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Abstract
The TJ-II stellarator neutral-beam injection (NBI) system, vacuum vessel and magnetic
configuration have been included in the orbit-following Monte Carlo code ASCOT5 to
simulate neutral-beam heating and current drive for high-density NBI plasmas. Co- and
counter-injection beams are simulated separately. A scan in both electron density and
temperature is carried out within the range of values corresponding to realistic high-density
NBI plasmas, for which a low level of fast-ion losses due to charge-exchange reactions is
expected, since the version of ASCOT5 used in the paper does not include such processes. The
rest of the kinetic profiles (ion temperature, radial electric field and effective charge) are kept
fixed. The initial distribution of markers shows that the amount of available power in the
plasma carried by the beam ions depends slightly on the electron temperature and on the
injection direction (co/counter). The steady-state fast-ion distribution function is obtained and
used to calculate the three-dimensional fast-ion density, the neutral-beam driven current and
the amount of power deposited to the plasma in the two injection scenarios. These three
quantities are higher in the counter-injected case due to a lower amount of promptly lost
particles. The neutral-beam current drive (NBCD) has been calculated using the fast-ion beam
current given by ASCOT5 and the electron return current, which is computed with the analytic
solution of the drift kinetic equation for electrons in the presence of fast ions in the
low-collisionality regime. Neither the calculated fast-ion density nor the NBCD are flux
functions, in consistency with the fact that fast-ion drift surfaces and flux surfaces are
generally not aligned.
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1. Introduction

Neutral-beam injection (NBI) is one of the main sources of
fast ions in magnetically confined plasmas. In addition to
its use for plasma heating, most tokamaks rely on the fast
ions generated by NBI to produce non-inductive neutral-beam
current drive (NBCD) or to control plasma rotation. Likewise,
non-axisymmetric devices that require precise control of the
rotational transform for power exhaust or optimization pur-
poses might need external current sources (ECCD or NBCD)
to achieve the desired values of rotational transform. Besides,
the presence of an energetic-particle population produced by
NBI also allows to investigate fast-ion driven MHD instabil-
ities, which are expected to play a significant role in fusion
plasmas dominated by alpha particle heating.

The work described in this paper is motivated by the
need to progress in the understanding of fast-ion physics in
non-axisymmetric configurations. With this aim, the TJ-II
stellarator [1] and its NBI system [2] (see section 2) have
been implemented in the Monte Carlo orbit-following code
ASCOT5 [3, 4], which calculates the steady-state slowing-
down distribution function of fast ions by numerically solv-
ing the associated Fokker–Planck equation via the Langevin
approach. Knowing this slowing-down distribution function is
essential to determine the growth rate of fast-ion-driven insta-
bilities and to calculate the NBCD. The NBI power transferred
to the thermal plasma and the fast-ion losses before thermal-
ization is also determined by the simulation. The estimation
of the NBCD is particularly relevant for modelling the results
of TJ-II experiments that involve Alfvén eigenmodes (AEs)
studies, since most of them have been carried out in non-
balanced NBI [5]. The resulting beam-driven current modifies
the rotational transform profile and has an impact on the shear
Alfvén continuum. Therefore, NBCD simulations, combined
with estimations of bootstrap current and EC driven current,
are needed to make up for the lack of rotational transform
measurements.

The use of NBCD as a possible source of current for steady-
state operation in tokamaks was first addressed by Ohkawa [6].
In his seminal work, Ohkawa gave an expression of the return
current created by bulk electrons in response to the injection
of beam ions. This result was obtained under the assumption
of momentum conservation between the beam ions and the
Maxwellian bulk electrons and ions. Later experimental stud-
ies demonstrated that such assumption could not account for
the magnitude of the induced current observed at high electron
temperatures [7]. Further theoretical developments considered
the non-Maxwellian character of the electrons as well as
electron–electron collisions and electron trapping for a more
realistic treatment of the beam-driven current in the plasma. In
this direction, a variety of works can be found in the literature.
In references [8, 9], the case of infinite uniformly-magnetized
plasmas is treated for arbitrary values of vTe/vb (vTe is the
thermal speed of the electrons and vb the typical speed of the
beam ions) and any collisionality regime; in reference [10], the
electron trapping is taken into account analytically for toroidal

equilibria in the banana regime and assuming vTe � vb,
while in [11] the same problem is solved numerically for any
value of the ratio vTe/vb. In references [12, 13], a convenient
expression that relates the bootstrap coefficient L31 to the
electron return current is obtained in the low and general colli-
sionality regimes, respectively, for general tokamak equilibria
and vTe � vb. To the authors’ knowledge, there is only one
theoretical model of NBCD in non-axisymmetric configura-
tions (see reference [14]) that tackles the study of the beam-
driven current for any 3D equilibrium in the low-collisionality
regime, again assuming vTe � vb. In that work, the result
of the beam-driven current in an infinite plasma developed
in [9] is modified by a factor accounting for the electron
trapping. For the sake of a better understanding, appendix A
presents a derivation of the electron return current contribution
created by a predetermined fast-ion current without the need to
resort to external references. The drift kinetic equation (DKE)
for thermal electrons is solved in the low-collisionality limit
(appendix A.2), providing an expression of the NBCD that can
be easily implemented in a final algorithm and which is valid
for any magnetic configuration. In particular, the results from
reference [14] are recovered.

Historically, the code used to simulate the fast-ion slowing-
down process in TJ-II has been the guiding-center (GC) code
FAFNER2 [15], which was used also, for instance, to char-
acterize fast-ion losses [16] and to estimate the power wall-
loads [17]. ASCOT5, besides its capability to perform such
studies, allows us to follow the gyro orbit of the ions and
can incorporate potential perturbations associated with MHD
activity (such as AEs) to study their impact on the dynamics
of fast particles. Past studies [18] with FAFNER2 showed
that the charge exchange (CX) losses can be as high as 76%
of the available power in low-density (�1019 m−3) ECRH
plasmas. However, the version of ASCOT5 used for this work
does not include CX losses. Consequently, the values of the
plasma densities chosen for the simulations presented here are
taken high enough so that the CX losses are kept as low as
possible. Starting from an ASTRA [19] simulation of an actual
TJ-II high-density NBI plasma with continuously increasing
density and constant NBI power, the minimum and maximum
density with their corresponding self-consistent temperature
profiles have been taken as boundary values to perform an
independent scan in density and temperature. ASTRA was
initially developed for tokamaks but it was later modified to
be used in stellarators. Examples of its usage are given in
[20–22] for W7-X, TJ-II and LHD respectively. For the TJ-II
stellarator, there are a number of technical reports where the
use of ASTRA in TJ-II, complemented with other peripheral
codes, is described. Calculations like those pertaining the
present work are based on a transport model that reproduces
quite well the evolution of density and temperature profiles
in NBI plasmas (see supplementary material). Although an
independent variation of the plasma parameters produces com-
binations of plasma profiles hardly feasible for a given constant
input power, the results presented in this work can give a visual
and practical idea of how NBCD and power deposition, depend
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Figure 1. (a) Magnetic field intensity at φ = 0◦ and φ = 45◦, (b) magnetic field intensity evaluated along the ρ = 0.46 flux surface and
(c) iota profile for the standard configuration.

on ne and Te. Simulations performed with FAFNER2 using the
same kinetic profiles as the ones used in ASCOT5 confirm that
the CX losses for these plasmas are indeed low (see section 4.1
for further details) and, therefore, the impact of disregarding
fast-ion losses induced by CX in the ASCOT5 simulations
is minor. The beamlet based neutral beam injection (BBNBI)
module [23] included in ASCOT5 has been used to calculate
the ionized power and the birth profiles of fast ions for each
set of plasma profiles.

The rest of this paper is organized as follows: in section 2,
a brief description of the TJ-II NBI system is presented; in
section 3, the preparation of the ASCOT5 simulations input
is described; section 4 contains the results of the 3D fast-
ion density, energy profiles, power depositions and NBCD.
Finally, the main conclusions of the paper are discussed in
section 5. The theoretical model to calculate the electron return
current is derived in the appendix.

2. TJ-II stellarator and NBI heating system

The TJ-II stellarator is a four-period flexible heliac
(R = 1.5 m, a = 0.2 m, B0 = 0.95 T) with high rotational
transform and low magnetic shear. Magnetic configurations
with central values of rotational transform from -ι(0) = 0.9 to
-ι(0) = 2.2 are available in the device. We have used a standard
medium iota configuration to carry out the simulations with
ASCOT5. Its magnetic field and -ι profile are shown in figure 1.

Two hydrogen neutral beams (see [2] and references
therein), one co-injected (NBI1) with respect to the direction
of the magnetic field and the other counter-injected (NBI2),
provide up to 700 kW of power each (see figure 2). The maxi-
mum current and voltage are 60 A and 34 kV, respectively. The
maximum energy of the beam considered in the simulations
is Emax = 31.5 keV and the energy fractions are 55% for

Figure 2. TJ-II stellarator NBI heating system.

Emax, 25% for Emax/2, and 20% for Emax/3. Due to the highly
parallel injection of the NBIs, all the particles created in the
plasma are passing particles.

3. Simulation set-up

The main inputs for the slowing-down simulation are the
magnetic field, the radial profiles of the plasma density, tem-
perature and electric-field, the wall model and the initial distri-
bution of markers. In this work, we have obtained the magnetic
field from the output of the EXTENDER [24] code which,
taking an equilibrium computed with the code VMEC [25] and
a filamentary model of the coils and currents of the standard
configuration of TJ-II, calculates the magnetic-field vector
in a cylindrical grid that contains the whole vacuum vessel.
The model of the wall used in ASCOT5 consists of a grid of
triangles that has been obtained from the CAD file of the TJ-II
vacuum vessel. The vacuum field beyond the last closed flux
surface (LCFS) calculated with EXTENDER and a realistic
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Figure 3. Electron plasma density (a) and temperature (b) profiles used in the simulations. The consistent pairs of profiles obtained with
ASTRA are plotted in red and blue lines.

Figure 4. Constant ion temperature (a) and radial electric field (b) profiles used in the simulations (solid blue lines). The shaded areas
represent the variation of the profiles during the ASTRA simulation.

wall are needed to model the trajectory of the markers that exit
and re-enter the plasma (e.g. markers whose gyro-orbit exits
the plasma while their GC does not). These markers would be
otherwise lost even if they are actually confined. This feature
is particularly important in the high-field side of the plasma,
where the vessel is very close to the LCFS (see figure 6). The
rest of this section is devoted to describing the plasmas used in
the simulations and to calculating the distribution of markers.

3.1. Plasma profiles

In this section, we present the plasma profiles chosen for the
computational scan. As it was mentioned in the introduction,
the focus of this work has been put on high-density NBI
plasmas so as to minimize the effect that CX losses would
have in the results, since the version of ASCOT5 used in this
work does not include such loss processes. In order to obtain
sets of consistent plasma profiles, a previous simulation of an
evolving TJ-II NBI plasma, in which density increases, has
been performed with ASTRA. According to the simulations
made with FAFNER2, which is coupled to ASTRA in order
to achieve self-consistent transport simulations, the ionized
power lost due to CX falls between 6% and 12%. The radial
profiles with the lowest and highest core values produced
by ASTRA (3 × 1019 and 6 × 1019 m−3 for the density and

Figure 5. Top view of the TJ-II plasma, vacuum vessel, NBI
directions, and location of the markers created by both injectors for
the low-density high-temperature case.

160 eV and 300 eV for the temperature) have been selected
as boundaries for the scan in ne, Te-space (see blue and red
curves in figure 3). The density profiles have been obtained by
linear interpolation between the lowest and highest core values
while the temperature profiles are the ones given by ASTRA
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Figure 6. Position of NBI1 markers in the R–Z plane for six different toroidal angles. The LCFS and the vacuum vessel are also shown. The
low-density high-temperature case is represented.

Figure 7. Number of NBI1 and NBI2 markers along the toroidal
angle for the low-density high-temperature case.

for these densities. Here, the radial coordinate is defined as
ρ =

√
s were s = Ψ/ΨLCFS, beingΨ the toroidal magnetic flux

enclosed by a given magnetic surface and ΨLCFS the flux up
to the LCFS. The independent combinations of these density
and temperature profiles give a total amount of 10 × 10 sets
of plasma profiles that have been simulated with ASCOT5 and
the results used to obtain 2D maps illustrating the dependence
of the available power, power deposition and current drive on
the plasma electron density and temperature.

The rest of the plasma profiles (Ti, Er, Zeff , i.e. ion tem-
perature, radial electric field and effective charge) have been
kept fixed for all the ASCOT5 simulations since, on the one
hand, ASTRA has shown no relevant differences as density
increases and, on the other hand, it has been observed that such
small variations of these quantities do not affect significantly
the slowing-down fast-ion distribution function. The radial
profiles of Ti and Er are plotted in figure 4 (Zeff = 1).

3.2. Initial distribution of markers

The initial ensemble of markers in the plasma has been cal-
culated with BBNBI, which, using the specifications of the
actual geometry of the neutral-beam injectors, simulates the
ballistic trajectories of the hydrogen neutrals from the last
(grounded) grid until they are either ionized in the plasma or
lost as shine-through (ST). A total amount of 2 × 105 markers,
which represents the population of initial fast ions in the
plasma, has been obtained for each simulation. A top view
illustrating the birth positions of the ensemble of NBI1 and
NBI2 markers in the plasma is shown in figure 5, while figure 6
depicts six different cross-sections of the vacuum vessel and
the position of the cloud of NBI1 markers within the LCFS.
It can be seen in figure 7, where the number of initial NBI1
and NBI2 markers as a function of the device toroidal angle
is shown, that the penetration of each neutral beam into the
plasma column extends a bit further than half a period of the
configuration (45◦).

The dependence of the initial distribution of markers gener-
ated with NBI1 (co-injection) on ρ, pitch-angle variable (v‖/v)
is illustrated in figure 8 for the four different combinations of
the highest and lowest densities and temperatures shown in
section 3.1.

A slight dependence on density is observed. Note that the
results shown in figure 8 only reflect changes in the distribution
of the 2 × 105 markers independently of the amount of power
they represent, which depends on the specific values of ne

and Te. The markers radial profile for the lowest density case
(blue lines in figure 8(a)) appears shifted towards the core of
the plasma, as the mean free path of the neutrals through the
plasma is inversely proportional to the electron density [26].
No dependence on temperature is observed in the results (solid
versus dashed lines in figure 8(a)). As for the dependence on
the pitch-angle variable (see figure 8(b)), no clear changes are
observed for different plasmas. The pitch-angle of the initial
markers illustrates the highly parallel character of the beams
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Figure 8. Dependence of the initial profile of markers on the radial coordinate (a) and pitch (b), for the four cases considered.

Figure 9. (a) Dependence of the available power on electron density and temperature and (b) dependence on density for a given electron
temperature (Te = 234 eV) marked by dashed line on the left panel.

(v‖/v > 0.8 for most of the markers). Regarding the initial
energy distributions, around 30% of the initial markers are
created with energy Emax, 31% with Emax/2 and 39% with
Emax/3. The energy fractions of the initial markers are different
from those of the injected neutrals (see section 2) because
the ionization cross-section is higher at low energies [26].
Varying plasma density results in small differences (below 5%)
in the proportion of markers created at each of the injection
energies while no dependence on temperature is observed. The
initial distribution of markers resulting from simulating NBI2
(counter-injection) are analogous to those of the NBI1 except
for the pitch angle, which changes its sign.

The NBI port-through power delivered by each injector
has been set to PNBI = 500 kW in all the simulations. This
power distributes in two parts depending on the capability of
the plasma to ionize neutrals: the so-called available power,
which is carried by the initial markers representing ionized
neutrals; and the power lost as ST, carried by neutrals that
have crossed the plasma column without being ionized. The
results, as obtained by BBNBI, showing the dependence of
the available power on density and temperature are shown in
figure 9(a). The dependence on density for constant temper-
ature (Te = 234 eV) is shown in figure 9(b). The available

power is highly dependent on the plasma density and almost
independent of the temperature.

4. Results

4.1. ASCOT5 slowing-down simulations

Once the initial distribution of markers has been created, we
simulate the slowing-down process with ASCOT5. In these
full-orbit (FO) simulations, the markers undergo the helical
gyration motion and the drifts caused by the magnetic field
as well as the Coulomb collisions with the bulk plasma,
which produce pitch-angle scattering and slowing down. The
interaction with the electric field is also taken into account.

ASCOT5 follows the trajectories of the markers through
the plasma until they are thermalized or lost to the wall. Their
steady-state distribution function is computed during the simu-
lation. In our case, 2 × 105 markers have been followed using a
time step Δt = 1/(20Ωi), where Ωi (≈102 MHz) is the typical
ion gyrofrequency. Markers are considered thermalized when
their energy is reduced down to twice the bulk-ion temperature
by collisions. From the histogram provided by ASCOT5, we
can calculate the fast-ion distribution function, f (r, v), where r
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Figure 10. (a) nb at φ = 0◦ and φ = 45◦ for the low-density, high-temperature case. A few contours corresponding to different flux surfaces
(white dashed lines) are represented. (b) A map showing the dependence of nb on the toroidal and poloidal angles for the flux surface
ρ = 0.46 (red dashed line in (a)). The label θ corresponds to the poloidal VMEC coordinate. Only one period of the device is shown.

Figure 11. (a) Flux-surface-averaged fast-ion density as function of ρ, (b) energy histogram (both for NBI1 only) and (c) comparison of the
NBI1 and NBI2 fast-ion density profiles for the low-density high-temperature case.

7



Nucl. Fusion 62 (2022) 106008 S. Mulas et al

and v are the position and velocity vectors, respectively. Thus,
the fast-ion density is given by nb =

∫
f (r, v)dv.

An example of the fast ion density created by NBI1, is
shown in figure 10. The structure of nb reflects that it is not
a flux function. The maximum and minimum displacements
of the nb-contours from the flux-surface ones is observed at
φ = 45◦ (half period) and φ = 0◦ (beginning of period), which
is consistent with the result reported in reference [16], that
contains a detailed discussion on particle drifts for 40 keV ions
and the displacement of their drift surfaces with respect to the
flux surfaces. The values of the fast-ion density, initially given
in cylindrical coordinates, have been interpolated in the VMEC
grid of the corresponding magnetic equilibrium. In this way,
we get nb ≡ nb(θ,φ), where θ and φ are the VMEC poloidal
and toroidal angles, respectively.

We may immediately calculate the flux-surface average of
the fast-ion density as 〈nb〉 =

(∫ √
g dθ dφ

)−1 ∫
nb
√

g dθ dφ.
The dependence of the fast-ion density on ρ and the energy
profiles are presented in figure 11 for the four combinations of
the ne and Te limiting profiles of section 3.1.

The most representative feature, shown in figure 11(a), is
the dependence of the fast-ion density on the collisionality
of the different combinations of densities and temperatures:
higher collisionality results in earlier losses, faster thermaliza-
tion and a lower density of fast ions. In all cases, the energy dis-
tributions, presented in figure 11(b), clearly show three steps
coinciding with the operational energy values of the NBI. The
fact that the slowing-down rate of fast ions against electrons
decreases with energy makes fast ions spend a longer time at
lower energies, which results in particle accumulation in the
low energy range. The shape of the energy histograms at low
energies is notoriously different for cases with same density
but different temperatures. On the one hand, the maxima of
the histograms are displaced to lower energies because of the
lower values of the critical energy (the energy above which the
electron drag dominates over the ion drag and which is roughly
given by Ec ≈ 15Te for a pure-hydrogen plasma [27]) at low
temperatures. On the other hand, the total number of particles
at low temperatures is smaller due to the higher values of the
diffusion coefficients (see equations (26)–(31) of reference
[3]), which shortens the slowing-down time and lifetime of
fast ions. Figure 11(c) shows that the central fast-ion density
is similar for both NBIs, while it is higher in the outer region
of the plasma for NBI2. This is caused by the significantly
different amount of prompt losses (we have considered as
prompt those that occur before 10 μs) associated to each injec-
tor (see figure 12). This difference is caused by the opposite
radial displacements of the drift surfaces, which are inversely
proportional to the pitch-angle, of the particles injected by each
NBI [16]. In TJ-II, the consequence is that the drift surfaces
of particles injected with NBI1 (co-injection) move towards
the helical coil, where they are more likely to collide with
the vacuum vessel. In the case of NBI2 (counter-injection),
they move towards the low field side of the plasma, where
there is more space between plasma and vessel. These different
amounts of prompt losses affect the average lifetime of the
fast-ion distributions, represented in figure 12 by dashed lines.

Figure 12. Histogram of the markers’ lifetime for both NBIs in the
low-density high-temperature case. The smaller plot shows the same
information in the [0, 9] μs time interval in higher resolution. The
dashed vertical lines indicate the average lifetime of the markers for
both injectors, t = 4.45 ms for NBI1 and t = 5.04 ms for NBI2.

Although the dependence of the distribution function on Ti

and Er is not explicitly shown in this work, we have checked
that the effect of moderate changes of these variables on the
distribution function is small. As the slowing down is domi-
nated by electrons for fast ions, small changes on the already
low Ti do not affect the slowing-down distribution function.
Also, the slight dependence on Er is due to the high energy
of fast ions, for which the E × B drift is overcome by the
magnetic tangential drift, and the fact that the NBI markers
are all passing, which makes the E × B drift less important
for the confinement of fast ions. The impact of Zeff on the
distribution function in the range Zeff � 2 is also minor. The
main effect of thermal ions on the fast-ion population comes
through pitch-angle scattering, which transfers fast ions from
the passing to the trapped regions of phase space. Since pitch-
angle scattering becomes relevant at low energies (<5 keV)
and, for this range of Zeff , the difference between main-ion
and impurity densities is large, the effect of Zeff on the fast-ion
distribution function is small. However, as we shall see, Zeff

has a much larger effect on the electron return current, which
decreases with Zeff (see appendix A.2 in the appendix), and
thus on the NBCD.

The absence of CX reactions in these simulations makes all
the available power go to either bulk ions or electrons or wall
losses. The amounts of power transferred to the bulk plasma
are shown in figure 13. The results show that, as expected,
higher collisional plasmas absorb more efficiently the power
from the NBI.

In addition, the amount of power that goes to the plasma
is higher in the NBI2 case. This is again explained by the
higher amount of prompt losses of NBI1, which makes NBI2
inject effectively more power. It is worth noting that while
the available power is independent of the electron temperature
(recall figure 9), the deposited power in the plasma shows this
dependency due to the slowing-down process (see figure 13).

Should CX reactions had been included in the simula-
tions, the power deposited would have been reduced by their

8



Nucl. Fusion 62 (2022) 106008 S. Mulas et al

Figure 13. Power deposited by NBI1 (a) and by NBI2 (b) as a function of electron density and temperature for 500 kW port-through power.

Figure 14. (a) Radial coordinate (blue line) and magnitude of the magnetic field (red line) seen by a marker during its collisionless
trajectory, (b) zoom in the region between the black lines shown in figure (a) and centered at t = 76.79 μs.

Figure 15. Flux-surface-averaged fast-ion densities obtained from
FO and GC ASCOT5 simulations for the low-density
high-temperature case. The results of the simulations give a higher
population of fast ions for the GC case compared to the FO one.
This excess of fast ions is located in the outer part of plasma.

corresponding amount of CX power losses, whose range of
values was given in section 3.1 as calculated by FAFNER2.
One caveat to consider, in case of a comparison of FAFNER2
results against ASCOT5’s, is that FAFNER2 is only able to
follow markers using the GC formalism. This assumes that

the magnitude of the magnetic field does not change sig-
nificantly along the gyro orbit (|B/∇B| � ρL, where ρL is
the Larmor radius). However, as shown in figure 14, fast-ion
trajectories in TJ-II cover the plasma cross section almost
entirely, exploring regions of the plasma where the magnetic-
field intensity experiences variations larger than 15% during
one single gyro-orbit, which, rigorously speaking, makes the
formalism inappropriate. Although a detailed analysis of GC
and FO simulations is out the scope of this paper, an illustration
of this difference is shown in figure 15, in which it can be
observed that the fast-ion population is higher in the GC case
and that the difference is placed in the outer part of the plasma.
Both results have been obtained with ASCOT5.

4.2. Neutral beam current drive

The beam-driven current is the combination of two differ-
ent contributions: the current carried by the fast-ion popula-
tion and the so-called electron return current, created by the
response of the bulk electrons to the beam ions. The fast-ion
current density can be calculated as

Jb‖ = eZbnbVb‖ = eZb

∫
v‖ f (r, v)dv, (1)

9
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Figure 16. (Top panels) 2D maps of Jb‖, 1 − A and J‖ at φ = 45◦, together with the contours of three flux surfaces represented by white
dashed lines (ρ = 0.17, ρ = 0.46, ρ = 0.65). (Bottom panels) The same quantities evaluated along θ on those flux surfaces.

Figure 17. Toroidal current density profiles (solid lines) and
integrated current (dashed lines) by for the lowest collisionality case
and both co (red) and counter (blue) injected neutral beams.

where eZb is the fast-ion charge, nb is the fast-ion density
and Vb‖ is the average parallel velocity of the fast ions. The
return current has been determined by solving the DKE for
the electron distribution function modified by the presence of
the fast-ion beam in the low-collisionality regime. The details
of this calculation are presented in appendix A. Following the
result derived there (equation (A.22)), the total current driven
by the beam can be written as

J‖ = Jb‖(1 − A). (2)

Here, the term 1 − A is the correction factor that modifies the
fast-ion current due to the electron return current. The explicit

expression of A is derived in appendix A.2. As it was shown in
the previous section, the fast-ion density is not a flux function
and neither is A, since it actually depends on the magnetic field
on the flux surface (see equation (A.23)). The 2D maps of Jb‖,
1 − A and J‖ are shown in figure 16.

Figure 16 shows that the beam driven current is not a flux-
surface function. While Jb‖ exhibits a structure similar to that
of nb, and produces a flux-surface-averaged current density
〈Jb‖〉 that peaks at the core, the total neutral beam driven
current J‖ reflects the fact that Jb‖ is more efficiently shielded
by electrons in the core, where the trapped particle fraction is
lower, and its flux surface average peaks around s = 0.1 (see
figure 17). The contribution of J‖ to the total toroidal current
inside a flux surface is calculated as follows,

Itor(s) =
∫

J‖b · dSφ

=

∫ s

0
ds′

∫ 2π

0
J‖b · ∇φ

√
g dθ

=

∫ s

0
ds′

∫ 2π

0
J‖

Bφ

|B|
√

g dθ

=

∫ s

0
ds′

dItor

ds′
(3)

where b ≡ B/|B| is the magnetic field direction, dSφ =
∇φ

√
g ds dθ is the surface differential at constant toroidal

angle φ, and Bφ = B · ∇φ is the contravariant component of
the magnetic field along φ. All these quantities are calculated

10
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Figure 18. Dependence of toroidal current created by NBI1 (a) and NBI2 (b) on plasma parameters.

with the vacuum VMEC equilibrium used in the slowing
down simulations. The profiles of the toroidal current den-
sity, dItor/ds′, and the integrated current, Itor(s), created with
NBI1 and NBI2, for the low-density high-temperature case,
are shown in figure 17. Following a trend similar to that of the
fast-ion density (recall figure 11(c)), the NBI2 current density
is higher in the outer part of the plasma, which is again caused
by the lower level of prompt losses of NBI2. The electron
response given by the 1 − A factor in equation (2) acts equally
on both beams.

The total integrated current, given by I ≡ Itor(s = 1), is
represented in figure 18. Assuming that the rest of contribu-
tions to the total toroidal current are the same whether we
use NBI1 or NBI2, it can be observed that balanced injection
at same power would not achieve fully compensated toroidal
current (I ≈ 0) since NBI2 systematically produces higher
absolute values of the current for the same amount of port-
through power injected. This can be explained again by the
difference in the amount of prompt losses described in
section 4.1.

5. Conclusions

The TJ-II stellarator vacuum vessel and its standard magnetic
configuration, together with its NBI system, have been suc-
cessfully included into the ASCOT5 code in order to simulate
NBI heating and current drive. We have studied the depen-
dence of the birth distribution of NBI ions and the subsequent
slowing-down distribution, as well as the power deposition to
the thermal plasma and the neutral-beam driven current, on
the density and temperature of the background plasma, whose
core values have been chosen within the range of achievable
magnitudes in high-density NBI plasmas produced in TJ-II.
Other plasma profiles (Ti, Er, Zeff) have been kept fixed for
simplicity and because they have shown not to be determining,
within their expected range of variation, for the calculated
physical magnitudes.

The initial ρ, v‖/v and energy distributions of markers
show no dependence on electron temperature and only a
slight dependence on plasma density is observed. However,
the amounts of available power that those distributions repre-
sent increase monotonously with plasma density, since beam

plasma coupling efficiency increases with density, and is sim-
ilar for both co- and counter-injection geometries. The pre-
dicted percentages of beam ST power are 40% and 20% for
the lower (ne ≈ 3.5 × 1019 m−3) and the higher (ne ≈ 6.5 ×
1019 m−3) density respectively. In contrast, the slowing-down
distributions present a strong dependence on both ne and Te.
We have shown that both the fast-ion density and the neutral-
beam driven current are not flux functions and that they exhibit
a fully 3D structure with large variations on the flux surfaces.
The calculated flux-surface-averaged fast-ion density shows
that doubling the electron density has slightly less impact than
halving the temperature, going from nb = 1.3 × 1018 m−3 to
nearly nb = 0.8 × 1018 m−3 at the core of the plasma (the
slowing-down time τ s is proportional to T3/2

e /ne). Regarding
power deposition, it is shown that it increases with collisional-
ity and the amount of power deposited by the counter-injection
geometry is ∼10% higher than the co-injected one due to the
different amounts of promptly-lost power at the beginning of
the slowing-down process.

Contrary to the power deposition behaviour, the neutral-
beam driven current is reduced for higher densities and
lower temperatures, i.e. higher plasma collisionality. Maxi-
mum absolute values of current up to ∼4.5 kA are obtained
for the low-density/high-temperaturecase when using counter-
injection. Additionally, the values of the counter injector are
always higher than the co-ones precluding a fully compensated
current scenario when injecting the same NBI power from each
injector.

The methods presented in this paper can serve as a compu-
tational tool to quantify NBCD in stellarators, once validated
experimentally. For this purpose, CX reactions, which cause
power losses and diffusion in real and velocity spaces due
to reionization of neutralized fast ions, must be taken into
account. Although such losses are low at high-density plasmas,
they are expected to increase at low-density ones. A new
version of ASCOT5 including CX reactions will be used with
the aim of validating the simulations tools developed here
against the results obtained in the TJ-II and W7-X stellarators,
particularly those related to the neutral beam driven current.
Validating the predicted values of NBCD can be quite a chal-
lenge depending on the maximum NBI pulse length available
(τmax

p ) and the plasma conditions, which determine the plasma
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L/R time. A measurement of the current source induced by
NBI needs first a reliable estimation of the asymptotic value of
the plasma current, which is rarely reached in TJ-II NBI heated
plasmas because of the relatively short pulse length (τmax

p ≈
140 ms at PNBI = 300 kW). Moreover, even though the use of a
simplified L/R response model [28] can provide an estimation
of the asymptotic value of the current, NBCD must always
be explored in scenarios with well-known characterization of
the bootstrap current since its contribution must be considered
when validating the simulations. The experiments must be
carried out in conditions such that stable density is ensured,
either by achieving very low recycling plasmas or by using
ECRH power to control the increase in density that usually
occurs when NBI injection is performed. A stable density
plasma is mandatory to decouple the current evolution due
to the plasma electrodynamic response from the changes in
the NBCD source that arise when ST and slowing-down vary
during the shot. An experimental validation of the calculated
ST, which is possible in TJ-II, may also provide valuable
information towards NBCD validation studies. An important
source of uncertainty is the distribution of neutrals inside the
plasma which can be estimated using EIRENE, provided the
required experimental inputs are available (e.g. calibrated Hα

or CX monitors) [29]. Nevertheless, any experimental study
must address how sensitive the NBCD result is depending
on the concentration and distribution of neutrals. Besides its
relevance from the point of view of fast-ion tools validation,
a successful prediction of NBCD is important as a first step
towards the interpretation of results in AE-experiments, which
need an estimation of both the current-modified iota profile and
the fast-ion distribution [5].
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Appendix A. Electric current driven by neutral
beam injection in stellarators

In this appendix, we calculate the electric current in a low-
collisionality6 stellarator plasma when the only drive comes
from the beam ions (i.e., other drives such as density and
temperature gradients, and radial electric field, are set to zero).
This plasma consists of electrons, thermal ions (main ions and

6 The collisionality of the thermal electrons in the plasmas considered in this
work is of the order of ν∗

e ∼ 10−3.

impurities) and beam ions. We use the subindex e for electrons,
i for the main ions, zk, k = 1, . . . , K for each impurity species
and b for the beam ions. We denote by ms the mass of species s,
by vts =

√
2Ts/ms and Ts the thermal speed and temperature

of thermal species, and by vb a speed such that mbv
2
b/2 is the

characteristic energy of the beam ions. We denote by ns and
Zse, respectively, the density and electric charge of species s,
and by e the proton charge.

We assume
vti, vtzk � vb � vte, (A.1)

nb � ni, (A.2)∑
k

Z2
zk

nzk � ni, (A.3)

Zi ∼ 1. (A.4)

Typically, we also assume that the temperatures of all species
are of the same order. We will see that, due to (A.1), the
only moment of the distribution of beam ions that enters the
problem is the parallel flow, Vb‖. In what follows, Vs‖ denotes
the parallel flow of species s. Thanks to (A.2), one can expand
the equations in nb/ni � 1.

The rest of the appendix is organized as follows. In
appendix A.1, we introduce the relevant equations for the
computation of the current and, in particular, the drift-kinetic
electron equation, that we solve in appendix A.2 at low col-
lisionality. In appendix A.3, explicit expressions for the colli-
sion operators employed in the analytical calculation are given.
In appendix A.4, we argue that the parallel flow of the main
ions and the impurities is small, a result that simplifies the
derivations of appendices A.1 and A.2.

A.1. Equations for the calculation of the current

We will calculate the electric current parallel to the magnetic
field B, J‖, driven by the beam ions. Using the estimates of
appendix A.4, we can neglect the contribution of the parallel
flow of the main ions and the impurities and write

J‖ = e

(
ZbnbVb‖ −

∫
v‖ge d3v

)
. (A.5)

Here, Vb‖ is assumed to be given and ge is the non-adiabatic
component of the deviation of the electron distribution from a
Maxwellian distribution7,

f Me(r, v) = ne(r)

(
me

2πTe(r)

)3/2

exp

(
− mev

2

2Te(r)

)
, (A.6)

where we have denoted by r the radial coordinate. We will
employ the magnitude of the velocity, v, and the pitch-angle
variable, λ = B−1(1 − v2

‖/v
2), as independent coordinates in

velocity space.
We proceed to calculate ge. The electron drift-kinetic

equation reads

v‖b̂ · ∇ge − C(�)
e [ge] = −ΥevM · ∇r f Me, (A.7)

7 Indeed, using that nbVb‖/ni � vte, one can prove that, to lowest order in
nb/ni, the electron distribution function is of the form (A.6).
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where vM · ∇r is the radial magnetic drift, Υe is a linear
combination of the gradients of the plasma profiles and C(�)

e
is the linearized electron collision operator,

C(�)
e [ge] = C(�)

ee [ge] + C(�)
ei [ge] +

∑
k

C(�)
ezk

[ge] + C(�)
eb [ge],

(A.8)
with C(�)

ee , C(�)
ei , C(�)

ezk
and C(�)

eb the electron–electron collision
operator, the collision operator between electrons and main
ions, the collision operator between electrons and impurities
and the collision operator between electrons and beam ions,
respectively. The expressions for these collision operators are
given in appendix A.3. Using those expressions, we can write
(A.7) as

v‖b̂ · ∇ge −
(
νee + νei +

∑
k

νezk

)
L[ge] −

mev‖
Te

×
(
νeeue + νeiVi‖ +

∑
k

νezk Vzk‖

)
f Me

= −ΥevM · ∇r f Me + νeb
mev‖Vb‖

Te
f Me, (A.9)

where the expressions for the collision frequencies and the
Lorentz operator, L, are given in appendix A.3. In (A.9), we
have used that the pitch-angle scattering term of the e − b
collisions is negligible compared to the pitch-angle scattering
term of the e − i collisions because nb � ni.

The solution of (A.9) is the sum of the solutions driven
by each of the source terms on its right-hand side. Here,
we are interested in computing the piece of ge that is driven
exclusively by the last term in (A.9). Hence, we concentrate in
solving

v‖b̂ · ∇ge − νeL[ge] − νee
mev‖ue

Te
f Me = νeb

mev‖Vb‖
Te

f Me,

(A.10)
where we have defined

νe := νee + νei +
∑

k

νezk (A.11)

and used that the flows Vi‖ and Vzk‖ produced by Vb‖ are
negligible (recall appendix A.4).

A.2. Solution of the electron drift-kinetic equation at low
collisionality

Define the collisionality of electrons with species s by νes∗ =
νesR0/vte, where R0 is the major radius of the device. If
νes∗ � 1 for s = e, i, b, we can expand ge in powers of the
collisionality,

ge = g(0)
e + g(1)

e + . . . (A.12)

Without loss of generality, we can assume that g(2k)
e is odd

in v‖ and g(2k+1)
e is even. To lowest order in this expansion,

equation (A.10) gives

v‖b̂ · ∇g(0)
e = 0. (A.13)

In what follows, we will need to distinguish between
trapped and passing electrons. Trapped trajectories correspond
to λ � 1/Bmax, where Bmax is the maximum value of B on
the flux surface. Passing particles are characterized by λ <
1/Bmax. For trapped particles, equation (A.13) implies that
g(0)

e is constant along orbits and, for passing particles, that
g(0)

e is constant on the flux surface. This piece of the electron
distribution is found by going to next order in the collisionality
expansion of the electron drift-kinetic equation.

Taking the next-to-lowest-order terms of (A.10) and aver-
aging along the orbit we get, for trapped electrons,

v‖
B
∂λ

(
v‖λ∂λg(0)

e

)
= 0, (A.14)

where the overbar denotes orbit average. The only solution to
this equation that is odd in v‖ is

g(0)
e = 0, λ > B−1

max. (A.15)

Now, consider passing electrons. Multiplying the next-to-
lowest-order terms of (A.10) by B/v‖ and flux-surface averag-
ing, we obtain

〈
B
v‖
L[g(0)

e ]

〉
= − me

νeTe

(〈
νebBVb‖

〉
+ νee〈Bue〉

)
f Me. (A.16)

Using the explicit expression for L, given in(A.26), this
equation becomes

∂λ
(
〈v‖〉λ∂λg(0)

e

)
= − (v/vte)2

νe

(〈
νebBVb‖

〉
+ νee〈Bue〉

)
f Me.

(A.17)
Integrating once in λ, starting at λ = 0, we find

∂λg(0)
e = − (v/vte)2

νe〈v‖〉
(〈
νebBVb‖

〉
+ νee〈Bue〉

)
f Me. (A.18)

The solution of this equation that is continuous at λ = 1/Bmax

is

g(0)
e = − (v/vte)2

νe

(〈
νebBVb‖

〉
+ νee〈Bue〉

)

×
(∫ λ

B−1
max

〈v‖〉−1 dλ

)
f Me, λ � B−1

max. (A.19)

It remains to calculate 〈Bue〉. Imposing the relation for ue,
equation (A.31), on (A.19), we deduce
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〈Bue〉 = −

⎡
⎣∫

νee

mev
2
‖

Te
f Me d3v

+

〈
B
∫
λ�B−1

max

v‖
ν2

ee(v/vte)2

νe

×
(∫ λ

B−1
max

〈v‖〉−1 dλ

)
f Me d3v

〉⎤
⎦
−1

×
〈

B
∫
λ�B−1

max

〈
νebBVb‖

〉
v‖
νee(v/vte)2

νe

×
(∫ λ

B−1
max

〈v‖〉−1dλ

)
f Me d3v

〉
, (A.20)

where
∫
λ�B−1

max
(·) indicates that integration in velocity space is

restricted to passing trajectories.
Then, the current due to the injection of neutral beams is

J‖ = e

(
ZbnbVb‖ −

∫
λ�B−1

max

v‖g
(0)
e d3v

)
, (A.21)

with g(0)
e given by (A.19) and (A.20). The explicit calculation

of the integral in equation (A.21) shows that J‖ can be written
as

J‖ = eZbnbV‖F (A.22)

with F = 1 − A and A given by

A =
Zb

Zeff

B〈B〉
〈B2〉

[
1 − 8

3
√
π

I1

1 + Zeff
I2
I3

f c
f t

]
f c. (A.23)

In (A.23), fc is defined as

f c =
3
4

〈
B2
〉∫ B−1

max

0

λ

〈
√

1 − λB〉
dλ, (A.24)

and

f t = 1 − f c,

I1(Zeff) =
∫ ∞

0

x4h(x)e−x2

h(x) + Zeff
dx,

I2(Zeff) =
∫ ∞

0

xh(x)e−x2

h(x) + Zeff
dx,

I3 =

∫ ∞

0
xh(x)e−x2

dx ≈ 0.27,

h(x) = φ(x) − G(x),

where x = v/vTe and the functions φ(x) and G(x) are the error
function and the Chandrasekhar function, whose expressions
are given in appendix A.3. A 2D map showing the dependence
of the radial profile of 〈F〉 on Zeff is shown in figure A.1(a).
The values of F at s = 0.5 are shown in figure A.1(b).

A.3. Collision operators

For electron–electron collisions, we take the model operator

C(�)
ee [ge] = νee

(
L[ge] +

mev‖ue

Te
f Me

)
, (A.25)

where

L[ge] =
2v‖
v2B

∂λ
(
v‖λ∂λge

)
(A.26)

is the Lorentz operator,

νee(v) =
3
√
π

4τee

φ
(
v
√

me/(2Te)
)
− G

(
v
√

me/(2Te)
)

(
v
√

me/(2Te)
)3

(A.27)
is the electron-electron collision frequency, τee =

6
√

2π3/2ε2
0m1/2

e T3/2
e /(e4ne lnΛee), lnΛss′ is the Coulomb

logarithm for collisions between species s and s′, ε0 is the
vacuum permittivity,

φ(x) =
2√
π

∫ x

0
e−y2

dy (A.28)

and

G(x) =
φ(x) − xφ′(x)

2x2
. (A.29)

In (A.25), ue is determined by imposing momentum conserva-
tion on electron–electron collisions,∫

v‖C
(�)
ee [ge] = 0, (A.30)

giving

ue =

∫
νeev‖ge d3v∫

νee(mev2
‖/Te) f Me d3v

. (A.31)

Assume an ion species I such that
√

me/mI � 1 and vI �
vte, where vI is a characteristic velocity of the ions and mI is
the ion mass. Assume also that the electron distribution can
be expanded around a Maxwellian distribution. Then, one can
prove that

C(�)
eI [ge] � νeI

(
L[ge] +

mev‖VI‖
Te

f Me

)
, (A.32)

where

νeI(v) =
2nI

m2
ev

3

2πZ2
I e4 lnΛeI

(4πε0)2
. (A.33)

To obtain (A.32), one does not need to expand the distribution
function of the ions around a Maxwellian distribution. Hence,
we can use expression (A.32) for both, thermal ions and beam
ions. That is, we take

C(�)
ei [ge] = νei

(
L[ge] +

mev‖Vi‖
Te

f Me

)
, (A.34)

with

νei(v) =
2ni

m2
ev

3

2πZ2
i e4 lnΛei

(4πε0)2
, (A.35)
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Figure A.1. Flux-surface-averaged shielding factor F as a function of Zeff and s for the TJ-II standard configuration and hydrogen injection
(a) and F evaluated at s = 0.5.

C(�)
ezk

[ge] = νezk

(
L[ge] +

mev‖Vzk‖
Te

f Me

)
, (A.36)

with

νezk (v) =
2nzk

m2
ev

3

2πZ2
zk

e4 lnΛezk

(4πε0)2
(A.37)

and

C(�)
eb [ge] = νeb

(
L[ge] +

mev‖Vb‖
Te

f Me

)
(A.38)

with

νeb(v) =
2nb

m2
ev

3

2πZ2
be4 lnΛeb

(4πε0)2
. (A.39)

A.4. Size of the parallel flow of the thermal ions

The contribution of the parallel flow of the thermal ions to the
current can be neglected because it is expected to be small.
Here, we give a rough estimate of its size by adapting the
argument of section 4 of reference [10].

For simplicity, let us assume that we only have a species of
thermal ions, the main ions. Let ν ii be the ion–ion collision-
ality and τ s the slowing-down time of the beam ions, defined
underneath equation (1) in [10] as

τ−1
s =

4
√

2π
3

Z2
be4nem

1/2
e lnΛ

mbT3/2
e

. (A.40)

In a stellarator, Vi‖ is determined by the balance between

neoclassical viscosity, O(niν iiVi‖), and momentum injection,
O(nbτ

−1
s Vb‖). This gives the estimate

niVi‖
nbVb‖

∼
√

me

mi
� 1. (A.41)

This argument, and its generalization for more than one
thermal ion species, justifies neglecting Vi‖ and Vzk‖ in the
calculation of the current in appendices A.1 and A.2.
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