls and the main collisional processes, which is especially relevant
for the comprehension of RF wall conditioning discharges, for which hydrogen and
helium are the most common discharge gases. The 0D plasma description is based on the
energy and particle balance equations for 9 principal species: H, H+, H2, H+

2 , H+
3 , He,

He+, He2+ and e−. It takes into account (1) elementary atomic and molecular collision
processes, such as excitation/radiation, ionization, dissociation, recombination, charge
exchange, etc... and elastic collisions, (2) particle losses due to the finite dimensions
of the plasma volume and confinement properties of the magnetic configuration, and



0D model of magnetized hydrogen helium wall conditioning plasmas 21

particle recycling, (3) active pumping and gas injection, (4) RF heating of electrons
(and protons) and (5) a qualitative description of plasma impurities. The typically
low temperature wall conditioning plasmas motivate the implementation of molecular
hydrogen.

It is found that experimentally evidenced impurity concentrations have an
important impact on plasma parameters. The effect of impurities on the plasma
parameters is simulated by including balance equations for C, C+ and C2+. On
inclusion of plasma impurities the model reproduces experimental plasma density
dependencies on discharge pressure and coupled RF power, both for hydrogen RF
discharges (ne ≈ 1 − 5 · 1010 cm−3) as for helium discharges (ne ≈ 1 − 5 · 1011 cm−3).
The modeled wall fluxes of hydrogen discharges are in the range of what is estimated
experimentally: ∼ 1019 − 1020 /m2s for H-atoms, and ∼ 1017 − 1018 /m2s for H+-ions.
In case of helium RF discharges it is found that wall desorbed hydrogen contributes
largely to the wall flux. The main wall bombarding flux consists of hydrogen neutrals.
The helium and hydrogen ion flux are approximately of the same order of magnitude
although the hydrogen neutral pressure, stemming from wall desorption, is in accordance
to mass spectrometry data less than 5% of the helium neutral pressure.

The sudden increase of plasma density on increasing the discharge helium
concentration, while keeping the total pressure constant, as observed on TEXTOR
could not be reproduced by the 0D model. Since the coupled power, and thus the
coupling efficiency does not show a similar discontinuity, it is nevertheless expected that
collisional processes lie at the basis of this effect. A future upgrade of the 0D model to
1D, including a self consistent description of the coupled RF power, and reconsideration
of the inclusion of plasma impurities is required to evidence this.
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