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1. INTRODUCTION

The confinement properties of energetic ions and impurity ions are crucial issues for the success
of a fusion reactor. Energetic ions heat the plasma but they can also drive instabilities. Impurity
ions, such as tungsten, despite being a thermalised low density species, also have a strong impact
on plasma performance. Energetic ions and impurity ions lend themselves naturally to trace par-
ticle simulations and massive parallelisation, and as such can be carried out efficiently in strongly
three dimensional configurations. The VENUS-LEVIS code [1] has been optimised for full orbit
and higher order [2] guiding centre orbit following in 3D electromagnetic fields. An innovative
interpolation scheme implemented in VENUS-LEVIS using Fourier reconstruction in the angu-
lar coordinates and cubic splines in the radial variable allows low memory imprint to represent
equilibrium quantities in 3D and maximises the core per node usage [1]. That full Lorenzian
and guiding centre approximated differential operators (in curvilinear angular coordinates) can
be evaluated analytically significantly increases the accuracy of full-F simulations, especially for
strongly non-axisymmetric configurations. Accurate simulations are crucial for simulations over
the timescale of the slowing down of the minority ion. This report provides various physical
applications for the VENUS-LEVIS code including alpha particle losses in DEMO toroidal ripple
field, 5 1/2D ICRH modelling as an alternative to quasi-linear operators, exotic heating and fast
ion modelling in the W7-X stellarator, and impurity ion transport in internally kinked rotating
tokamak plasmas.

2. EVALUATION OF FAST ION LOSSES IN DEMO RIPPLE FIELD

The VENUS-LEVIS code has been applied to solving for energetic particle distribution in toka-
maks with magnetic ripple [3] and resonant magnetic perturbations [4]. Two ideal MHD models
for the 3D effects have been compared: an axisymmetric equilibrium with the ripple and RMP
fields added perturbatively assuming a vacuum approximation, or with the ripple and RMP
fields taken into account in the plasma response contained in the VMEC free-boundary equilib-
rium code. The work reported in Ref. [4] examined to what extent the two models of the 3D
fields lead to differing transport and confinement of alpha particles in DEMO where axisym-
metry breaking is associated with ripple established with toroidal mode number n=18. Full F
Monte-Carlo calculations establish the full distribution function of alpha particles, the losses
and power fluxes on the last closed flux surface of the plasma. It was found that, unlike the
n=3 RMP study investigated previously [3], the magnetic ripple does not cause a significant
plasma response. Hence the standard 2D+ripple approach and 3D equilibrium approach reveal
essentially the same plasma confinement properties and losses. One particular point to note is
that the loss rate is highest for particles in the 100-200keV range, thus in principle permitting a
preferential transport for helium ash.

It is possible to examine the loss mechanisms of the alpha particles by examining the space of the
unperturbed constants of motion (COM space). To study the losses in the absence of toroidal
field ripple, we have carried out slowing down simulations for an axisymmetric equilibrium. In
Fig. 1 (left), we plot for each lost guiding-centre its initial position in COM space. The colour
indicates the time of flight of the guiding-centre, with dark colours corresponding to prompt
losses (particles lost within the first bounce/transit time ∼ 10−5 s). Without collisions, these
prompt losses would be the only source of losses, as the guiding-centre would have fixed COM’s.
The brighter points in Fig. 2 (left) therefore are diffusive losses arising due to collisions with the
background. Corresponding particles are typically lost after a time t∼ 10−2s. Introducing field
ripple due to the finite number of toroidal field coils, the losses are enhanced, in particular in
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the region of deeply trapped particles. Fig. 1 (right) clearly shows additional fast loss channels
for deeply trapped particles, which have their bounce points on the outboard plane where the
ripple is strongest. We can also see that the combined effects of collisions and field ripple leads
to an overall increase in diffusive losses, occurring on a slower time scale. The additional fast
loss channels are explained by the fact that in non-axisymmetric fields, the canonical momentum
Pφ is no longer a conserved quantity, thus allowing guiding-centres to move horizontally in Fig.
1, even in the absence of collisions. The largest changes to Pφ are found in the deeply trapped
region – in agreement with the location of the fast loss channels exhibited in Fig. 1 (right). It
has furthermore been verified that the orbits with the largest variation in Pφ have their bounce
tips in the region with the strongest ripple perturbation. More recent updates to the VENUS-
LEVIS code have included higher order drift effects [2], and advanced switching between full
orbit and higher order drift orbit approximation during the particle motion, as required in order
to maintain accuracy and numerical efficiency.

FIG. 1: Slowing down simulations for alpha particles in DEMO. Plotted are the initial
positions of lost particles in constants of motion space, colour indicating loss time. (left)
losses without ripple; (right) losses with ripple.

3. 5-1/2D MODEL FOR ICRH

The most precise way to model the ICRF wave-particle interaction would be to resolve the full-
Lorentzian (6 D) motion of the particles. As is well known, this method is however numerically
prohibitive. The ICRF wave-particle interaction is instead usually conventionally modelled
using Monte Carlo (MC) operators derived from a Quasi-Linear theory [5–7], based on certain
assumptions. Firstly, a complete de-correlation is assumed between successive wave-particle
interactions. Although this condition is easily fulfilled for resonant passing particles, it is more
doubtful in the ICRH relevant case of trapped particles, whereby two resonances may occur
near the same bounce tip). Secondly, the Quasi-Linear theory was developed in the context of
axisymmetric magnetic fields and therefore the effect of coupled toroidal ICRH wave modes are
neglected. To improve these approximations, a so-called 5-1/2 D theory was proposed in Ref. [8]
potentially providing high accuracy than the MC approach, but lower computational cost than
the 6D approach. In the following, we show the results of the implementation of this 5-1/2 D
theory in the orbit following code VENUS-LEVIS [1], extended to higher order in the guiding
centre expansion [2].

The 5-1/2 D model can be derived by follow a similar treatment as conventionally done in
gyrokinetics [9, 10], i.e. gyro-averaging the wave perturbation in order to integrate it into the
equations of motion. Consider the problem of a particle of charge q and mass m under the
influence of an equilibrium and a perturbative (∆) electromagnetic field:

E =E0(x) + ∆E1(x, t), (1)
B =B0(x) + ∆B1(x, t), (2)
A=A0(x) + ∆A1(x, t), (3)
φ= φ0(x) + ∆φ1(x, t). (4)
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We introduce the orthonormal basis (e1,e2,b = B0/B0), which is chosen with respect to the
magnetic flux coordinates system (ρ,θ,ϕ) such that: e1 =∇ρ/|∇ρ| and e2 = b×e1. The guiding-
centre positionX, parallel velocity U , magnetic moment µ, gyro-angle ξ are defined such that the
lowest order particle velocity reads: v0(X,U,µ,ξ) = Ub(X) +

√
2µB0(X)/m(cosξe1− sinξe2),

and the Larmor radius is deduced: ρ= b×v0. In order to obtain the equations of motion that
includes the gyro-averaged ICRH wave perturbation, near identity transformations from the
particle to the so-called harmonic-centre coordinates Z can be defined:

z = (x,v)→Z =
(
X,U,µ,ξ

)
(5)

The harmonic-centre Lagrangian can be written as:

L
(
X,U,µ,t

)
= qA∗

(
X,U,µ

)
·Ẋ+ m

q
µξ̇

−H0
(
X,U,µ

)
−∆H1

(
X,U,µ

)
+O(∆2), (6)

with:

A∗
(
X,U,µ

)
=A0(X) + q

m
Ub(X)− m

q2µW (X), (7)

B∗ =∇×A∗, (8)

W (X) =
(
∇e1(X)

)
·e2(X) + 1

2b
(
X
)
b
(
X
)
·
(
∇×b

(
X
))
, (9)

H0
(
X,U,µ

)
= 1

2m|v0(Z)|2 = 1
2mU

2 +µB0(X), (10)

H1
(
X,U,µ,t

)
= q

∫ 2π

0

dξ
2π
(
φ1
(
X+ρ, t

)
−v0

(
Z
)
·A1

(
X+ρ, t

))
= iq

ω

∫ 2π

0

dξ
2π
(
v ·E1

(
X+ρ, t

))
.

(11)

Assuming a WKB representation of the perturbed electric field: E1(x, t) = Ẽ1(x)exp(i(k ·x−
ωt)) and the wave-particle phase difference: θ = lξ−ωt+k ·X, with l the harmonic considered
in the wave-particle interaction, the perturbed Hamiltonian H1 can be re-written as:

H1 = iq

ω

∫ 2π

0

dξ
2π
(
v0
(
Z
)
· Ẽ1

(
X+ρ

)
eik·ρe−ilξ

)
eiθ =H1Ae

iθ. (12)

The Euler-Lagrange equations associated with Eq. (6) are the harmonic-centre equations of
motion:

dX
dt = B∗

B∗‖

(
U + 1

m

∂H1A

∂U
eiθ
)

+ B0
B0B∗‖

×
(
∇H0 +

(
∇H1A+ i(k+ lW )H1A

)
eiθ
)

(13)

dU
dt =− B∗

mB∗‖
· (∇H0 + (∇H1A+ i(k+ lW )H1A)eiθ (14)

dµ
dt =− i l q

m
H1Ae

iθ (15)

dθ
dt = (k+ lW ) · dXdt + lΩ−ω+ lq

m

∂H1A
∂µ

eiθ (16)

These equations have been implemented into the VENUS-LEVIS code [1] and the results of the
tests cases are presented in the next subsections.

3.1. Towards full-f calculation: time-step algorithm

The 5-1/2 D model is computationally less costly than the 6 D model, but it is still an expensive
calculation. In this section we discuss how the time-step can be adapted in order to reduce the
computational cost. The structure of Eqs. (15) and (16) shows:
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1. Away from the resonance, the phase-difference varies strongly in time: the fast oscillations
of µ cancel out.

2. Around the resonance, the phase-difference is stationary: an effective wave-to-particle
energy transfer occurs.

It is crucial to capture accurately enough both resonant and non-resonant phases. On the one
hand, a time-step of the order of the gyro-period is necessary during the resonant phase in order
to model correctly the energy transfer. On the other hand, during the non-resonant phases, the
time step should be of the order of θ̇ so that the small variations in energy are ensured to cancel
out. Following Ref. [11], the electric field is switched off during the non-resonant phases so that
a larger time-step can be taken and no non-physical wave-particle interaction occurs. A simple
algorithm is used in order to detect the non-resonant (resp. resonant) phases and to switch off
(resp. on) the electric field:

• Non-resonant phase:

|θ̇|> |θ̈|1/2⇒
{

dtnon res. = C sα

v0

√
gB ·B∗,

E(x, t) = 0. (17)

• Resonant phase:

|θ̇|< |θ̈|1/2⇒
{

dtres. = 2Tgyro,
E(x, t) 6= 0. (18)

3.2. Full-f calculation: 5-1/2 D model vs Monte Carlo operator

The algorithm presented in the previous section is used in order to run Run 106 markers on 1’152
CPUs on CSCS Daint supercomputer (Intel R© Xeon R© E5-2695 v4 @ 2.10GHz). This 5-1/2 D
full-f calculation is compared to the same case simulated with the ICRH Monte Carlo operator
derived from Quasi-Linear theory.

We consider a Minority Heating scenario in a D-rich plasma with 5% H minority for a JET
axisymmetric configuration. The input power is PRF = 3 Mega Watts. The magnetic field on
axis B0 = 2.7T and the resonance is located on the LFS such that the resonant magnetic field is
Bres = 2.44T. The ICRF wave field is computed by the 3 D full-wave LEMan code [12] assuming
one toroidal mode. In this case, the quasi-linear and the 5-1/2 D models are both valid and show
good agreement, as seen by some of the moments of the full-f distribution functions illustrated
in Fig. 2. As expected the run-time for the Monte Carlo simulation is shorter than for the
5-1/2 D calculation: respectively 40min 36s and 1h 25min 17s. Future studies will implement
more challenging 3D W7-X ICRH applications, and compare 4D Monte Carlo, 5 1/2 D and 6D
approaches, from the point of view of physics and computational advantages.

4. ADVANCED ICRH HEATING AND FAST ION GENERATION IN W7-X

Developing a commercial nuclear fusion reactor requires plasma ion temperatures and densities
to be sufficiently high to produce large fusion yields, but this in turn relies on good confinement
of alpha particles. The Wendelstein 7-X stellarator must therefore demonstrate good fast ion
confinement in order to provide confidence in the advanced-stellarator approach to a fusion reac-
tor. Recent advances in simulating auxiliary fast ion heating scenarios in W7-X have been made
with the SCENIC code package [13]. Updates to the code components LEMan [12] and VENUS-
LEVIS [1] have been made in order to permit the simulation of advanced heating schemes for
different W7-X magnetic configurations. This includes ICRF only minority and 3-ion species
RF schemes, NBI only and RF-NBI synergetic heating. Such fast ion heating methods are being
applied in tokamak and stellarator devices in a variety of the leading facilities to date. Current
experimental progress foresees the ICRF antenna to be implemented onto the W7-X device in
upcoming experimental campaigns. Numerical work to aid the optimisation and scenario devel-
opment for such heating and fast ion generation schemes is of great importance.

4



IAEA-TH/P2-14

ρ~r/a
0.2 0.4 0.6 0.8

D
en

si
ty

 [m
-3

]

× 10 17

2

4

6

8

10

12

14

16

18

ρ~r/a
0.2 0.4 0.6 0.8

Pr
es

su
re

 [k
Pa

]

1

2

3

4

5

6

1

2

3

4

5

E [keV]
20 40 60 80 100

f(E
) [

a.
u.

]

10 17

10 18

5-1/2 D
MC

time [s] × 10 -3
2 4 6 8 10

M
ea

n 
en

er
gy

 p
er

 p
ar

tic
le

 [k
eV

]

4

4.2

4.4

4.6

4.8

FIG. 2: Energy distribution function and velocity moments of the full-f calculation for
the Monte Carlo and the 5-1/2 D simulations applied to the JET-like plasma.

4.1. NBI and Minority ICRH in W7-X

Recently published fast ion auxiliary heating simulations on W7-X include NBI, minority species
ICRH, and the advanced 3-ion species heating scenarios for different magnetic configurations
[14–17]. The three magnetic equilibria explored were the low, standard and high toroidal mag-
netic mirror configurations. The toroidal mirror is defined as M = [Bφ=0(ρ = 0)−Bφ=π/5(ρ =
0)]/[Bφ=0(ρ= 0)+Bφ=π/5(ρ= 0)], where ρ is the radial flux surface label. The values used were
-0.8, 3.5 and 9.4% for the low, standard and high mirror. A value of M =9.4% indicates that
the high mirror case has a large magnetic well located at the triangular toroidal section. NBI
simulations using these three equilibria revealed the importance of the inclusion of the radial
electric field ~Er derived from calculations of the neoclassical transport in W7-X. This radial
electric field has been shown to help confinement of low- to mid-energy (relative to injection
energy) NBI particles. For sufficiently energetic ions, the E×B drift associated with the radial
electric field does not average out radial drifts associated with geodesic magnetic curvature. It
is those particles not confined by E×B flows that must be investigated in order to verify the
advanced stellarator approach to fusion. Using VENUS-LEVIS, simulations of the slowing down
NBI distributions in the three different magnetic configurations were made for the first time.
The results indicate that beam confinement in the high mirror case is better than for low or
standard mirror cases. The opposite is found to be the case for minority ICRH.

Standard minority ICRH schemes have been investigated numerically in W7-X. For example,
simulations of He4(H) minority species of X[H] = 2% produce very small resulting fast ion
pressures. This is caused by the high density of W7-X plasmas, increasing significantly the
collisionality. Upon resonance with the RF-wave, the resonant particle quickly lose their energy
to the background plasma through collisions. Significant differences in RF heating schemes are
predicted for the toroidal magnetic mirror configurations due to the toroidal location of the
RF-resonant surface, as seen in Fig. 3(a). The low mirror case results in on-axis RF-heating for
all toroidal angles. In the triangular toroidal section of the high-mirror case, it is not possible
to have wave-thermal particle energy transfer, due to the resonant surface moving entirely out
of the plasma. This results in worse performance of the minority heating scheme in the high
mirror case than for the standard or low mirror configurations.

4.2. 3-ion Species Heating in W7-X

The recently developed 3-ion species RF-heating scheme [18] involves tailoring the concentrations
of three plasma species to ensure strong polarisation |E+/E−|2 of the RF-wave, resulting in
increased RF-power efficiency. The choice of the charge-to-mass ratio Z/A of the different
plasma species is very specific:

ZM1
AM1

<
Zres
Ares

<
ZM2
AM2

, (19)

for M1, M2 and res referring to the first majority, second majority and the resonant species.
In order to ensure strong polarisation, the concentrations of this resonant species must be very
low. Simulations of He4-(He3)-H 3-ion species RF-experiments employed X[He3] = 0.2%. This
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FIG. 3: Fast (v > 5vth) ion density profiles for the ICRF heating schemes (a) minority
species and (b) 3-ion species, comparing the influence of the magnetic equilibrium.

FIG. 4: Energy distribution for synergetic RF-NBI scheme in W7-X optimised high
mirror magnetic configuration, and comparison with alternative heating schemes.

produces highly energetic particle of up to 0.4MeV in the low mirror equilibrium. Simulations
of the 3-ion species scheme show significant lost power due to particle losses: 18.1, 10.3 and 6.6%
for the low, standard and high mirror configurations respectively. This is caused by the RF-
induction of trapped particles. Concentrations of the resonant particles from the 3-ion species
scheme are also extremely low and thus fast ion pressures are very small. This can be seen by
comparing the fast ion density profiles of minority heating and 3-ion species heating schemes,
shown in figure 3(b). The 3-ion species schemes modelled here may therefore not be optimal for
auxiliary heating and fast ion generation in W7-X.

4.3. Synergetic RF-NBI Heating in W7-X

ICRF can be used in W7-X not just as an auxiliary ion heating scheme but also to provide
demonstration of energetic ion confinement. The 3-ion species scheme is a possibility, but
the disadvantages are that highly energetic particle populations are significant only in the less
optimised low mirror equilibrium. Nevertheless fast ion densities are not so high as to ensure
empirical detection. An alternative has been proposed, combining the benefits of NBI and ICRF
through a synergetic heating scheme. RF-heating can be applied to resonate with the freshly
ionised NBI beam ions. Similar to the 3-ion species scheme, the polarisation of the RF-wave is
sought to be maximised. The NBI ions have a large parallel velocity, resulting in a Doppler-shift
of the RF-resonance. By modifying the RF-antenna frequency such that thermal particles are
heated off axis at the toroidal location of the antenna, the Doppler-shifted beam particles can
resonate on-axis. The injection of the hydrogen NBI beam into a majority helium-4 plasma
ensures that the NBI beams resonate closer to the region of improved wave polarisation. This
ongoing work shows the development of highly energetic particles, collisional power and fast ion
pressures. A comparison between the energetic particle production in pure NBI, minority ICRH,
RF 3-ion species, and synergetic RF-NBI heating schemes in W7-X is shown in Fig. 4. The RF-
NBI scheme produces energetic populations approximately two orders of magnitude larger than
for the 3-ion species RF-only scenario. Future work will investigate harmonic heating in W7-X
using an updated dielectric tensor implemented in the 3D wave code LEMan [12].
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5. HEAVY ION IMPURITY TRANSPORT IN KINKED ROTATING TOKA-
MAKS

Simulations of neoclassical transport of trace heavy impurities in 2D and 3D tokamak rotating
equilibria have been performed using the VENUS-LEVIS code. Of particular interest are JET
hybrid scenarios which are susceptible to m= n= 1 continuous modes. Of crucial importance is
to examine the neoclassical transport of tungsten in these 3D magnetic fields, where the tungsten
typically rotates supersonically in the toroidal direction. The VENUS-LEVIS code has been
updated [19] to include strong toroidal plasma rotation and the neoclassical effect of collisions
in the frame of the diamagnetic flows of background ions in three dimensions. Reference [19] has
already reported tungsten impurity transport for such an application assuming the main ions
are in the collisional Pfirsich-Sclutter regime. Here we report new results where the main ions
are in the more relevant banana regime.

In order to obtain the background ion flows we start by stating that the perpendicular component
of the leading order flow is given by

U⊥I0 = B×∇Φ(ψ)
B2 +B×∇PI(ψ)

B2qINI(ψ) =UE×B
⊥ +U∗⊥, (20)

where NI is the background ion density, TI is the background ion temperature, Φ is the leading
order electrostatic potential, qI the background ion charge and flux coordinates (ψ,θ,φ) are
assumed. The parallel flow component can be obtained by solving the continuity equation in
the form given in Eqs. (6) and (7) of [19]. From solving these equations we can obtain the flux
average of the contravariant component of the diamagnetic poloidal flow (e.g. in the absence of
a temperature gradient):

〈U∗,θ〉=
〈
−
( g2
B2 −

〈g2〉
〈B2〉

+ GC(ψ)
〈B2〉

)
B ·∇θ+B×∇ψ ·∇θ

B2

〉 P ′I(ψ)
qINI(ψ) (21)

where g2(ψ,θ,φ) is a geometrical factor that can be obtained from solving the continuity equation

B ·∇
(g2
B

)
=−

(
B×∇ψ

)
·∇
( 1
B2

)
, g2(Bmax(ψ)) = 0. (22)

The geometrical factor GC(ψ) can be obtained from drift-kinetic theory, and depends on the
collisional regime considered. For the banana regime,

GB(ψ) = 〈H1〉+
H2〈B2〉

2
G+ ιI

ιB2
0
− fc
ft
q
G+ ιI

ιB2
0
〈gγB2〉− 3

4
q

ft

G+ ιI

ιB2
0

∫ 1

0
dλ
W (λ)
〈v‖v 〉

, (23)

in which ι= 1/q is the rotational transform, G and I are the φ and θ covariant components of the
magnetic field in Boozer coordinates, and λ= µBmax/E is the pitch-angle variable with E the
energy of the particle. fc and ft are respectively the fraction of circulating and trapped particles
which can be obtained from equations in the appendix of Ref. [20], as well as the factors H1
and H2. The factors gγ and W (λ) can be obtained from Eqs. (25), (26) and appendix of [20].
A Full-F PIC simulation is undertaken in VENUS-LEVIS, with collisions performed in the ion
moving frame of reference [19]. The steady state flux averaged density can be compared with
the analytic expression [19]:

〈NW (r)〉
〈NW (0)〉 = NI(r)

NI(0)

(
1− M2

∗
1−M2

∗
〈U∗,θ〉 qINI

P ′
I

(ψ)

)
ZW
ZI exp

[ m̃
m∗

(3 + 2M2
∗ )M4

∗
(1 +M2

∗ )2
r

R0

]
, (24)

where

M2
∗ =M2

0,W

(
1− mITe

mW (TI +Te)
)
, m̃=mW −ZWmI , m∗ =mW −

Te
TI +Te

mI . (25)

Here, Z andm are the atomic number and mass (W denoting tungsten and I main ion),M2
0,W is

the axial Mach number of the heavy impurities, TI and Te are the background ion and electron
temperature, r is the local minor radius of the tokamak and R0 is the major radius of the
magnetic axis. Assuming 20kHz and TE = TI , it is seen in Fig. 5 that the helical core case has
larger core impurity accumulation than the axisymmetric case, both peaking off axis because of
centrifugal effects.
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FIG. 5: (left) VMEC 1/1 equilibrium at φ= 86.4o; (right) Heavy impurity density peaking
for rotating axisymmetric equilibrium and 1/1 kinked toroidally rotating equilibrium, both
with main ions in the banana regime.

6. Summary

Advanced fast ion and impurity ion confinement studies have been carried out for various 3D
applications relevant to tokamaks and stellarators. The challenge of full-F simulations for the
steady distribution over slowing down timescales has been met with VENUS-LEVIS code [1].
VENUS-LEVIS has been upgraded in order to include higher order guiding centre corrections
for ICRH applications, and strong toroidal flow and neoclassical friction for impurity transport
applications. The SCENIC [13] ICRH code has been upgraded to include higher harmonic
resonance effects and the capability of handling multi-species plasmas. A particular highlight
presented here is the development of synergetic RF-NBI schemes suitable for efficient heating and
fast ion generation in W-7X. More advancements in VENUS-LEVIS will facilitate the physics
of arbitrary flow for impurity transport in 3D plasmas, and investigations of kinetic instabilities
in rotating hot plasmas.
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research and training programme 2014-2018 under grant agreement number 633053. The views and
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