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Abstract

In this paper, we analyze the results of neutral-beam current drive (NBCD) experiments
performed in the TJ-II stellarator with the aim of validating the theoretical predictions. Both
parallel and anti-parallel injection with respect to the magnetic field were explored using co
(NBI1) and counter (NBI2) beams at different injected beam power and plasma densities. The
fast-ion current driven by both beams was simulated with the Monte Carlo code ASCOT and the
electron response to the fast-ion current was calculated analytically using a model valid for an
arbitrary magnetic configuration and a low collisionality plasma. Despite the uncertainties
associated to the determination of experimental inputs, the model reproduces with rather good
agreement the toroidal current measured in NBI2 plasmas. However, the current driven by NBI1
is less than half the predicted one. Possible reasons for this discrepancy are discussed. Among
the probable causes, yet to be studied, the most likely is the increased presence of lithium in the

plasma when NBI1 is injected, this being the result of its irregular deposition during wall

conditioning.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Progress in understanding fast ion slowing down and confine-
ment in fusion devices necessarily involves the validation of
the available numerical tools against the experimental obser-
vations. Fast ions produced by neutral beam injection (NBI)
systems are key to this goal. Besides the results related to neut-
ral beam power deposition and heating performance, the cur-
rent induced by the injection of fast ions is an experimentally
measurable quantity that may be derived from slowing down
simulations and analytic electron response model calculations
[1-4], making it a perfect candidate for model validation.
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Unlike the body of work done in tokamaks [5-9], there
is not much literature dedicated to the experimental study of
neutral beam current drive (NBCD) in stellarators [10, 11], and
even less to theory validation. Moreover, having a validated
tool to estimate NBCD in non-axisymmetric configurations
is also desirable when interpreting the results of experiments
studying Alfvén eigenmodes (AEs). In fact, validating NBI-
driven AEs simulations requires, among other inputs, know-
ing the rotational transform profile of the plasma equilibrium,
which is strongly affected by non-inductive plasma currents
such as NBCD. In particular, in the case of the TJ-II stellar-
ator, and since many of the experiments have been carried out
with non-balanced NBI and no measurements of the rotational
transform profile are available (or they present a large error in
those few cases where it has been measured using motional
Stark effect diagnostic [12]), a theoretical estimate of the cur-
rent driven by the injection of the neutral beam is needed
to reconstruct the rotational transform profile [13]. This has
been the initial drive for the NBCD validation studies in TJ-II
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presented in this paper. The beam driven current is the com-
bination of two different contributions: the current of the fast
ions and the response of the plasma electrons that shield this
current. In a previous paper [4], the current associated with the
slowing-down distribution of NBI driven fast ions in TJ-II was
obtained using the Monte Carlo orbit-following code ASCOT
[14] and the return or shielding current of the electrons was
determined using the derivation presented in appendix of [4].
The simulations presented in [4], performed for high density
plasmas, did not include charge exchange (CX) processes. In
devices with higher temperatures and higher NBI energies, CX
losses are lower due to the strong decrease of the CX cross
section as energy increases, and therefore usually neglected.
However, in the case of TJ-II NBI plasmas, in particular if
they are interesting from the point of view of AEs studies (rel-
atively low plasma density), the density of neutrals atoms in
the plasma makes the CX losses relevant and they need to be
included if a reliable estimate of the fast ion slowing down
distribution is desired [15]. In low density conditions, former
guiding center calculations done with FAFNER [16] showed
that CX losses in TJ-II plasmas can reach up to 30% of the
port through (PT) power, which represents almost 70% of the
available power due to the high level of shine through (ST)
[17]. In this paper, we will use a version of the ASCOT code
that includes CX processes to calculate the slowing-down dis-
tribution function, which is the necessary input to estimate the
amount of current driven by the beams.

In general, the measured toroidal plasma current does not
reach a stable value during the plasma shot because the L/R
time (77r) is often of the order of the typical TJ-II NBI pulse
length (100 ms) and, therefore, to validate the numerical res-
ults, we need an estimate of the stable asymptotic current that
would be achieved with longer pulses. Moreover, since the
total current is actually a combination of the neutral beam
driven current and the bootstrap current, an estimate of the lat-
ter, provided by the DKES code [18, 19], is also needed in
order to isolate the NBCD contribution.

We must face an additional complication in the case of TJ-II
stellarator; because of the proximity of the main field conduct-
ors to the plasma, even a small level of ripple in the currents
through the coils induce unwanted oscillations in the plasma
current (=0.1-0.3 kA). Removing these oscillations consid-
erably improves the time evolution of the plasma current and
allows to extrapolate its asymptotic level with a higher degree
of accuracy. Appendix presents the method used to determ-
ine the underlying values of the plasma current due only to
the non-inductive current sources. In addition, infrared meas-
urements of the NBI ST power are available and help us to
confirm the injection geometry and the estimates of available
NBI power in the plasma given by the simulation.

The paper is organized as follows. In section 2, after a brief
description of the NBI system, we present the experimental
results obtained with each of the two injectors, including the
radial profiles of the main measurable quantities needed for the
NBI simulations and the measured toroidal currents. Section 3
is divided in different subsections. Section 3.1 is devoted to the
comparison of the measured and calculated beam power ST;
the results of the slowing-down simulations are presented in

section 3.2 and finally, the NBCD calculation and the compar-
ison with the experimental values is performed in section 3.3.

2. Experimental results

The NBI system of the TJ-II stellarator (on-axis field By =
095 T, a<0.22 m and R=1.5 m) consists of two tangen-
tial hydrogen beams (co and counter) injecting 700 kW of
maximum power each with a maximum energy of 34 keV
[20]. Figure 1 illustrates the injection direction of each neut-
ral beam, the main direction of magnetic field, and the spatial
distribution of birth ions created by both injectors, which has
been calculated with the Beamlet-based neutral-beam injec-
tion (BBNBI) module of the ASCOT code [21] (see section 3
for details).

To proceed, a set of four selected hydrogen plasmas with
NBI have been chosen from the TJ-II database. One is an old
shot with good density control during the NBI phase (#24000)
and the other three (#53577, #53605 and #54097) have been
taken from a larger set of shots specifically designed to invest-
igate NBCD. They all exhibit approximately stationary elec-
tron line density and temperature during the NBI phase. This
guarantees that the source of driven current is roughly constant
and that, once the externally driven inductive components are
removed (see appendix), the time evolution of plasma current
measured experimentally is only originated by the plasma self-
inductive response to the internal current sources (NBCD and
bootstrap).

Figures 2 and 3 show the time evolution of the plasma para-
meters and the heating power for two of the four representative
shots. Stable density plasmas heated only by NBI are difficult
to achieve in TJ-II and the number of suitable discharges for
NBCD studies is limited. Only right after an optimum lithium
wall conditioning, the line density can be kept constant enough
so as to ensure that the time evolution of the plasma current has
only an electrodynamic origin characterized by 7.

In all cases, second harmonic electron cyclotron resonant
heating (ECRH) is used to start-up and build the NBI target
plasma and, in situations with difficult density control, ECRH
is used to maintain a constant density during the NBI phase.
The NBI operation parameters, beam voltage and PT power, as
well as the central plasma density, for each of the shots studied,
have been collected in table 1.

For the case represented in figure 2, provided that no EC
current is being driven, the only source of current in the plasma
during the ECRH phase is the bootstrap current, which is
driven by the plasma gradients.

After switching on the NBI, the ECRH is switched off
and the plasma current, now driven by NBI, starts evolving
toward an asymptotic steady-state value. In this case, the co-
NBI injector is used (NBI1) and the current during the NBI
phase is positive. Figure 3 illustrates a case with the counter-
injector (NBI2) in which perpendicular ECRH is successfully
used to control the plasma density. This, on the other hand,
limits the range of achievable densities. In this case, the cur-
rent in the NBI phase is negative. As mentioned in the intro-
duction, the time behavior of the plasma current always exhib-
its slow oscillations of the order of 0.1-0.3 kA due to the
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Figure 1. NBI system injection geometry. The cloud of initial
markers representing birth ions are shown for both injectors.
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Figure 2. Time traces of heating power (top panel), line density and
central ECE temperature (central panel), plasma energy and toroidal
current (bottom panel). The toroidal current with (Z,) and without
(Iy) externally driven inductive contributions is shown. Here, only
NBI heating is used (no ECRH). Note that during the high density
NBI phase, the cutoff density of the X2 mode is exceeded in the
plasma core (for > 1090 ms) and central ECE channels stop
measuring.
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Figure 3. Same as figure 2 for a case in which ECRH is applied
during the whole shot to control the plasma density. Here, NBI2 is
used.

Table 1. NBI parameters used in the four cases analyzed. Shot
numbers marked with an asterisk (*) indicate the use of ECRH
during the NBI phase.

NBI parameters and central density

Inj. #shot Vy (kV) P (kW) no (10" m=3

NBI2 53577 29.5 477 0.9
53605* 27.1 324 0.9

NBI1 54097* 27.8 286 0.9
24000 32 430 24

time dependent ripple of the currents in the main field coils.
Following the optimization procedure described in appendix,
we can calculate the time evolution of the plasma current,
once the externally driven inductive contributions have been
extracted. The result is shown with the dashed red line (/5)
in figures 2 and 3. The asymptotic value of this curve, Iy;,
which is given by the optimization algorithm, is the one that
we must compare with the plasma current provided by the sim-
ulations. The L/R time (1) is also a result of the optimization
procedure.
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Figure 4. Thermal plasma profiles measured at = 1120 ms (during
the NBI phase) for shot #24000.

Core radial profiles of electron plasma density and temper-
ature are measured by Thomson scattering while edge profiles
are obtained from profile reflectometry [22] and helium beam
[23] measurements.

Bayesian analysis [24], that considers also the measured
value of interferometric line integrated density, is used to
reconstruct the full radial profiles. Ion density is deduced from
the effective charge (Z) profiles calculated from radiation
measurements. Typical values of Z.¢ below 2 are measured in
NBI plasmas. These values are estimated from the emission of
SXR recorded by four detectors with four different beryllium
filters. Using the electron density and temperature profiles, a
simulation of the detected emission is done by using the radi-
ation code IONEQ. The uncertainty of these calculations is
difficult to ascertain, being 20% a rough estimate of its upper
limit.

The central ion temperature is measured with the neutral
particle analyzer and its radial profile is inferred using an
approximation developed in [25]. Figure 4 shows the radial
profiles of these quantities measured in the stable phase of
the NBI high density plasma shown in figure 2 while figure 5
shows the same data for one of the low density NBI + ECRH
shots (p = /s is the radial coordinate, being s the normalized
toroidal flux). In both figures, the shaded grey region indicates
the Thomson raw data errors bars while the blue (density) and
red (temperature) dots, as well as their associated error bars,
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Figure 5. Thermal plasma profiles measured at = 1120 ms for shot
#53577.

are the output of the Bayesian analysis. For simulation pur-
poses, and also to cope with the lack of Thomson data in low
density regions due to the signal being dominated by parasitic
laser light, smoothed fitted data (solid red and blue lines) are
used.

As anticipated in the introduction, including neutral pro-
files to simulate CX reactions is essential to achieve a reliable
estimate of the fast ion slowing-down distribution. The prob-
ability of neutralization of fast ions inside the plasma depends
on the density of neutrals found along their paths. In order to
simplify the problem, we have obtained average radial profiles
of atoms and molecules out of the calculated 3D distributions
in the volume given by the magnetic configuration. The 3D
calculations have been obtained with the Monte Carlo code
EIRENE adapted to the geometry and characteristics of the TJ-
II stellarator. Since one of the main parameters for these calcu-
lations is the particle confinement time, we have used previous
experience on similar plasmas to estimate the neutrals consid-
ering a wall recycling factor around 0.7.

Self-consistent transport calculations are done for the elec-
tron density using the ASTRA suite [26, 27] coupled to peri-
pheral codes [28] for the slow (EIRENE) and fast (FAFNER
[16]) neutrals, both of which intervene in the electron trans-
port problem. The transport coefficients are adjusted so as
to approximately reproduce the electron density profiles in
steady state with all the particle sources. This provides
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Figure 7. Radial electric field for the low (red) and medium density
plasmas (blue). Doppler reflectometry measurements are shown
with solid dots. HIBP data (represented by a fit to the experimental
measurements) was only available for the low density NBI + ECRH
case. The fit for the NBI case is done knowing that at

(ne) = 1.5 x 10" m~ the field is negative for all values of p since
the plasma is in ion root (see text).

electron confinement times compatible with those expected
for the given operation conditions (~5 ms) and the correspond-
ing neutrals distributions. The radial profiles of the neutral-
atom density is represented in figure 6.

Finally, although its impact on fast ion slowing-down is
minor [4], the electric field has also been included in the
slowing-down simulations. In TJ-II, the plasma potential is
measured by radially scanning the heavy ion beam probes [29].
From this measurement, a radial profile of the electric field
across the whole plasma column can be estimated. Moreover,
Doppler reflectometry also provides a measurement of the
radial electric field in the outer region of the plasma [30]. For
the low density NBI + ECRH plasmas studied in this paper
(obtained in shots #53577, #53605 and #54097), both heavy
ion beam probe (HIBP) and Doppler reflectometry data were
available and have been used to reconstruct the radial profile of
the electric field. For the medium density case (shot #24000)

only Doppler reflectometry data were available. Electric field
profiles are shown in figure 7. The measured profiles are con-
sistent with the findings described in previous studies for plas-
mas in electron root (positive field in the plasma core) and ion
root (negative field in all the plasma column) [29, 31, 32].

3. NBI simulations and comparison with
experimental results

The injection of fast NBI hydrogen neutrals into the plasma
and the distribution of birth ions has been simulated with
BBNBI. The maximum energy of the newly born ions and
the PT power in each simulation correspond to those of
table 1. The fractions of injected particles at different ener-
gies, that i, Emaxx = €Vp, Emax/2 and Ep./3, have been
obtained from spectroscopic measurements [33] in the NBI
ducts, being 48%, 24% and 28% for NBI1 and 38%, 30%
and 32% for NBI2 respectively. The standard TJ-II config-
uration has been used in all the experiments and its cor-
responding VMEC vacuum equilibrium used in the simula-
tions. The magnetic field outside the last closed flux surface,
that is needed by ASCOT to take into account properly the
particle trajectories, was extended until the first wall with the
EXTENDER code [34].

3.1 Shine through

From the results of the simulations with BBNBI, we can estim-
ate the power loads to the wall due to ST and compare with
the measurements taken by an infrared camera (IRC) recently
commissioned in TJ-II for this purpose [35]. In principle, the
experimental temperature rise in the vacuum vessel at the
beam impact location (beam stop) due to a continuous injec-
tion is given by

q

1) =To+ g Ve (1)
where T is the initial temperature of the target, g is the heat
flux, and C(T) is a temperature-dependent coefficient specific
of the material of the target [36]. The term C(7") can not be
estimated due to the uncertainty in the composition of the
beam stop because of the recurrent treatment of the first wall
with boron and lithium to avoid sputtering from the walls
and facilitate density control. To sort out this uncertainty, the
expression used to obtain the ST-power fraction out of the
injected power is

f o qshot _ T:‘ﬂlg;t _ Tshot(to) (2)
ST -= gvee T Tvac _ Tvac(to) :

max

Here, 1 is the NBI switch-on time, the superscripts refer to
the values measured either during the actual shot (shot) or
during a calibration shot without plasma (vac), see figure 8.
Even if equation (1) were not fulfilled because of the unknown
thermal properties of the graphite target, heavily covered with
lithium compounds, beam power scans without plasma have
proved that the increments in temperature depend linearly on
the injected power and therefore equation (2) still holds.
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Figure 8. Beam-dump temperature from IRC signal during shot
#53605 (red line) and a calibration shot without plasma (blue line).
A high-temperature filter only allowed measurements above 500 K
in shot #53605. The initial temperature before the NBI pulse was
3ISK.

Table 2. Shine-through as calculated by BBNBI and measured with
infrared camera (IRC calibration shot was not available for the NBI
power used in shot #54097).

Shine-through (%)

Injector #Shot BBNBI IRC

NBI2 53577 66 67
53605 66 66

NBI1 54097 72 —
24000 55 49

For the cases with available data, the values obtained
both with BBNBI and experimentally (equation (2)) are in
close agreement and prove to be quite high, specially in the
low-density NBI+-ECRH plasmas (see table 2). Port-through
power, corrected with the ST values, determines the available
power in each case. These are shown in table 3. As for the ST
value taken for shot #24000 (no IRC data were available at that
time), it has been actually measured in a plasma with same line
density and NBI1 heating power.

In figure 9, IRC images at different times during the NBI1
pulse in shot #54097 are presented together with the ST-power
loads as calculated by BBNBI. There is a good agreement, not
only between experimental and calculated ST values, but also
between measured and calculated power distribution loads.

3.2. ASCOT simulations

The dynamics of fast ions taken into account in the simulations
has three different contributions: the Hamiltonian motion due
to the electromagnetic field, the slowing down and pitch-angle
scattering produced by collisions with the bulk plasma, and
the stochastic CX reactions. The relative importance of these
mechanisms can produce quite different steady-state fast-ion

7.5e+04

600044

Figure 9. IRC images taken at different times during shot #54097
(figures (a)—(c)) and ST power load on the vessel as calculated by
BBNBI (d). The colorbar is not covering the full range of values to
show better the qualitative agreement of the simulation with the IRC
data. The maximum heat load obtained in the simulation is
0.5 MW m .

distribution functions. At fixed available power, a more col-
lisional plasma (i.e. lower temperatures and higher densit-
ies) would reduce the fast-ion density because of the earlier
thermalization and a more intense pitch-angle scattering that
enhances the transition of particles from passing to trapped
regions of phase space where they are quickly lost. Likewise,
low fast-ion energies and high neutral densities would reduce
the population of fast ions due to a strong diffusion of neutral-
ization/reionization cycles by CX reactions.

The computed fast-ion density profiles, ny(p), shown
figure 10(a), are approximately one order of magnitude lower
than their corresponding plasma densities. The fast-ion dens-
ities are ordered accordingly to the available powers (see
table 3) being shot #24000 the one with the highest fast-ion
density despite being the most collisional plasma, as a res-
ult of the more efficient ionization of NBI neutrals due to
the higher plasma density. On the contrary, this shot presents
values of fast-ion pressure (8 = pf/Pmag, Where ps = ngEy and
Pmag = (B*) /24 are the fast-ion pressure and the magnetic
pressure respectively) similar to those of the other shots. The
average energy of the fast-ion distribution of shot #24000 is
lower than in the other shots (see figure 11), which com-
pensates for the higher fast-ion density and results in 3; val-
ues closer (and even lower) to the ones obtained in the other
shots. This lower average energy is caused by the presence of
a larger amount of slowed-down particles in the distribution
(e.g. particles with energy below 10 keV), which are missing
in the other shots due to the dominance of CX reactions. In
fact, almost only newly born fast ions populate the distribu-
tion functions of the low density shots (notice the decay of



Nucl. Fusion 63 (2023) 066026

S. Mulas et al

><1018 T T T T

—— 424000
LOf — 453605 ]
0 —— #3577 |

- —— 454097
5 0.6] :

=
0.4F i
0.2} i
0.2 0.4 0.6 0.8 1.0
S
(a)

120 —— 424000 |
Lok —— #53605 |

' —— 453577
0.8} —— 454097 |
~ 06} ]

<

0.4f i
0.2f i
0.2 0.4 0.6 0.8 1.0

(b)

Figure 10. Fast-ion density (a) and fast-ion 3 profiles
(b), calculated by ASCOT.

the number of particles as energy decreases, starting at each
of the injection energies of the NBI). The qualitative differ-
ence between the shapes of the energy distribution for the low-
density plasmas and the medium-density one reflects the fact
that, while the time scale of the CX reactions is comparable
for all the shots (the time scale only depends on the CX cross
section, fast-ion energy and neutral density, which are sim-
ilar in all cases), the slowing-down time is much higher for
the low-density cases due to their lower collisionality. This
causes that fast ions hardly have enough time to thermalize
before being lost by CX reactions.

The balance between the available power (P,,) and the
power distributed between the different channels is presented
in table 3. Roughly, orbit losses (P;) represent 10% of the
available power in all cases, while 70% is lost by CX (P.),
leaving a 20% for heating (Py,). The exception is shot #24000,
for which only 26% of the available power is lost by CX
and 59% is transferred to the thermal plasma. The reason
for this is understood by examining the different neoclassical
(orbits and collisions) and CX timescales, characterized by
Theo and 7¢x respectively. As defined here, 7, is a typical
lifetime of fast ions, bearing in mind that they can escape the

x101 ‘ ‘
—— 24000 (12 keV)
6r —— #53605 (13 keV) ]
——  #53577 (15 keV)
z —— 454007 (16 keV)
< 4f 1
=
(ol
=
2l ]
Ll =\
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E f [ke\/]

Figure 11. Fast-ion energy distributions. The numbers in
parenthesis are the average energies of the distributions.

Table 3. Distribution of available power (P,y) between different
channels: P and P are the orbit and CX lost power respectively
while Py, is the power transferred to the plasma.

Power balance (kW)

Injector #shot P,y P Pex Py

NBI2 53577 150 12 105 33
53605 111 11 73 27

NBI1 54097 80 7 57 16
24000 195 28 51 116

plasma (orbits losses) or thermalize (slowing down). Accord-
ing to the simulations results, 7, ~ 25 ms is found for the
NBI+4ECRH plasmas and 7, ~ 10 ms for the NBI one, while
Tex = [00ex (V)V] ! ~ 1 ms is obtained for a neutral density
np = 10' m=3 and a fast-ion energy (Ey) of 15 keV. At this
energy the CX cross section is o¢, = 107'% m? (see [37]). The
smaller difference between timescales found in the NBI shot
make up for the different behaviour in the mentioned power
balance.

3.3. NBCD calculation

The beam-driven current is the combination of two different
contributions: the current carried by the fast-ion population
and the electron return current created by the response of the
bulk electrons to the beam ions. The fast-ion current density
can be calculated as

JbH :eZb/va(I‘,V)dV7 (3)

where eZ, is the fast-ion charge, and f(r, v) is the distribution
function of fast-ions calculated with ASCOT. Following the
results derived in [4], the total current driven by the beam can
be written as

TP =Ty (1= A). 4)

Here, the term 1 — A is the correction factor that modifies the
fast-ion current due to the electron return current. It has been
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Figure 12. On top, we show a 2D map of the current density driven
by the NBI1 beam in shot #24000. The poloidal current variations
along the flux surfaces plotted in the 2D map (dashed white lines)
are shown in the bottom panel.

calculated by solving the drift kinetic equation (DKE) for the
electron distribution function modified by the presence of the
fast-ion beam in the low-collisionality regime. The explicit
expression of A(s,0,¢) is derived in [4]. It is worth noticing
that A depends on Z. and on the precise magnetic geometry
but not on the fast ion current itself since all dependence on
Jp) is factored.

The 2D maps of Jﬂb for shots #24000 and #53577, at a given
toroidal angle, are shown in figures 12 and 13 respectively.
As it was show in [4], neither the fast-ion density nor Jp|| are
flux functions and the poloidal variation of the beam driven
current density on selected surfaces is illustrated in the figures.
To show clearly how the shielding factor impacts the fast ion
current, the flux surface average of both quantities, calculated
for the case presented in figure 12, are plotted in figure 14.

The contribution of J%° to the total toroidal current inside a
flux surface is calculated as follows,

Tun(s) = / Ji’b - dS
= Sd' ZWJ“bB(b de
=L e

= /SdsldInb
0 dsl

The neutral beam toroidal current density profiles (dZy, /ds)
and the corresponding integrated currents inside a given flux
surface (Zy(s)), are shown in figure 15. The total integrated
currents produced by NBI injection in each of the studied
cases, Inp = Zyp(s = 1), are shown in table 4. As we stated
in the introduction, we need to consider the contribution of
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Figure 13. Same as figure 12 for NBI2 in shot #53577. As expected
for counter-injection, parallel current density is negative.

250 T T T T 0.9

S

Figure 14. Flux surface average of the fast ion current Jp, (black
solid line) and the shielding factor 1 — A (red solid line).

the bootstrap current to the total toroidal plasma current. The
radial profiles of bootstrap current density (dZys/ds) and the
corresponding integrated currents (Zys(s)), calculated with the
code DKES, are presented in figure 16. As for the case of I,
Ins = Tps(s = 1). The uncertainties of the theoretical I, and I
values have been calculated taking the different plasma pro-
files allowed within the error bars of the Thomson scattering
diagnostic and, for the case of I, considering an additional
+10% uncertainty in the neutral density profiles. These val-
ues of Iy, also appear in table 4. The positive values of Iy
oppose the I, ones for the cases where NBI2 is used (neg-
ative NBCD), thus reducing the total amount of current in
the plasma. On the contrary, Iys and I, are both positive for
the NBI1 cases. Anyway, in these particular cases, the con-
tribution of bootstrap current to the toroidal plasma current is
negligible.
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Figure 15. NBCD density (solid lines) and integrated current
(dashed lines) for the NBI1 (a) and NBI2 shots (b).

Table 4. Computed NBCD (/,), bootstrap (Ips), and total (I, =
I + Ips) calculated currents. The experimental asymptotic current
(Ini) is shown for comparison.

Currents (kA)

NBI2 NBI1
#53577 #53605 #54097 #24000
Iy —-3.8+04 —-3.0+0.3 2.0+0.2 3.1+04
s 0.1£0.1 0.1£0.1 0.2+0.1 0.2+£0.2
Iin -3.7+£04 —29+03 22+£02 33104
L —35+04 -2.0 0.6£0.1 1.6

Finally, following appendix, we obtain I;, the asymptotic
value of the non-inductive toroidal current as measured by the
Rogoswki coil. Whenever possible, an error bar for I; has been
given by averaging over highly reproducible shots obtained
in the same experimental session. As it is shown in table 4,
the calculated total toroidal current (Iy, = Ips + Ip) shows a
reasonable agreement for the case of the counter NBI injector
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Figure 16. Bootstrap current density (solid lines) and cumulative
current (dashed lines) for NBI1 shots (a), and NBI2 shots (b).

(NBI2) while the experimental values are well below the cal-
culated values in the case of the co-injector (NBI1).

4. Discussion

The reason for the discrepancy between the experimental
behavior of NBI1 and NBI2 is not clear at the time of writ-
ing this paper. Differences in beam geometry can be ruled out
in account of the internal calorimetric measurements. Beams
of similar power on the V-calorimeter deposit similar power on
the duct scrapers. Reionization losses are also similar in both
injectors, as obtained by IR measurements [38]. Nevertheless,
shots with similar plasma parameters and similar available
power, #54097 for NBI1 and #53605 for NBI2, exhibit quite
different absolute values of plasma current, 0.6 kA and 2.0 kA
respectively. We know from previous studies [4] that prompt
losses are about %10 higher in the case of NBI1 but this can
hardly justify the difference between observed currents. On
the other hand, the results of the simulations are in rather good
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Figure 17. Magnetic fluctuations spectrogram observed with NBI1
(a) in shot #54097, and NBI2 in shot #53605 (b). Line density is
over-plotted (red solid line).

agreement with the observed plasma current driven by NBI2.
Therefore, it is not unreasonable to think that NBI1 is driving
less current than expected.

A well-known effect that can have a noticeable impact on
the confinement of fast ions is related to the excitation of
AEs by the fast ions themselves. Fast ion transport may be
enhanced when interacting with such types of instabilities.

This effect is particularly important in tokamaks and is cur-
rently one of the main fast-ion research topics in such devices
[39-42]. It could be speculated that this effect is playing a role
here by lowering the efficiency of NBI1. However, NBI2 plas-
mas and not those of NBI1 are the ones that generally exhibit a
much higher activity of AEs. For instance, in the medium NBI
power case, NBI1 is no longer able to excite AEs while NBI2
still does (see figure 17). We may take this as an indication
that a lower pressure of fast ion is achieved with NBI1 without
involving any effect related to AEs, thus supporting the previ-
ous argument; less fast-ion pressure is consistent with a lower
current. However, the stronger AEs activity seen in NBI2 plas-
mas could also be explained by recalling that very different
iota profiles are obtained with negative (NBI2) and positive
(NBI1) current. Changes in the current may have a strong
impact on the spectrum of shear Alfvén waves [13]. Therefore,
stronger AEs activity cannot be directly linked to higher fast
ion pressure and simulation of AEs excitation are needed to

clarify the observed behavior. Actually, the best way to resolve
the uncertainty is to measure the fast-ion losses using a fast-ion
loss detector (FILD). Routine operation of the FILD detector
will become possible in the next experimental campaign of
TJ-II and the comparison of fast ion losses between NBI1 and
NBI2 plasma will be the subject of future work.

The amount of neutral hydrogen in the plasma is also an
important quantity subject to uncertainty. However, the same
procedure is used to estimate the population of neutral atoms in
NBII and NBI2 plasmas and therefore these estimates should
be valid unless other populations of neutral species, disreg-
arded in the present simulations, were having an impact on the
CX losses only when NBII is launched. A possible explana-
tion is the different deposition around the device of the lithium
used for wall conditioning. Very likely, the irregular distribu-
tion of lithium and the complex shape of the TJ-II vessel (see
figure A2(b) in appendix) can produce localized areas were
lithium concentration in the wall is higher. In case the injection
of NBI1 favors the desorption of lithium, due for instance to
a higher lithium deposition in the duct of the injector, such an
effect could occur. CX reactions involving neutral lithium are
not included in ASCOT and therefore, even assuming that we
had estimates of its 3D distribution, the effect that it may have
on the slowing-down of fast ions can not still be quantified.

Other possibilities for the observed behavior need to be
addressed. An hypothetical misalignment of the ECRH beam
used for density control could produce unwanted electron
cyclotron current drive (ECCD), but no ECRH is used in
shot #24000 and still less than half the predicted current is
observed. Another possible source of error could be in the cal-
culation of the bootstrap current, which showed disagreement
with the measured values in [43]. Furthermore, only its ion
contribution has been validated in TJ-II ECRH plasmas [32].
However, the small amount of bootstrap current compared to
the one driven by the beam implies that this would be only
a minor correction. More sophisticated hypothesis, related to
the impact on plasma transport produced by NBCD (through
changes in the rotational transform) or by the beam perpendic-
ular currents (presumably modifying the radial electric field)
are now being considered but are currently out of the scope of
the paper.

5. Conclusions

Despite the difficulties inherent in conducting NBCD exper-
iments in TJ-II, i.e. reaching stable density NBI plasmas and
achieving a reliable determination of the asymptotic toroidal
current, the experimental results obtained have allowed the
comparison with the predictions of the theoretical model. After
reviewing the different possibilities that can account for the
discrepancies observed when using the co-injector, we con-
clude that the model and methodology that we have followed
are able to predict with good accuracy the ST power and
NBCD, provided CX reactions with lithium, influence of AEs
activity or more exotic physics are not being at play. We also
conclude that accounting for CX losses is essential in TJ-II
plasmas and that disregarding this effect would produce much
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higher fast ion currents resulting in wrong NBCD predictions.
Aiming at clarifying the origin of the discrepancy between
the currents driven by both neutral beams, further experiments
(field reversal for instance) with improved diagnostics capab-
ilities are planned for the forthcoming campaign.
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Appendix. Inductive and non inductive
contributions to the toroidal plasma current

In TJ-II, the time traces of the plasma current, measured by a
Rogowski coil, exhibit large oscillatory deviations from the
typical exponential behaviour expected from non-inductive
sources (such as bootstrap, ECCD or NBCD) observed in other
stellarator devices [44—46]. The currents of the vacuum-field
coils present two superimposed oscillations at low and high
frequency (see figure Al).

These oscillations and the proximity of the coils to the
plasma (see figure A2) produce a non-negligible inductive cur-
rent in the latter. Assuming that the plasma and the coils can
be described by a circuital model, the time evolution of the
measured plasma current (/) is governed by

df

dr

P c
L h =) =+ I Al
dt P - " dr ( )

TLR

where ICi are the currents in the different coils and 1 is the
plasma current due to non-inductive sources. Being R the
plasma resistance and L the plasma self-inductance, the time
constant is defined as 7. :== L/R and the induction coeffi-
cients as p; := M;/R, where M; are the inductive coupling
coefficient between the plasma and the vacuum-field coils.
Although the inductive oscillations of /,,(¢) could be calculated
using the coefficients p;, the unknown finite-volume distribu-
tion of /, inside the plasma prevent us from obtaining a reli-
able estimation. Instead, a minimization procedure has been
applied to find the appropriate values of the coefficients so that
equation (A.1) is fulfilled.

A simple solution of equation (A.1) exists when 7,z and
I; are approximately constant, and either the ripple of the coil
currents can be neglected (dZ!/df ~ 0) or the inductive coup-
lings vanish (M; = 0). In this case, the well-known exponential
evolution is recovered,

(1) = (1,(0) — I)e ™"/ ™ + I (A2)
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Figure A1. Time traces of the different coil currents (a) including
current ramp-up and ramp-down. Enlarged view of the current
evolution in the central coil (b). Applying a low pass filter helps
separate high and low frequency contributions.

and the plasma current asymptotically approaches I,,;. When
both coupling coefficients and dI!/df cannot be neglected, as
it is the actual case, it is helpful to write equation (A.1) in its
integral form and then define the time dependent residual of
equation (A.1), R(z), as

R(1) ::Ip(t)Jr L/ Ip(t’)dt' (A.3)
TLR Jo
: It
= mili(r) - ——

where 7; := 1;/72r and ¢ := I,(0) — X;7;11(0) is an integra-
tion constant. In (A.3), I; is assumed constant in the time inter-
val under study.

Since ,,(¢) and I}(¢) are known, an optimization can be per-
formed on the rest of parameters, namely 7, 7;, In; and . The
functional to be minimized is then ), |R(#)|. This also leads
to the determination of R, L and M;, provided one of them is
known. Figure A3 shows the result of this process applied to an
NBI discharge in a time window in which both the density and
temperature were constant enough to ensure also a nearly con-
stant 775 and I;. The red line plots the toroidal current meas-
ured by the Rogowski coil while the blue line depicts the rest
of the terms in R evaluated with the parameters given by the
optimization. Both time traces should be equal at all times in
order for equation (A.1) to be fulfilled. As shown in the figure,
both traces show a very similar behaviour. Since I; and 77z
are given by the optimization, they can be used to estimate,
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Figure A2. General view of the TJ-II stellarator configuration coils
(a) and a detail view (b) showing both the plasma in blue and the
different coils: the central coil (CC), in red; the helical coil (HX)
twisted around CC, in green; and the outer vertical field coils (VF),
also in red.
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Figure A3. Measured current /, (red line) and I, — R (blue). The
inferred exponential behavior (I; ) is also depicted (black dashed
line).

according to (A.2), the time evolution of the plasma current as
if there was no inductive contribution. This is also represented
in figure A3.
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