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Abstract 

The 1-dimensional reaction-diffusion-convection code TOMATOR-1D describes plasma 
production by RF waves inside a tokamak using the Braginskii continuity and heat balance 
equations. The model simulates self-consistent radial density and temperature profiles for 
magnetised plasma mixtures of hydrogen and helium. The model reproduces the density 
profiles of X2 ECRH plasmas on TCV and proposes a Bohm-like poloidal magnetic field 
dependent scaling for anomalous diffusion and a convection scaling that results from drifts in 
the toroidal magnetic field configuration. A relation is proposed between the anomalous 
diffusion and the outward convection in toroidal plasmas. It is found that the EC absorption 
efficiency decreases at higher power, which is understood from the acceleration of electrons 
beyond the optimal energy for the electron impact ionisation of helium. A dramatic increase 
of the absorption efficiency is seen at intermediate vertical magnetic field values of 𝐵! =
0.25 − 0.5%𝐵" which results in the highest density plasmas. Losses along the field lines in 
the vertical direction become dominant at higher fields which effectively reduces the plasma 
density in these discharges. To arrive at predictive capabilities towards ECRH plasmas on JT-
60SA and ITER, the proposed scalings, subsuming dependencies on the torus major radius 
and the toroidal field strength, need to be validated in a multi-machine study. 
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1. Introduction 

Radio-frequency and microwave (RF) plasmas find 
applications in tokamaks for wall conditioning and breakdown 
assistance. The currentless discharges, without equilibrium 
and typically partially ionised, are produced by resonant or 
collisional absorption of RF power. Predicting the RF plasma 
parameters for future large devices such as JT-60SA and ITER 
requires a good understanding of the power absorption and 
transport mechanisms of the toroidal magnetised plasmas. The 
1D transport oriented model for magnetized toroidal RF 
discharges, TOMATOR-1D, is developed to provide insight 
in these phenomena. Its robust mathematical implementation 
with an unconditionally stable temporal discretisation, using 
the fully implicit backward differentiation scheme of second 
order complemented by an adaptive time stepping scheme, 
provides a practical means to benchmark confinement scalings 
or power absorption modules against experimental data sets. 

The first part of this paper describes the model starting from 
the 1D transport equations. The implemented scalings for the 
diffusion and convection coefficients are discussed, as well as 
the losses along the magnetic field lines. A summary of the 
included elementary collisions is given and finally the edge 
conditions are discussed. The second part of the paper presents 
a case study where the model is benchmarked against data 
from helium ECRH (electron cyclotron resonance heating) 
plasmas on TCV. By reproducing the measured radial density 
profiles, insight is obtained in the dependencies of the 
transport coefficients and power absorption efficiency on the 
applied vertical field or the launched ECRH power.  

2. Model description 

To describe numerically in a 1D approach the evolution of 
RF plasma parameters in tokamaks, the standard continuity 
and heat balance equations given by Braginskii [1] are adopted 
in cylindrical slab geometry. The diffusion-convection-
reaction equation is solved for both density 𝑛(𝑟, 𝑡) and energy 
density 𝐸(𝑟, 𝑡) 	= 	3/2	𝑛(𝑟, 𝑡)𝑇(𝑟, 𝑡) for each of the plasma 
ions and neutrals, with 𝑇(𝑟, 𝑡) their respective Maxwellian 
temperatures:  

𝑛̇(𝑟, 𝑡) =
1
𝑟
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𝜕𝑟 𝑟𝐷
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Both the diffusion coefficient 𝐷(𝑟, 𝑡) and the convection 
velocity 𝑉(𝑟, 𝑡) are implemented such that they can depend on 
the radial coordinate 𝑟. The source terms, 𝑆(𝑟, 𝑡) and 𝑆$(𝑟, 𝑡),  
include the particle and energy changes by collisional 

processes, external particle sources such as neutral gas 
injection, toroidal losses on limiters and losses across or along 
the field lines in the vertical direction. The factor 𝛾# in 
equation (2) correct the energy transport for the typical (∼3) 
times poorer energy confinement compared to the particle 
confinement. 

The equations are implemented for hydrogen-helium 
plasmas (H%, H, H&, H%&, H'&, He, He&, He%&). The electron 
transport is modelled as the sum of the ion transport, assuming 
charge neutrality. To cope with the sharp density and energy 
gradients at the edges of the simulation domain or at RF 
resonances, the density and energy profiles in the model are 
discretized by hermitian cubic shape functions. These are 
defined by their value and derivative at the grid points. 
Piecewise linear functions are used for the diffusion, 
convection and source functions. 

2.1 Elementary processes in hydrogen-helium plasmas 

Elementary atomic and molecular collision processes are 
evaluated at each grid point and time instance in the model. 
Radiative-collisional models are applied where possible to 
obtain effective collision rate coefficients, avoiding treating 
excited states as separate species [2], [3]. Table 1 summarises 
the included inelastic collisions, adapted from [4], and 
grouped into (i) electron collisions with H and H+ (1-4), (ii) 
electron collisions with H2, H%& and H'& (5-13), (iii) electron 
collisions with He, He& and He%& (14-17), charge exchange 
(18-25) and other ion impact reactions (26-33). Coulomb 
collisions between the charged particles as well as elastic ion-
neutral and neutral-neutral collisions, especially important for 
temperatures below 10 eV [5]–[7] have been adopted from [4]. 
While electron cooling on hydrogenic species is included 
through the considered collisional reactions, total cooling 
rates are implemented for electron collisions with He, He& and 
He%& [8]. 

 
Table 1: Summary of the included elementary inelastic processes in 
hydrogen–helium plasmas 

 Collisional reaction Ref. 
 Electron collisions with H and H+  
1 e + H → e + H∗

∗
 [4] 

2 e + H → e + H& + e [4] 
3 e + H& + e	 → e + H [4] 
4 e + H& → H+ ℎ𝜈 [4] 
 Electron collisions with H2, H%& and H'&  
5 e + H% → e + H%∗

∗
 [9] 

6 e + H% → e + H+ H
∗
 [4] 

7 e + H% → e + H%& + e [4] 
8 e + H% → e + H+ H& + e

∗
 [9] 

9 e + H%& → H% + ℎ𝜈 [4] 
10 e + H%& → e + H+ H&

∗
 [9] 

11 e + H%& → H+H
∗
 [9] 

 e + H%& → H+H∗ [9] 
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12 e + H'& → H+H+ H
∗
 [9] 

 e + H'& → H% +H
∗
 [9] 

13 e + H'& → e + H& +H+ H
∗
 [9] 

 Electron collisions with He, He& and He%&  
14 e + He → e + He& + e [4] 
15 e + He& → He + ℎ𝜈 [4] 
16 e + He& → e + He%& + e [4] 
17 e + He%& → He& + ℎ𝜈 [4] 
 Ion impact reactions  
18 CX:	H& +H [10] 
19 CX:	H& +H% [9] 
20 CX:	H%& +H% [9] 
21 CX:	He& +H [11] 
22 CX:	He& +He [9] 
23 CX:	He%& +H [12] 
24 CX:	He%& +He →	He& +He& [13] 
25 CX:	He%& +He → 	He + He%& [9] 
26 H%& +H% → H'& +H [9] 
27 H& +H → H& +H∗ [9] 
28 H& +H% → H& +H%∗  [9] 
29 H& +H → H& +H& + e [9] 
30 H& +He → H& +He& + e [9] 
31 H& +H% → H& +H%& + e  [9] 
32 H& +H%& → H& +H& +H [9] 
33 He& +H% → He + H& +H [9] 

 

2.2 Charged particle transport and neutrals 

2.2.1 Diffusion. Yoshikawa described the anomalous 
diffusion of a plasma across a magnetic field [14]. The 
diffusion results from turbulence in the plasma and is 
inversely proportional to the magnetic field. According to 
Bohm’s formula, the diffusion of electrons across the 
magnetic field is given by  

𝐷 =
1
3𝑓#𝜈),+𝑟+𝜆+	

where 𝜈),+ is the collision frequency of electrons with ions, 𝑟+ 
is the Larmor radius of the electron at the mean thermal 
velocity and 𝜆+ is the electron mean free path. The numerical 
coefficient 𝑓# was taken as 1/16 by Bohm and experimentally 
set at 0.21 by Spitzer [14]. In the case study described in 
section 3, the radial diffusion 𝐷, is implemented as  

𝐷, =
-
'
𝑓#𝜈),. D𝑟. + 𝜆.

/!
/"
E 𝜆. 																		(3.)    

where 𝜈),. is the collision frequency of the ions, 𝑟. is the 
Larmor radius of the ion at the mean thermal velocity, 𝜆. is the 
ion mean free path, while 𝐵, and 𝐵0 are the local radial and 
toroidal components of the vacuum magnetic field. The 
gyration radius in the equation above is increased by a distance 
that corresponds to the radial projection of the mean free path 
along the inclined field lines. Similarly, the vertical diffusion 
coefficient 𝐷! is implemented as  

𝐷! =
1
3𝑓#𝜈),.(𝑟. + 𝜆.

𝐵!
𝐵0
)𝜆. 													(4.) 

with 𝐵! the local vertical component of the vacuum magnetic 
field. The loss rate of charged particles by vertical diffusion is 
included by the characteristic time 𝜏1 at the grid points  

𝜏! =
𝑏%(𝑟)
2𝐷!

																							(5.) 

with 𝑏(𝑟) half the height of the vessel at radial position 𝑟. 

2.2.2 Convection.  The charge dependent vertical drifts 
due to the curvature and radial gradient of the toroidal field 
𝐵0(𝑟) results in a vertical electric field 𝐸! that drives the 
outward convection of the plasma column. The outward 
velocity depends on the vertical electric field and the toroidal 
field 𝐵" = 𝐵0(𝑅), with 𝑅 being the major radius of the torus, 
as 𝐸!/𝐵". An experimental scaling for 𝐸! in V/m is given by 
Nakao [15]:  

𝐸!,- = 5
𝑇+
𝑎 		

with 𝑎 the vessel minor radius in cm and 𝑇+ the electron 
temperature in eV. The electric field is expected to decrease 
upon applying a vertical magnetic field that allows short-
circuiting electron currents to flow along the inclined field 
lines. The strength of the resulting quasi steady-state electric 
field is derived by Müller [16] as 

𝐸!,% =
𝑚+

𝑞+
𝜈∥
+,.𝑣∇/
sin% 𝜃 																	(6.)	 

With 𝑚+ and 𝑞+ the electron mass and charge, 𝜈∥
+,. 	the parallel 

collision frequency between ions and electrons, 𝑣∇/ the 
vertical drift velocity and 𝜃 the vertical inclination of the 
magnetic field lines. In case of 𝜃 = 0, it is clear that the 
vertical electric field in the vessel cannot grow to infinity. At 
low 𝜃, 𝐸! may be defined by other short-circuiting 
mechanisms such as ion effects or currents flowing in the 
conducting limiters and the vacuum vessel that bound the RF 
plasma. The total conductance 𝜎454 that limits the 
accumulation of charges in equation (5) is modified to 

𝜎454 = 𝜎5 +
𝑞+%

𝑚+

sin% 𝜃
𝜈∥
+,. 																(7.)	 

In the absence of 𝐵!, the electric field is then given by 

𝐸!,' =
𝑞+ 𝑣∇/
𝜎5

∝
𝑇+ + 𝑇.
𝑅𝐵"𝜎5

		= 𝑓6(8.)	(𝑇+ + 𝑇.)																(8.)	 

with 𝑇. the ion temperature. This scaling is currently 
implemented in the model, with tuneable numerical 
coefficient 𝑓6(8.), and will be discussed in section 3. 

Finally, Van der Laan described the outward acceleration 
of a toroidal plasma column via a magnetohydrodynamic 
model, a microscopic model and energy calculations. These 
all yield the same formula for the outward acceleration [17] 

𝑎, =
2𝑘
𝑚.𝑅

(𝑇+ + 𝑍𝑇.) 
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with 𝑘 the Boltzman constant, 𝑚. the ion mass and 𝑍 the ion 
charge number. Here, rather than considering a steady vertical 
electric field due to charge separation, the plasma is seen as 
practically neutral, and the outward motion results from a 
centrifugal force and a magnetic dipole force [17]. The case 
study in section 3 relates the outward acceleration to a drift 
velocity via the radial cross field mobility 𝜇, of the plasma. 
Together with the Einstein relation, this results into  

𝑉, = 𝑓6(;.)
2𝐷,
𝑅 																			(9.) 

with numerical coefficient 𝑓6(;.). This corresponds, in case of 
Bohm-like diffusion and with 𝜎5 ∝ 𝐵"<-, again to the scaling 
of equation (8). 

2.2.3 Losses along field lines. The model includes equally 
spaced poloidal limiters at the low field side (LFS) and the 
high field side (HFS) boundaries of the radial simulation 
domain. The charged particle losses on these limiters are 
described in the model by a characteristic time in accordance 
to the Bohm criterion [18] 

𝜏= =
2𝜋𝑟
𝑁𝑐>

																				(10.) 

with N being the number of limiters and c? the ion sound 
velocity. The losses along the poloidal magnetic field 
component in the bulk plasma are described by eq. (3) and (4). 

2.2.4 Neutrals.  The transport of neutrals is approached by 
a diffusion process with coefficient 

𝐷,,@ =
1
3𝜈),@	

(2𝑎<- + 𝜆@<-)<-𝜆@ 

where 𝜈),@ and 𝜆@ are the collision frequency and the mean 
free path of the neutrals. In the case of low collisionality, this 
allows for a consistent estimation of the flux of neutrals to the 
walls similarly to equation (4). At high plasma densities, this 
allows producing the neutral pressure gradients that are 
expected in the case of fully ionised plasmas with electron 
temperatures above 𝑇+ ≫ 10	eV, as observed in ECRH 
plasmas in TCV. 

2.3 Edge conditions 

The plasma wall interaction (PWI) processes are 
represented in the model by particle and energy recycling 
coefficients. The reflection or recombination of particles at the 
wall surface is assumed to be immediate. Hence, the PWI 
description in the model assumes steady plasma and wall 
loading conditions. In the balance equations for neutral He and 
H2 (𝑇AB, 𝑇A# 	< 	10eV), the particle reflection coefficient is set 
equal to 1 while the energy reflection coefficient is set below 
0.1, in close agreement with [19], [20]. The particle and 
energy reflection coefficients for hydrogen atoms is set at 
𝑅C = 0.5 [19]. The remaining (1 − 𝑅C) recombines on the 

wall surface to form H2 [21]. All ions are neutralised upon 
interaction with the surfaces, and recycle as He or H2. Finally, 
the He and H2 densities at the outer grid points are kept 
constant at the experimental neutral density readings as 
obtained by ionisation gauges. 

3. A case study for TCV helium ECRH plasmas 

ECRH plasmas are produced by coupling RF waves to 
electrons at the 1st harmonic electron cyclotron resonance 
layer or at its 2nd harmonic. Knowing the location at- and the 
species to which the power couples, makes these discharges 
exceptionally suitable for studying charged particle transport 
in toroidal magnetized plasmas. The plasma profiles at the 
HFS and LFS of the resonance layer result from the balance 
between transport and collisional processes only. This is in 
contrast to similar plasmas in the ion cyclotron range of 
frequencies where collisional absorption of RF power to both 
electrons and ions occurs all along the plasma radius.  

Experiments in the TCV tokamak at EPFL in Switzerland 
assessed the applicability of ECRH discharges in helium at the 
second electron cyclotron (EC) harmonic to de-saturate the 
carbon-based plasma facing surfaces from deuterium [22]. 
The work was part of the preparations for the first operations 
campaign in JT-60SA. This section illustrates the utility of the 
reaction-diffusion-convection model through a case study 
reproducing 12 discharges from this particular experiment. 
TCV (𝑅	 = 	0.88	m, 𝑎	 = 	0.25	m) runs with gyrotrons at 82.7 
GHz in X2 mode. The fraction 𝜂+) of the launched ECRH 
power 𝑃+) that couples to the plasma scales as 𝑛+𝑇+ until 
refraction effects at densities above 2 ∙ 10-;	m<' significantly 
reduce the available power at the resonance layer [23]. Our 1D 
model includes the coupled ECRH power in the energy source 
term at the simulation grid point closest to the resonance layer:  

𝑆$,+)(𝑟)+ , 𝑡) = 	𝜂+)𝑃+) .																					(11.) 

Figure 1 and 2 show several radial density profiles 
measured in separate TCV discharges along an array of 
vertical interferometry chords. The displayed values are 
averaged over 0.5s, an error bar indicates the standard 
deviation of the signal. Figure 1 presents data of an ECRH 
power scan at fixed gas flow, magnetic field configuration and 
ECRH launch angle. When the ECRH power is increased, the 
maximum density increases approximately proportional in the 
considered density range. From this it is preliminary 
concluded that the advantage of better ECRH coupling at 
higher densities is compensated by other processes, as will be 
described in the next subsections. Two of the shown profiles 
have an identical ECRH power to demonstrate the discharge 
reproducibility (#51514 and #51518 at 180 kW). Figure 2 
presents data of a vertical magnetic field scan, while keeping 
the ECRH power and other parameters constant. An optimal, 
intermediate, vertical field strength exists that maximises the 
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density. It is often stated that the decrease in density at higher 
vertical magnetic field results from losses along the magnetic 
field lines. This will be discussed in next subsections. The 
shape of the plasma profiles is similar for all the discharges, 
with a density peak located just on the LFS of the resonance 
layer, a sharp density drop toward the HFS and an 
approximately linear decay toward the LFS, indicating no 
dramatic regime changes in transport, ionisation degree nor 
ECRH absorption. The solid lines are simulated density 
profiles. Overall, the model, with a detailed description of the 
collisional processes and conventional assumptions on the 
radial transport, is able to reproduce the experimental data 
very well. Small discrepancies observed at the HFS, e.g. at 
𝐵! = 0.25%, may be due to collisional absorption of mode 
converted EC waves.   

3.1 Diffusion 

The numerical coefficient for diffusion, 𝑓# (eq. 3 & 4), used 
to simulate the experimental data set is plotted in figure 3a and 
3d. For the power scan, the coeffient is constant at 𝑓# =
0.081 ± 3%, about half the Spitzer constant. The coefficient 
in the vertical magnetic field scan is higher, 𝑓# = 0.19 ±
18%, with an outlayer at 𝐵! = 0.25% which is understood 
from the above-mentioned higher density at the HFS of the 
resonance layer in this discharge. The small standard deviation 
around the numerical coefficient shows that the implemented 
scaling of eq. (3) describes very well the changes in 
anomalous diffusion transport within the two scans. An 

improved experimental transport scaling can be proposed that 
reduces the difference between the scans, guiding further work 
on transport scalings for toroidal magnetized RF plasmas and 
future experiments. On the other hand, the different numerical 
coefficient may point out anomalies in the model assumptions. 
For example, the plasma temperature is on average lower in 
the vertical magnetic field scan. If (i) the model 
underestimates the plasma temperature, knowing eq. (3) is 
roughly proportional to the plasma temperature, or if (ii) the 
diffusion scales rather as 𝑇@ with 𝑛 > 1, then indeed a lower 
𝑓# is expected in the pulses with a vertical magnetic field.  

3.2 Convection 

The numerical coefficients 𝑓6 (eq. 8 and 9) are plotted in 
figure 3b and 3e. The value is on average 𝑓6(8.) = 0.25 ± 17% 
for the power scan, close to the Nakao estimate, while an 
upward trend is visible at rising power. Recalculating the 
coefficient as eq. (9) reduces the spread with 𝑓6(;.) = 6.5 ±
12%. A weaker dependency is seen on the vertical magnetic 
field. The outward convection stays approximately constant 
on applying a vertical magnetic field, at 𝑓6(8.) = 0.96 ± 48%, 
in contrast to what is expected based on eq. (6) in which the 
strength of the vertical electric field, resonsible for the 
outward 𝐸 × 𝐵 drift, rather reduces. This may indicate that the 
first term in eq. (7) is more important than the second in the 
studied range of vertical field values. Recalculating the 
coefficient as eq. (9), with 𝑓6(;.) = 10.9 ± 23%, both reduces 
the spread and approaches the numerical coeficient of the 
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Figure 1: Effect of the launched ECRH power at 82.7 GHz on the X2-
ECRH plasma density on TCV (#51513–51519). The toroidal and 
poloidal injection angle were -10.1° and 4.6° respectively, the 
vertical and radial magnetic field were 3.5mT and 0.5mT compared 
to toroidal field of 1.54 T. The data points stand for time averaged 
experimental line integrated densities. Simulated profiles by 
Tomator-1D are given by solid lines. 
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Figure 2: Effect of a vertical field on the X2-ECRH plasma density on 
TCV (#57327–57335). The launched ECRH power was 400 kW at 82.7 
GHz and 1.5 T with toroidal and poloidal injection angle of 19.3° and 
7.0° respectively. The data points stand for time averaged 
experimental line integrated densities. Simulated profiles by 
Tomator-1D are given by solid lines. 
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power scan. The latter delivers a first evidence for the relation 
between the anomalous diffusion and the outward convection 
in toroidal plasmas (eq. 9).  

3.3 Absorption efficiency of launched ECRH power 

Figure 3c and 3f plots the ratio of the power absorption 
efficiency to the typical scaling for absorption of X waves at 
the 2nd electron cyclotron harmonic, 𝜂+)/𝑛+𝑇+. It is clearly 
seen that the absorption efficiency decreases at higher ECRH 
power compared to the 𝑛+𝑇+ scaling. This trend, indicated with 
a dashed line in the plot, results from the power density of the 
launched EC bundle at the resonance layer. Farina described 
the maximum energy gain in keV of an electron at the EC 2nd 
harmonic resonance as [24] 

𝑊DEF ≅ 2.1
k𝑃+)
𝑤∥𝑓

																	(12.)	 

with 𝑃+) being the launched EC power in MW, 𝑤∥ the width 
of the EC beam along the field lines in m and 𝑓 the wave 
frequency in GHz. Even for the discharge with the lowest 
power level in the scan of figure 1 one easily arrives at 
energies beyond 125	eV, i.e. the optimal energy for electron 
impact ionisation of helium [25]. Moving towards the 
discharge with 320kW, the tail in the electron energy 

distribution becomes too energetic for ionisation but also for 
thermalisation by coulomb collisions.  

Similar values for 𝜂+)/𝑛+𝑇+ ≈ 10-Gcm<'eV<- are found in 
the vertical field scan, indicated by the dashed trend line, while 
a dramatic improvement is seen at intermediate vertical 
magnetic field values of 0.25 − 0.5%. This may result firstly 
from a more optimal electron energy distribution. The vertical 
mean free path of 100eV electrons is estimated as 𝜆+sin𝜃 and 
can be 10’s of centimeters which effectively reduces the 
power density. Secondly, the possibility of improved 
absorption in these higher density discharges, e.g. by mode 
converted EC waves, needs to be investigated. Also the 
absolute absorption efficiency is maximum at intermediate 
vertical magnetic field values of 0.25 − 0.5%. The absorption 
remains below 𝜂+) < 25% in these pulses, leaving a 
significant amount of EC power as stray radiation. 

3.4 Comparison of terms in the particle balance  

Figure 4 compares the importance of the different terms in 
the particle balance (eq. 1). The plasma density at the HFS is 
determined mostly by the balance between inward diffusion of 
the charged particles that are produced by collisional 
processes in the area of the resonance layer, and outward 
convection. The latter is the main particle source at the LFS in 
the pulse with 𝐵! = 0.5%, and is balanced partly by losses 

Figure 3: Overview of the numerical coefficients, 𝑓! (a, d), 𝑓" (b, e) and 𝜂#$, introduced in equations (3), (4), (8), (9) and (11), that are used 
to reproduce the profiles shown in figure 1 (a-c) and 2 (d-f). 
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along the field lines and net recombination. At the higher field, 
𝐵! = 2.0%, both net ionisation and convection provide 
density at  the LFS. This is balanced mostly by losses along 
the field lines. It is therefore concluded that the beneficial 
effect of applying a small poloidal field to the ECRH plasma 
density indeed disappears due to losses along the field lines, 
as soon as the value is higher ~0.5%.  

4. Conclusion 

The 1-dimensional reaction-diffusion-convection code 
TOMATOR-1D describes plasma production by RF waves 
inside a tokamak using the Braginskii continuity and heat 
balance equations. The model simulates self-consistent radial 
density and temperature profiles for magnetised plasma 
mixtures of hydrogen and helium. It includes a detailed 
description of the collisional processes and is implemented 
with conventional assumptions on transport and EC power 
absorption. As such, the model reproduces the density profiles 
of X2 ECRH plasmas on TCV and provides better insight on 
the transport scalings and power absorption dependencies in 
parametric scans of the launched ECRH power and the applied 
vertical magnetic field.  

A poloidal magnetic field dependent scaling for anomalous 
diffusion is proposed based on Bohm diffusion, with a 
numerical coefficient of the same order as the Bohm and 
Spitzer coefficients. Outward convection is implemented as to 
result from drifts in the toroidal magnetic field configuration. 
Two scalings are proposed, one where a steady vertical 
electric field by charge accumulation drives the outward 𝐸/𝐵 
drift, and a second where the plasma is considered as a neutral 
body on which a net force acts, namely the centrifugal and 

magnetic dipole force on the gyrating particles. Relating the 
outward acceleration to a drift velocity via the radial cross 
field mobility reduces the spread on the numerical coefficients 
for convection that are used to reproduce the presented 12 
TCV discharges. This provides a first evidence for the relation 
between the anomalous diffusion and the outward convection 
in toroidal plasmas.  

The EC absorption efficiency in the TCV discharges, 
relative to the 𝑛+𝑇+-scaling for X2 absorption, decreases at 
higher power. This is understood from the acceleration of 
electrons beyond the optimal energy for the electron impact 
ionisation of helium and provides experimental evidence of 
the theoretical estimates for the X2 EC wave-particle 
interaction [24]. Reducing the power density at the resonance 
layer may improve the electron energy distribution for better 
ionisation and thermalisation efficiency, which is indeed 
required to minimise the level of stray radiation. A dramatic 
increase of the absorption efficiency, compared to the 𝑛+𝑇+-
scaling for X2 absorption, is seen at intermediate vertical 
magnetic field values of 𝐵! = 0.25 − 0.5%𝐵" and may result 
from both the effective decrease of the power density at the 
resonance layer or the additional absorption of mode 
converted EC waves in these higher density plasmas. The 
beneficial effect of applying a small poloidal field to the 
ECRH plasma density disappears due to losses along the field 
lines, as soon as the value is higher ~0.5%. 

The model TOMATOR-1D provides a first tool to 
complement experimental data on RF plasma production with 
consistent model-based interpretations. To arrive at predictive 
capabilities for ECRH plasmas on JT-60SA and ITER, the 
proposed scalings, subsuming dependencies on the torus 
major radius and the toroidal field strength, need to be 
validated in a multi-machine study. 
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