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Abstract
The performance of the auxiliary heating systems Ion Cyclotron Resonance Heating and Neutral Beam In-

jection is calculated in three different magnetic mirror configurations foreseen to be used in future experiments
in the Wendelstein 7-X stellarator: low, standard and high mirror. This numerical work is implemented with
the SCENIC code package, which is designed to model three-dimensional magnetic equilibria whilst retaining
effects such as anisotropy and the influence of including a Finite Orbit Width of the particles. The ability
to simulate NBI deposition in three-dimensional equilibria, the implementation of the realistic beam injector
geometry, and the modification of the SCENIC package to permit the investigation of the 3-ion species heating
scheme, are recent developments. Using these modifications, an assessment of the advantages and disadvan-
tages of these two fast-ion producing auxiliary heating systems is made in the three different magnetic mirror
equilibria. For NBI heating, the high mirror configuration displays the best global confinement properties,
resulting in a larger collisional power transfer to the background plasma. The standard mirror has the best
particle confinement in the core region, but the worst towards the edge of the plasma. The low mirror has the
largest lost power and thus the lowest total collisional power. For ICRH, the displacement of the RF-resonant
surface significantly impacts the heating performance. Due to the large toroidal magnetic mirror in the high
mirror equilibrium, resonant particles easily become trapped and cannot remain in resonance, generating only
small energetic particle populations. Despite this, global confinement is still the strongest in this equilibrium.
The low mirror is the only equilibrium to produce peaked on-axis collisional power deposition, with associ-
ated peaked on-axis fast ion pressure profiles. A highly energetic particle population is then produced but
this results in larger lost power as this equilibrium is not sufficiently optimised for fast ion confinement. A
comparison between the two heating methods concludes that NBI produces a smaller fraction of lost to input
power, and a reduced sensitivity of the performance to variations of the toroidal magnetic mirror. The main
limit of NBI which does not apply to ICRH is the production of highly energetic particle populations, with
predictions of energetic particles of E ∼ 0.45MeV .

1 Introduction

In the development towards a commercial nuclear fu-
sion reactor, the stellarator concept could prove to be
a promising design for a steady-state device. However,
in order to progress to high perfomance plasmas, op-
timisation of the auxiliary heating sources is required.
The fast-ion generating auxiliary heating systems to be
used on the Wendelstein 7-X (W7-X) stellarator, Ger-
many, are Ion Cyclotron Resonance Heating (ICRH)
and Neutral Beam Injection (NBI). These two con-
trasting methods have very different influences on the
production of the fast-ion population. ICRH predomi-
nantly increases the particle’s magnetic moment [1] and

the trapping fraction, whereas the anisotropic proper-
ties of NBI produced fast ions depend on the injection
angle and the beam ionisation deposition. This seem-
ingly small difference results in very different particle
orbits and directly impacts the radial diffusion and con-
finement of such particles. In order to optimise these
two heating systems, it is also necessary to evaluate
the ability of the magnetic field configuration to confine
these fast-ion populations. Flexibility of the magnetic
topology is achieved via a modification of the individual
modular coil currents. This then leads to very different
particle transport and plasma properties and therefore
affects the overall performance [2].
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The challenge of simulating the performance of NBI
in W7-X has been recently attempted for modest val-
ues of <β>= 2% [3, 4]. The NBI beam ionisation
deposition was shown to be localised on the outer flux
surfaces on the Low Field Side (LFS). Over slowing
down timescales, large losses and high radial diffu-
sion are predicted, and thermalised particles remain
localised in the outer flux surfaces. Providing numeri-
cal insight into the performance of Ion Cyclotron Range
of Frequency (ICRF)-wave and complicated magnetic
geometry is extremely difficult and computationally ex-
pensive. Calculating the wave propagation with a fully
localised antenna breaks the five-fold periodicity that
is specific to W7-X. Simulations predicting the perfor-
mance of minority species ICRH schemes in W7-X have
been performed [5], where a comparison is made be-
tween two different magnetic topologies known as the
‘standard’ and ‘high’ mirror equilibria, (the difference
between these is described in section 2.2). Due to the
predominant perpendicular heating and large trapping
fractions, poor confinement of resonant particles caused
by ICRH was observed. Significant differences in the
performance of ICRH in the high and moderate mirror
equilibria were not observed (explained in section 2.2).
The advanced ICRF heating scheme known as the ‘3-
ion species’ [6, 7] has also been previously explored in
the high mirror equilibrium [8]. The results imply that
despite developing a larger highly-energetic ion popula-
tion than the minority heating scheme, the confinement
of such particles is considerably worse due to increased
radial excursion and reduced poloidal precession of par-
ticles among other reasons.

The aim of this paper is to explore the complicated
interplay between magnetic toplogy and auxiliary heat-
ing schemes on fast ion production and confinement.
The SCENIC [9] package includes a suite of several
codes that permit the self consistent calculation of
NBI and ICRF heating in two and three dimensional
magnetic equilibria. The magnetic flux geometry is
determined by the ANIMEC [10] code, including the
anisotropic fast ion pressure contributions to the force
balance equation. The generation of the neutral beam
deposition fast ion population is performed using the
VENUS NBI module [11], based on a realistic model of
the three-dimensional NBI injector geometry. Calcula-
tion of the ICRF-wave propagation and absorption with
a fully localised antenna is made using the LEMan [12]
code. Finally, VENUS-LEVIS [13] is the Fokker Planck
particle full- or guiding-centre motion following code.
This includes the influence of Coulomb collisions with
both energy and pitch angle scattering effects, and
wave-particle resonant interactions via a Monte-Carlo
based Quasi-Linear Operator (QLO).

The layout of this paper is as follows. In section 2, a
simplified characterisation of the magnetic equilibrium
parameters will be presented, including the influence
of the equilibria on the particle guiding centre motion.
Section 3 focuses on the roles of NBI heating on each
of the magnetic topologies through particle deposition,
radial diffusion and resultant slowing down distribu-
tion. Section 4 presents ICRH simulations with a focus
on three-ion species heating [6], as well as the results
from standard minority heating. Section 4 also includes
an extensive study of the fast-ion distribution function
and the influence of the resonance location on radial
particle diffusion. The final section (5) compares the
performance of the two fast ion heating methods. The
total collisional power transferred to the background
plasma and the lost power from the LCFS is calculated.

2 Magnetic Equilibria in W7-X

2.1 Simulation Profiles

Figure 1: Background temperature and electron density
profiles, with s = ψtor/ψtor,edge.

Within the first few campaigns, experiments at W7-X
are likely to have a 〈β〉 value of between 2 − 3%. In
these simulations, the global beta will be taken to be
3%, defined as:

〈β〉 =
2µ0

∫
pd∫

B2d
. (1)

The temperature profiles will be mostly imposed by
the usage of Electron Cyclotron Resonance Heating
(ECRH) which is most efficient within the core, typi-
cally producing peaked temperature profiles. It is to be
noted that the influence of ECRH cannot be simulated
by the code package implemented in this work, though
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its influence will remain on the background tempera-
ture profiles and the ambipolar electric field described
in section 2.3. To justify the plasma profiles chosen in
the simulations presented in this paper, a few consid-
erations are made. One of the benefits of stellarators
is that no plasma current is required to produce the
poloidal magnetic field, and therefore the Greenwald
limit [14] does not formally exist for stellarators. This
permits much higher densities to form, typically with
a ‘flat top’ shape, as shown in figure 1. The electron
density profile will be held fixed according to figure 1,
and the temperature profile shown in figure 1 will be
applied to all background plasma species.

Throughout the experiments that will take place over
the first few years at W7-X, the number of neutrons
produced during each shot is to be minimised. There-
fore, it is foreseen that there will be no deuterium as the
background plasma element during the commisioning
and early use of ICRH. Due to this, the majority back-
ground plasma species in this paper has been chosen
to be helium-4 in order to permit the use of certain
Ion Cyclotron Resonance Heating (ICRH) schemes, to
be described in section 4. The magnetic equilibria as-
sumed in this paper are chosen so as to advance the
work of [15]. In particular, we investigate configura-
tions with low magnetic toroidal mirror and contrast
the properties with the previously studied high mirror.

The individual currents in each of the modular coil
sets are modified in order to produce different magnetic
topologies using VMEC [16]1. The equilbria are gen-
erated for a variety of different plasma 〈β〉 values, the
Last Closed Flux Surface (LCFS) shape of which can be
extracted. The LCFS used in the ANIMEC code [10]
was taken from the free-boundary VMEC generated
equilibria with zero plasma current radial profile.

2.2 Configurations with Varying
Toroidal Magnetic Mirror

Figure 2: The magnetic field strength on axis against
the toroidal boozer angle ϕ, for each magnetic configu-
ration.

W7-X is a five-fold periodic stellarator. Changing the
currents in each individual modular coil permits the
creation of different magnetic equilibria, whereby one
of the parameters often investigated is known as the
toroidal magnetic mirror value, which refers to the rel-
ative strength of the toroidal variation of the magnetic
field on the magnetic axis,

MR =
Bϕ=0(s = 0)−Bϕ=π/5(s = 0)
Bϕ=0(s = 0) +Bϕ=π/5(s = 0) . (2)

Figure 2 compares the magnetic field strength along the
magnetic axis for each magnetic topology over one pe-
riod, encapsulating the beam section (ϕ = 2nπ/5 with
n = 0, .., 4) and the triangular section (ϕ = (n + 1)π/5
with n = 0, .., 4).

MR % max(B) [T] min(B) [T]
High 9.4 3.14 2.14

Standard 3.5 2.95 2.22
Low -0.8 2.92 2.28

Table 1: Comparison of some key values for the dif-
ferent magnetic equilibria investigated in this paper.
Note that max(B) and min(B) are the maximum and
minimum field values everywhere in the plasma (not at
s = 0).

Representative parameters of equation 2 for high, low
and moderate mirror equilibria are highlighted in ta-
ble 1. The High Mirror equilibrium is considered to be
the best optimised (“advanced”) magnetic topology for
good reactor performance at high plasma beta, utilising
the benefits of the complicated three-dimensional geom-
etry of W7-X. Low mirror is more like a classical stel-
larator where the magnetic field value along the mag-
netic axis is nearly constant for all toroidal angles. Stel-
larators are known for having considerably larger radial
diffusion of particles at low collisionality than tokamaks
(the so-called ‘super-banana’ regime [17]). In order to
reduce this radial diffusion, the approach taken for the
high mirror equilibrium is to create a toroidal magnetic
well such that the minimum value of the magnetic field
is located in a region where the average magnetic cur-
vature is minimised, i.e. in the triangular section. The
majority of the trapped particle population will there-
fore not be able to access the bean section of the stel-
larator where the average magnetic curvature and thus
the radial diffusion is at its highest.

1The free-boundary VMEC equilibria are available with EUROfusion access on the dedicated IPP data server
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Figure 3: Plot of the magnetic field strength |B| on
the flux surface ρ =

√
ψtor/ψtor,edge = 1.0 for each

of the different equilibria considered in this work: top)
LowMirror, middle) Standard Mirror and bottom) High
Mirror, red line indicates the magnetic resonant surface
to be described in section 4.

Figure 3 shows angular plots of |B| at ρ = 0.5 for
each of the three equilibria. Without the presence of
Coulomb collisions or neoclassical plasma flows, parti-
cles with Bref = E/µ < 2.4T in the low mirror equi-
librium would precess toroidally over long time scales.
However, for the High Mirror (bottom) most of these
particles would be toroidally trapped and be subject to
possible super-banana trajectories. As will be shown in

sections 3 and 4, the role of the precession of particles in
the toroidal and poloidal direction plays an important
role in the confinement of trapped energetic particles in
stellarator equilibria.

2.3 Ambipolar Electric Field Inclusion
An ambipolar electric field is established in 3D config-
urations in order that average currents across flux sur-
faces vanish. These currents are generated by the differ-
ences in the radial transport between ions and electrons,
which is smaller for electrons due to their smaller lar-
mor radii. This therefore generates an ambipolar elec-
tric field to maintain quasineutrality, improving ion con-
finement. The magnitude of which is shown in figure 4.
This field can be calculated through the following steps
(described in [18]). The monoenergetic transport coef-
ficients Dij , as shown in [19], are obtained e.g. with the
use of the DKES code [20]. With the inclusion of par-
ticle and heat source estimations as well as the ECCD
current profile and other factors mentioned in [21], the
radial electric field profiles then can be calculated. In
order to ensure consistency for each of the three mag-
netic equilibria investigated in this paper, all of the same
parameters and profiles were taken in order to produce
the radial electric field profile Er(ψ). Therefore, only
the magnetic topology was a varied parameter for the
calculation of Er(ψ). The resulting fields are shown in
figure 4 for each magnetic configuration.

Figure 4: Radial electric field profiles calculated with
the different magnetic geometries.

The influence of the ambipolar electric field is to
induce both poloidal and toroidal plasma flows. The
electric field affects the particle motions through the
associated E×B particle velocity drift, which has com-
ponents in only the poloidal and toroidal directions (i.e.
no component across flux surfaces):

vE×B = E × b

B∗‖
= Er
|∇s|B√gB∗‖

(Bθeϕ −Bϕeθ). (3)
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Where Bθ and Bϕ are the contravariant poloidal and
toroidal magnetic field components directions respec-
tively, eθ and eϕ are the unit vectors in the poloidal
and toroidal directions respectively, √g is the jacobian,
∇s is the gradient in the radial direction s = ψϕ/ψϕ,edge
and B∗‖ = b · (B + ρ‖∇ ×B) is the modified magnetic
field in the parallel direction. The ambipolar electric
field has a differing influence on single particle motion
in each of the magnetic equilibria, as shown in the ex-
ample illucidated in figure 5. The particle orbits shown
were calculated without the presence of Coulomb colli-
sions for particles with a thermal energy E = 4keV and
a pitch angle λ = 0.3. In the high mirror equilibrium
(b) the induced toroidal motion from the electric field
does not significantly influence the confinement of the
particle, as the strong toroidal magnetic well prevents
toroidal period precession. However, in the low mirror
equilibrium (a), particle confinement has been improved
thanks to the toroidal and poloidal motion generated by
Er.

a)

b)

Figure 5: Examples of the contrasting influence of the
ambipolar electric field on particle confinements for a)
low mirror, b) high mirror. Plotted on the left over
the poloidal (pseudo) plane, and the right the toroidal
(pseudo) plane.

This high mirror case is consistent with earlier inves-
tigations into the influence of the amplitude of the radial
electric field using VENUS-LEVIS. In reference [22], the
results show that modifying the amplitude of the radial
electric field profile by a large factor (1−3 times the orig-
inal amplitude) does not strongly impact the number of

lost particles from the system. The largest difference
was found for reasonably energetic particles of 60keV
where the effects were still quite small.

3 Neutral Beam Heating Mod-
elling in W7-X

The deposition of the particles injected into a plasma
can be calculated by a well known and simple equation
for the beam deposition [23],

Nbeam(l)
Nbeam,0

= e
−
∫ l

0
ne(l′)σeff (l′)dl′

. (4)

Where l represents the line entering into the plasma
from the NBI beam Positive Ion Neutral Injector (PINI)
and σeff is the total cross section. This is a sum of the
reactions that result in the deposition of a neutral par-
ticle: charge exchange and ionisation with background
electrons and ions (including impurities). Resultingly,
the beam deposition depends on the implementation
of a realistic NBI geometry for each beam module as
well as the plasma parameters such as density along the
beam line and the plasma-neutral collision cross sec-
tion σeff . In the neutral beam deposition module code
VENUS-NBI [11], the collisional cross sections are cal-
culated using the equations proposed in [24]. The equa-
tion used to calculate the charge exchange cross section
is ∼ 10 times larger than ionisation with electrons for
W7-X relevant densities and temperatures, given by

σcx = 0.6937 · 10−18 (1− 0.155 · log10 E)2

1 + 0.1112 · 10−14E3.3 . (5)

The effects of the multistepping correction to σeff in-
troduced by S. Suzuki, et al (1998) are also included.
This is taken as 1.4 · σeff , corresponding to an elec-
tron density of ∼ 10e−20 and Zeff between 1 − 1.5.
The VENUS-LEVIS NBI module [11] has been recently
updated to handle three-dimensional Last Closed Flux
Surface (LCFS) geometries when calculating the entry
and exit points of the beamline, previously having the
capability for only axisymmetric systems. This is per-
formed via the use of the method of volume pixelisation
known as ‘voxelisation’ [25]. To calculate whether a test
particle lies within the surface, a cubic grid is produced
to encompass the entire structure.
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Figure 6: Labelling of the two NBI modules of W7-X,
indicating which injectors have been used for the work
presented in this paper in accordance with the setup for
the first few experimental campaigns.

The injected beam particles are then binned into
one of the small cubic elements. The LCFS shape is
then discretised into triangular elements, and using ba-
sic planar equations between the surfaces of the cube
with the surface of the triangles. Using this, an evalua-
tion is made into whether a cube (a group of particles)
exists within the plasma. Implementation of this up-
date allows the study of NBI deposition in W7-X with
realistic PINI geometry. Currently two NBI modules are
installed on W7-X: N120 and N121, each of which house
four individual injectors. The location of these modules
is as follows N120(R,Z, φ) = (6.750,−0.305, 0.993) and
N121(R,Z, φ) = (6.750, 0.305, 1.520).

Figure 7: Neutral beam deposition profile for the stan-
dard mirror mapped with 〈β〉 = 3% in a pseudo-
cartesian coordinate system distorting flux surfaces into
concentric circles for visualisation.

Only two injectors per module have been used in
the studies presented here, shown in figure 6, chosen
according to what will be used within the first few ex-
perimental campaigns on W7-X. There are two slightly
more tangential injectors, 4 and 8, at 1.78MW and two
slightly more normal injectors, 3 and 7, at 1.64MW. The
species power fraction for the hydrogen beam was set to

54.6%, 30.9% and 14.5% for the H, 2H and 3H neutral
molecules respectively. The results were benchmarked
successfully with other beam deposition codes such as
BBNBI [26], NUBeam [27] and Beams3D [28].

Figure 8: Normalised radial neutral beam deposition
profile for the high mirror as a scan in the normalised
plasma beta value <β> (for constant temperature and
varying density profiles).

The use of the same density and temperature profiles
for each magnetic equilibrium leads to similar neutral
beam deposition profiles. Figure 7 illustrates the ob-
vious problem with NBI as an auxiliary heating source
for high beta ‘flat-top’ density profile plasmas, i.e. that
the particle ionisation occurs at the edge, a result also
found in [3]. For reasonable core penetration of NBI
ions, while maintaining the temperature, the density
would have to be reduced to such an extent that 〈β〉
would be reduced to 〈β〉> ∼ 0.2%. This is reflected
in figure 8. In contrast, W7-X has been optimised for
〈β〉 ∼ 5%. Good performance of a neutral beam heat-
ing system depends on the confinement of the beam ions
and whether a substantial amount of energy of the beam
ions can be transferred efficiently to the background
plasma before the particle is lost from the system. As
mentioned in the introduction, detailed work on the loss
and diffusion of neutral beam particles has already been
studied in references [3] and [4]. Further work will be
presented here to make a comparison between the dif-
ferent magnetic topologies and also for a later compari-
son between Ion Cyclotron Resonance Heating and NBI
heating. By utilising the guiding-centre following code
VENUS-LEVIS [13], two different methods to simulate
NBI particle behaviour have been investigated. In sec-
tion 3.1 all markers are injected into the system at t=0,
and are followed in order to investigate the confinement
properties in the different magnetic topologies. In sec-
tion 3.2, particles are constantly injected throughout the
entire simulation in order to develop a realistic slowing
down particle distribution.
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3.1 Losses and Diffusion

Figure 9: The confinement time of the particles plotted
against the initial radial position, taken as the average
of all the markers discretised in ρ, the radial flux surface
label. Also plotted are linear fits to the data.

The losses and radial diffusion of neutral beam particles
can be investigated by recording the initial position of
a particle and the position and time at which it reaches
the last closed flux surface. This information enables
calculation of the improved confinement time of NBI
particles in the high mirror equilibrium relative to the
low mirror case, as shown in figure 9. Evaluating the
density of lost particles as a function of the toroidal po-
sition, shown in figure 10, this indicates the different loss
mechanisms present in each case. The x-axis has been
normalised to extend over one toroidal field period. Not-
ing that the summation of losses over all toroidal periods
also contains local effects such as first and multiple or-
bit losses, which only arise in specific toroidal locations.
Figure 10 (b) represents the same simulations but with-
out the presence of coulomb collisions. By comparison
of figure 10 (a) and (b), it is seen that collisions act to
‘kick’ and therefore spread the particles to have less dis-
tinct loss regions. This behaviour arises via pitch angle
scattering in the Monte-Carlo Coulomb collision opera-
tor, which is modelled in the VENUS-LEVIS [13] code.
A comparison of figure 10 (a) and (b) illustrates that
collisionality enhances particle losses as is known from
neoclassical transport for stellarators [29, 30]. For the
low mirror configuration there are substantial losses at
all toroidal locations, and for the high mirror the losses
tend to be concentrated around the triangular sections
of the stellarator.

a)

b)

Figure 10: Neutral beam injected particle losses as
a function of the toroidal angle, summated over all
toroidal periods a) with and b) without Coulomb Col-
lisions.

In the collisionless simulations of figure 10b), the
standard mirror appears to have two distinct angles,
ϕ/10π ∼ 0.12, 0.35, where significant losses occur, most
occuring at ϕ/10π ∼ 0.12. With the inclusion of
coulomb collisions (figure 10a)), the relative magnitudes
of these two dominant toroidal loss channels becomes
comparable. Similar characteristics can be found in
the high mirror equilibrium. However, in the low mir-
ror equilibrium the largest fundamental loss channel re-
mains predominant, and an explanation of other loss
regions is not evident from a comparison with the sim-
ulation without the presence of Coulomb collisions.
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3.2 Slowing Down Distribution Func-
tion

Figure 11: Slowing down beam energy distribution func-
tion for all NBI particles in linear-log space with a zoom
into the energy region 6-25keV (linear-linear).

Taking the neutral beam deposition particle profile gen-
erated in section 3 and constantly injecting the markers
throughout the simulation provides a prediction of the
performance of NBI in experimental scenarios. A mea-
sure of this performance is the energy distribution of
the beam ion population respectively via the length of
the tail and the power transferred to the background
species. The three magnetic configurations are com-
pared in figure 11a). Despite the improved particle con-
finement time of the high mirror in comparison with the
other magnetic topologies, the slowing down energy dis-
tribution functions are not drastically dissimilar. Nev-
ertheless, removing the log scale for the y axes shows
that for E = 20keV the high mirror confines almost
twice the number of particles than the low mirror equi-
librium, (see figure 11(b)). A reasonably substantial
population of beam particles with E . 50keV is main-
tained in the system for all magnetic equilibria., but
at higher energies the ambipolar electric field does not
assist particle confinement.

Figure 12: Edge localisation of the NBI particles, taken
from the slowing down distribution.

While it is found that beam ions are confined up to
reasonably high energies, the crucial issue is the edge lo-
calisation of the initial particle deposition. Continuous
injection and collisions produce a slowing down distri-
bution which remains peaked at the edge of the plasma,
as indicated by the density, shown in figure 12. The
edge localisation of the beam particles poses a serious
difficulty for the success of the NBI heating method,
and therefore on the ability of W7-X to demonstrate
relevant conditions to produce large numbers of fusion
reactions.

3.3 Summary of NBI Heating
The neutral beam ionisation code VENUS-NBI [11] has
been updated to calculate the beam deposition in three
dimensional geometries using the method of Voxelisa-
tion. Including the realistic geometry of the NBI in-
jector geometry of W7-X allows the simulation of the
fast ions injected into the system. Modifying the back-
ground plasma density, it has been shown that poor
beam penetration to the plasma core is expected un-
til the confinement becomes deoptimised (due to low
〈β〉 values), irrespective of the toroidal magnetic mir-
ror value. Particles are ionised at the plasma edge, and
even after slowing down timescales the particles are ei-
ther lost or remain strongly edge localised. Evidence
to explain the differences in performance of NBI in the
different equilibria is found through studies of the lost
particle populations. By considering the initial and fi-
nal position of all the lost particles, it has been shown
that the high mirror equilibrium has the largest average
confinement time for all radial positions, followed by the
standard mirror. The low mirror equilibrium has the
largest radial diffusion and resultant losses. Simulating
the beam ion motion with and without the influence of
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Coulomb collisions reveals the presence of different mag-
netic loss channels, which are specific to each magnetic
mirror equilibrium. The loss channels remain distinct
in the low mirror even when collisions are induced.

4 Ion Cyclotron Resonance
Heating

Two ICRF antenna’s are foreseen to be installed on the
W7-X stellarator [31]. The first to be commissioned
consists of two straps with a total power output of
1.5MW. The operational frequency range is 25-38MHz
which permits on-axis fundamental heating of both
hydrogen and helium-3 for plasmas with B0 ' 2.5T .
Simulations relevant to this antenna for various heating
schemes will help to focus experiments, especially with
regard to optimal magnetic configurations.

The strength of the ICRF wave-particle interaction
strongly depends on two factors: the polarisation
and the refractive index of the wave at the point of
resonance. Neglecting the RF-perturbed magnetic
field (and therefore Transit Time Magnetic Pumping
(TTMP) effects), and knowing that relevant ICRH sce-
narios always have ω2

p,α >> ω2, the refractive index can
be written as,

n2
⊥ '

(R− n2
‖)(L− n2

‖)
S − n2

‖
. (6)

In the cold plasma assumption approximate forms of R,
L and S can be calculated directly,

R ' 1−
∑
α

1
ω

ω2
p,α

Ωα + ω
, (7)

L ' 1 +
∑
α

1
ω

ω2
p,α

Ωα − ω
, (8)

S ' 1 +
∑
α

ω2
p,α

Ω2
α − ω2 . (9)

Reflection of the wave occurs when n⊥ → 0, which is
determined by the parameters R and L. The variable
S determines the region of energy exchange between
the wave and particle since absorption reverses this:
n2
⊥ < 0. Polarisation refers to the relative strength

of the electric field rotating in the direction of the ions
compared to that of the electrons,

∣∣∣∣E+

E−

∣∣∣∣2 '
(
R− n2

‖

L− n2
‖

)2

, (10)

where,
E+ = Ex − iEy,
E− = Ex + iEy.

The role of R and L in equation 10 ensures that the
polarisation of the wave depends not only on the charge
to mass ratios of each species in the plasma, but also on
the relative concentration of each species through the
plasma frequency ωp,α. Consideration of the two key
parameters, R and L, have assisted the development of
the characterisation of many different heating schemes
described further in section 4.2.

4.1 Resonant Surfaces

a)

b)

c)

Figure 13: The magnetic field strength contours at the
toroidal locations ϕ = 0, 3π/10, 1π/5 and 3π/5 (from
left to right) for the three different equilibria: a) Low,
Bc = 2.45T , b) Standard, Bc = 2.5T and c) High,
Bc = 2.7T . The red line indicates the resonant mag-
netic field value Bc for on-axis heating at the toroidal
antenna position 6.7◦.

The interaction between the ICRF-wave and a particle
occurs when the following resonance condition is satis-
fied,

ω = k‖v‖ + nΩc,i, (11)

Ωc,i = ZieB

mi
.

n being the harmonic number of the cyclotron frequency,
as a result of Finite Larmor Radius (FLR) heating ef-
fects. In the work presented here, only fundamental
(n = 1) heating will be studied. Concerning equation
11, this implies that wave-particle energy exchange oc-
curs along constant magnetic field contours. This ab-
sorption region is then broadened via a Doppler-shift-
like effect, present in the first term on the right hand
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side of equation 11. The RF antenna frequency is con-
stant such that the resonant interaction occurs on the
magnetic axis at the same toroidal location as the ICRF
antenna. For different toroidal positions, figure 13 illus-
trates the regions where particles receive energy from
the wave: near to the red lines. The influence of the
equilibrium toroidal magnetic mirror on the displace-
ment of the resonance location. For the high mirror
equilibrium, there are no possible means of efficient
energy transfer near to the triangular toroidal section
(ϕ = 1π/5). In contrast to this, the low mirror equilib-
rium permits strong on-axis resonance for all toroidal
locations around the stellarator.

4.2 ICRF Heating Methods
One of the most commonly used ICRF heating methods
is referred to as the ‘minority species heating scheme’,
where a small concentration (roughly between 1-5%) of
a minority species is added to the plasma. In terms of
the refractive index, the absorption region of n2

⊥ < 0
occurs somewhere between the limiting cyclotron fre-
quencies Ωc,maj and Ωc,min. This region is known as
the ion-ion hybrid resonance layer. For small concen-
trations of the minority species an upper limit on the
wave polarisation can be found as

max
∣∣∣∣E+

E−

∣∣∣∣2 ' (Ωc,maj − Ωc,min
Ωc,maj + Ωc,min

)2
. (12)

The advanced ICRF ‘3-ion species’ heating scheme re-
quires a plasma composed of two different majority
species, and extremely small concentrations of a third
minority species. Similarly to the minority species
scheme, wave-particle resonance n2

⊥ < 0 occurs in a
region dictated by the charge mass ratio of the three
species as well as the relative species concentrations. If
the condition

(Z/A)M(1) < (Z/A)min < (Z/A)M(2). (13)

is satisfied, then this resonance region is closely located
to the ‘L’ cutoff layer, where∣∣∣∣E+

E−

∣∣∣∣2 >> 1. (14)

The polarisation is maximised in the absorption region
if the concentration of the minority species is sufficiently
low, permitting efficient ICRF-particle coupling. In this
paper, a focus is made on the 3-ion species scheme per-
formance, using the plasma concentrations X[H]=68%,
X[4He]=15.9% and X[3He]=0.1%. Furthermore, a com-
parison is made with the standard minority heating
scheme, investigating the performance of a minority

concentration of X[H]=2% in a Helium-4 plasma back-
ground. The choice of this plasma species mixture is
given by equation 8 in reference [6],

f∗M1
' Z̃min − Z̃M1

Z̃M2 − Z̃M1

− (Z̃M2 − Z̃min)(Z̃min − Z̃M1)
Z̃M2 − Z̃M1

ζ,

(15)
where Z̃α is the charge to mass ratio (Z/A)α and ζ is re-
lated to plasma parameters such as the electron density,
major radius and parallel wave number of the injected
ICRH.

4.3 Fast Ion Pressure Distribution

a)

b)

c)

d)

Figure 14: Fast ion (v > 5vth) pressure plots for a) low,
b) standard, c) high and d) HFS heating in the low mir-
ror equilibria for the 3-ion species ICRH scheme. Left)
Bean section ϕ = 0, right) triangular section ϕ = π/5.
The red line indicates the line of resonance according to
the Bres contour.

The relative performance of ICRH for each equilibrium
can be seen through the comparison of the develop-
ment of large fast ion pressures, shown over the bean
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and triangular (pseudo) poloidal planes in figure 14.
The separation of fast and thermalised particles was
undertaken through a condition on the local (to the
flux surface) thermal velocity v > 5vth at any given
position in configuration space. Immediately noticable
is that the low mirror equilibrium generates consider-
ably larger fast ion pressures than both the standard
and high mirror cases. In addition to this, the pres-
sure peaking on-axis is maintained even in the trian-
gular toroidal section, away from the ICRF antenna.
Pressure peaking associated with trapped particles can
be seen in the bean section toroidal image (left) of the
low mirror, since trapped particles align their bounce-
tips with the resonant layer, a point further explained
in section 4.4. Particularly interesting is that the fast-
ion pressure peaks in the triangular toroidal section,
rather than in the bean section where the RF-antenna
is located. This is as a result of the toroidal particle
trapping mechanism. The particles are heated in the
perpendicular direction and the orbits then transition
to become deeply trapped in the toroidal well between
two bean periods.

4.4 ICRH-Modified Radial Diffusion

The Quasi-Linear Operator of VENUS-LEVIS [13] em-
ployed to simulate wave-particle interaction through a
Monte-Carlo process utilises the perpendicular velocity
diffusion coefficient,

Q⊥ = πZ2
α

2m2
α

|E+Jn−1(ε)+E−Jn+1(ε)|2δ(ω−k‖v‖−nΩc),

(16)
with ε = k⊥v⊥/Ωc,α associated with the influence of
Finite Larmor Radius (FLR) effects. This leads to
an equation for the wave-particle ‘kick’ in the perpen-
dicular direction. The Kennel-Engelmann constraint
can then be applied to calculate the associated paral-
lel wave-particle interaction.

v2
⊥ +

(
v‖ −

ω

k‖

)2
= const. (17)

As described by T. Stix [1], this constraint naturally
incorporates the physics that particles will align their
bounce tips with the ICRF-resonant surface, a phenom-
ena that applies to both tokamak and stellarator con-
figurations.

a)

b)

c)

d)

Figure 15: Lost particle contour plots for the ICRH sim-
ulations with respect to the initial radial position in ρ
and the time when the particle is lost, for a) Low, b)
Standard, c) High and d) Low (HFS heating) mirror
equilibria. The light blue line corresponds to the posi-
tion of the radial peaking of the fast ion pressure visible
in figure 14
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Investigating the influence of the resonant surface
on the alignment of particle bounce tips, this section
will focus on the radial particle diffusion and the associ-
ated losses. The total particle losses were 12.0, 14.8 and
13.3% in the high, standard and low mirror configura-
tions respectively. In the high mirror, particles do not
interact significantly with the resonant surface. Once
they interact with the RF-wave, they become trapped
and move into the large toroidal magnetic well specific
to this equilibrium. The region of largest electric field
amplitude is located close to the RF-antenna, which
lies near the bean shape. Therefore, particles cannot
easily remain in resonance with the wave before becom-
ing trapped in regions of lower field amplitude. Evi-
dence for this is reflected in the pressure peaking shown
in figure 14 c), which indicates that the average pres-
sure is highest in the triangular section, away from the
RF-antenna. This phenomena is also observed in the
standard mirror, shown in figure 14 b). However, the
weaker toroidal magnetic mirror of the standard mirror
still permits the toroidally trapped resonant particles to
access regions of larger electric field amplitude near to
the RF-antenna. This results in the overall larger fast
ion pressure observed in the standard mirror. Despite
this, the standard mirror has the largest percentage par-
ticle losses. NBI studies shown in section 3.2 can pro-
vide evidence for this increase in lost particles. Figure
12 illustrates the radial density profile resulting from
the NBI heating. In the core region ρ < 0.35 the good
particle confinement is similar to that of the high mir-
ror. However, for ρ > 0.75 this confinement is degraded
and becomes the worst performing configuration of the
three. In the case of ICRH in the standard mirror, the
toroidal displacement of the RF resonant surface away
from the core region acts to move particles away from
this region of improved confinement. Entering the edge
region of worse confinement, resonant particles are then
lost from the equilibrium. Further evidence for this is
shown in figure 15 b). The light-blue line at ρ ∼ 0.64
indicates the observed edge pressure peaking shown in
figure 14 b). Particles within this surface have a large
outward radial diffusion, whereas close to or just outside
of this surface the diffusion is reduced. The low mirror
configuration has lower percentage particle losses than
the standard mirror. Resonant particles in the core tend
to align their bounce tips close to the axis, leading to
improved particle confinement. To further investigate
the radial diffusion in the presence of ICRH, a simula-
tion of off-axis (High Field Side - HFS) heating in the
low mirror configuration with Bc = 2.6T is shown in
figure 15 d). The radial location where the particles
tend to most strongly interact with the wave results
in a pressure peaking of resonant particles with a re-
duced radial diffusion. This is further reflected in the

off-axis pressure peaking at the resonant surface in the
bean section shown in figure 14 d) (left). The off-axis
low mirror simulation resulted in a total percentage loss
of 18.7%, considerably larger than on-axis simulations
for all other equilibria. Compared to the other simu-
lations of the high, standard and low mirror of on-axis
(in front of the antenna) heating, off-axis ICRH in the
low mirror produces the largest radial diffusion from
the core region, degrading the performance of the low
mirror. The antenna frequency and therefore location
of the RF-resonant surface is concluded to have a large
influence on the radial diffusion of resonant particles.

4.5 ICRH Distribution Functions

Figure 16: Comparison of the resultant distribution
functions of the 3-ion species heating scheme for the
different magnetic equilibria, including the off-axis low
mirror simulation.

The resulting fast ion distribution functions for the ad-
vanced 3-ion species RF heating scheme are shown in
figure 16. Unlike the NBI slowing down distribution
functions, it is evident that the performance of ICRH is
significantly influenced by the toroidal magnetic mirror
amplitude. Simulations of both on and off-axis heat-
ing in the low mirror equilibrium reflect the improved
performance of the low mirror equilibrium, in particular
for generating highly energetic ion populations, despite
the lower confinement time of NBI fast ions (figure 9).
Comparing the high and standard mirror, the standard
mirror succeeds in producing more highly energetic ions
above the energy E > 0.05MeV , despite the increase in
lost particles.

4.6 Summary of ICRF Heating
The propagation of ICRF waves in 3D magnetic ge-
ometries was presented in section 4.1, illustrating the
influence of the toroidal magnetic mirror effect on the
displacement of the RF resonant surface. Additionally,
with respect to the RF-antenna to be installed on W7-X
in Spring 2018, the main ICRF heating schemes applica-
ble are the minority species and the 3-ion species heat-
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ing schemes, explained in section 4.2. Focusing on the
latter heating scenario, the results explain the influence
of the presence of the ICRF resonant surface on confine-
ment. The influence of ICRH to align the bounce tips
of a particle with the resonant surface can have either
a positive or a negative impact on the overall perfor-
mance, due to the intricacies of the three-dimensional
magnetic equilibrium used. For the standard mirror
case, as shown in figure 13, the line of resonance is
radially displaced from the magnetic axis. When the
particles align their bounce tips with this layer they are
then radially displaced outwards into regions of reduced
confinement. However, the increase in radial diffusion
does not necessarily result in a reduced fast ion pres-
sure or energetic distribution function. Illustrated in
figures 16 and 14, the off-axis low mirror configuration
also generates highly energetic particle populations and
fast ion pressures. This is because the reduced displace-
ment of the resonant surface - compared to the standard
or high mirror - allows particles to remain in resonance,
thus increase in energy, despite the larger total losses.
The highly energetic particles produced by the 3-ion
species scheme in the low mirror equilibrium could be
used in experiments to replicate the behaviour and con-
finement of alpha particles, and to provide an insight
into particle-Alfvén Eigenmode resonant interaction in
W7-X.

5 Comparison of Heating
Schemes

a)

b)

c)

Figure 17: Comparison of the resultant distribution
functions from NBI and ICRF heating, where both
the ICRF minority heating and 3-ion species heating
schemes have been included for the a) low , b) standard
and c) high mirror equilibria. Noting different x-axis
used for the low mirror case.

The resulting fast ion distribution functions for each of
the heating schemes are presented in figure 17, including
that of the minority species heating scheme described
briefly in section 4.2. With respect to the development
of a large concentration of fast particles, the relative dif-
ferences in the distribution functions for large energies
is smaller for NBI heating when comparing all magnetic
equilibria. Regarding the population of highly energetic
fast ions, the three ion species outperforms the other
heating schemes, especially for the low mirror magnetic
geometry. Comparing the distribution functions of fig-
ure 17 provides an understanding of the confinement of
energetic ion particles in the different magnetic equilib-
ria. In contrast, the heating transferred to the back-
ground plasma is reflected in the collisional and lost
power. Tables 2 and 3 reflect the balance of the input-
power (for NBI and 3-ion species ICRH respectively)
with the two output power channels: the lost and col-
lisional power. These two tables were calculated differ-
ently. For NBI heating, the two output powers were
evaluated using all of the losses and collisions through-
out the entire simulation. For ICRF heating, a state
of saturation in energy is first achieved and then the
lost and collisional power is evaluated with the data ob-
tained upon convergence. Note that the powers do not
balance for NBI simulations due to the energy stored in
the distribution function.

Mirror Pin[MW ] Pcols[MW ] Plost[MW ]
High 6.84 4.687 0.804

Standard 6.84 4.189 1.378
Low 6.84 4.173 1.406

Table 2: Details of the total power transfer for the NBI
heating scheme.
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Mirror Pin[MW ] Pcols[MW ] Plost[MW ]
High 1.5 1.401 0.099

Standard 1.5 1.346 0.154
Low (on-axis) 1.5 1.228 0.272
Low (off-axis) 1.5 1.186 0.314

Table 3: Details of the converged power transfer for the
3-ion species ICRF heating scheme.

a)

b)

Figure 18: Radial profiles of the fast ion collisional
power transfer for: a) NBI and b) ICRF 3-ion species
heating.

Analysis of the lost power is calculated through sum-
mating the product of the energy and weight over the
lost particle population. Therefore, it provides insight
into both the confinement of the particles and the lost
energy. The collisional power directly implies the heat-
ing transferred to the background plasma. For NBI
heating, the collisional and lost power balance shown in
table 2 reflects that the differences between the low and

standard mirror are not significantly large when com-
pared to the high mirror. Furthermore, analysis of the
lost power implies the improved performance of the high
mirror in the overall confinement of the beam particles.
Table 3 illustrates that, despite producing highly en-
ergetic fast ion populations, the low mirror equilibrium
does not transfer as much power to the background pop-
ulation as for the case for the high and standard mirror
configurations. The small increase in lost power is due
to the poor confinement of energetic particles in this low
toroidal mirror magnetic geometry. However, a crucial
advantage of the low mirror configuration is the resul-
tant core heating, reflected in figure 18b). Indeed, the
radial profiles of the ICRF heating show that localised
core heating is only achieved through ICRH in the low
mirror. Figure 18a) shows that NBI heating results in
reasonable core heating for all equilibria. The standard
mirror produces weakly peaked core heating with the 3-
ion species scheme, however, due to the strong toroidal
dependence of the magnetic resonant surface, there is
also significant edge heating. ICRF heating in the high
mirror results in strongly off-axis heating at the plasma
edge.

6 Summary and conclusions
This work presents the results of the simulated per-
formance of Neutral Beam Injection and Ion Cyclotron
Range of Frequency heating in different W7-X magnetic
topologies. The three magnetic equilibria have different
degrees of toroidal mirroring. The magnetic configura-
tions are optimised for different properties. The high
mirror is predicted to be the best performing candidate
for high plasma 〈β〉. The standard mirror is foreseen to
be the standard workhorse equilibrium used in experi-
ments. Finally, the low mirror is an equilibrium which
closely resembles the design of a classical stellarator,
with the axial magnetic field strength approximately
constant for all toroidal angles.

The VENUS-NBI [32] module has been updated in or-
der to permit the calculation of neutral beam deposition
in three-dimensional equilibria, and includes a realistic
implementation of the W7-X NBI PINI geometry. The
results show that regardless of the magnetic equilib-
ria used, there is poor penetration of the beam into the
core of the plasma for reasonable normalised plasma 〈β〉
values. In terms of the confinement and radial diffu-
sion of NBI ions, the particle following VENUS-LEVIS
code [13] predicts that the high mirror equilibrium has
the largest particle confinement time, especially those
ions located near the core. The low mirror is the worst
performing magnetic topology for NBI, with the per-
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formance of the standard mirror in between high and
low mirror equilibria. The final results of the NBI sim-
ulations show that the initially edge localised particles
remain localised at the edge even for the full slowing
down NBI distribution. This result is of considerable
concern for the performance of such an auxiliary heat-
ing system.

Through the use of the SCENIC code package [9], Ion
Cyclotron Resonance Heating simulations were under-
taken using an antenna description radially, poloidally
and toroidally localised in one of the five W7-X toroidal
periods. Particular focus was given to the high-
performance 3-ion species ICRF heating scheme. This
requires a tailoring of the percentage concentrations of
three different plasmas species with specific charge-to-
mass ratios. Based on a careful choice of the particle
concentrations, this heating scheme permits strong po-
larisation of the wave close to the wave-particle resonant
surface. The predicted fast ion pressure has the largest
on-axis amplitude in the low mirror equilibrium. This
is due to particles remaining in resonance close to the
magnetic axis for all toroidal angles. The high mirror
configuration results in the lowest fast ion pressure, due
to the resonant surface leaving the plasma before reach-
ing the triangular toroidal section. These lost particles
do not result in a large lost power compared to the low
mirror equilibrium because the particles do not remain
in resonance, and so lost particles have considerably
lower energy values. The largest lost particle popula-
tion produced through on-axis ICRH is in the standard
mirror configuration. Similar to the high mirror con-
figuration, the toroidal displacement of the resonant
surface acts to increase the particle radial diffusion.
This acts to move particles into regions away from the
core, resulting in confinement degradation. Due to the
reduced toroidal mirror compared to the high mirror
configuration, resonant particles in the standard mirror
can remain in resonance, despite the toroidal displace-
ment of the resonant surface. This produces an increase
in lost power, as the ion energies are larger and the edge
confinement is worse than in the high mirror configu-
ration. For on-axis heating, the resonant surface in
the low mirror equilibrium does not displace far from
the axis for different toroidal angles. This leads to
improved on-axis peaking of the fast ion pressure and
collisional power density compared to the standard and
high mirror configurations. The low mirror configura-
tion also produced the most energetic ion populations,
with energies of up to 0.45MeV. The confinement of
trapped energetic particles is generally poor in three-
dimensional stellarator geometry. Compared to the
standard mirror, the low mirror results in fewer particle
losses, but a larger lost power. This is a result of the

improved confinement in the core due to the location
of the resonant surface, but the particles that are lost
have higher energies. This poor confinement of the en-
ergetic particles results in a lower transfer of power to
the background plasma than the other equilibria. Sim-
ulating off-axis high field side ICRH in the low mirror
configuration provided insight into particle confinement
in the prescence of ICRH. It was seen that the fast
(v > 5vth) ion pressure is peaked over a narrow radial
region 0.49 < ρ < 0.51. This indicates the influence of
ICRH on the radial diffusion of resonant particles.

A comparison between the slowing down NBI fast ion
distribution with those of the ICRF 3-ion species and
minority heating schemes was made in section 5. The
three heating schemes have different merits. NBI pro-
duces large concentrations of fast ions, yet the resultant
particle density profiles are strongly edge localised.
This occurs for all magnetic equilibria. In contrast,
the 3-ion species ICRH scheme is very sensitive to the
magnetic topology, and due to the very small concen-
trations of the resonant minority species, the fast ion
pressure produced is much lower than that produced
with NBI heating. The radial profiles of the collisional
power indicate that core localised heating can be pro-
duced by both NBI and ICRF heating, but the profiles
are sensitive to the toroidal magnetic mirroring, moreso
with ICRH. Future investigations will be made into
potentially combining the 3-ion species scheme with
NBI heating via synergetic heating, whereby the third
species would be the beam population [33]. This could
also be a potential solution for strong core-localised
heating performance for both the standard and high
mirror equilibria.
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