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Abstract

®
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We provide an overview of activities carried out at the TJ-II stellarator for improving our
understanding of- and developing plasma physics models for particle density profiles in
stellarators. Namely, we report on recent progress in turbulent particle transport simulation,
validation of pellet deposition models, density profile shaping for performance control and new
experimental techniques for edge turbulence and plasma-neutral interaction.
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1. Introduction

When devising the physics scenarios of prospective stellar-
ator fusion power plants, the ability to predict the fusion react-
ants’ density profiles bears an obvious importance: the num-
ber of fusion reactions per unit of volume and time is pro-
portional to the number density of the two fusing species.
Both the average density and the profile shape are important
features to be able to predict. The shape of the density pro-
file is known to substantially affect the quality of the plasma
confinement [1] and the absolute electron and ion density
levels determine the radiated power fraction and the proxim-
ity to the density limit, often called Sudo limit in the stellarator
literature [2].

A stellarator reactor would optimally operate close to the
Sudo limit to optimise power exhaust, but also would require
good core confinement for economic efficiency. Both simu-
lations and experiment indicate that the latter could benefit
from some degree of profile-shaping capability. It is accep-
ted that core fuelling by pellet injection (PI) will be required
in reactor scenarios. The particle density profile will be then
determined by the balance of the radially distributed particle
source and the neoclassical and turbulent particle fluxes that
result from the density and temperature profiles of the various
plasma species. Recently, gyrokinetic simulations with real-
istic plasma profiles and geometry have shed some light on the
turbulent particle fluxes in 3D configurations [3]. These are
presented in section 2. The calculation of the pellet particle
source requires the validation of ablation and plasmoid-drift
physics in the complex magnetic field spectrum of stellarat-
ors. We summarise recent efforts to validate pellet particle
deposition with simulations and experiments in section 3. With
regard to pellet fuelling in stellarator reactors, it is interest-
ing to note that the non-axisymmetric magnetic field structure
could allow a deep core fuelling by high-speed pellets injected
from the low-field side (LFS) into a favourable-drift, high-flux
compression region [4].

As previously mentioned, the shape of the density profile
has been shown to have a large effect on the intensity of turbu-
lent fluctuations and the overall performance in the W7-X, TJ-
II and other stellarators [4], and could affect the thermal stabil-
ity properties and operational map of a stellarator reactor [5].
For the particular case of TJ-II, PIs into neutral beam-heated
plasmas has allowed to obtain record confinement levels with
substantially increased ion temperature. These observations
are summarised in section 4. Arguably, another illustration
of the effect of particle source characteristics in plasma per-
formance is that of reduced recycling conditions. Indeed, the
level of plasma recycling at the limiting surfaces or, more
generally, the distribution of neutrals in the plasma edge and
SOL is empirically known to affect the plasma confinement
quality, which, in TJ-II, was most notorious after lithium-
coating the wall [6]. This has partly motivated recent efforts
to consistently model plasma and neutral dynamics in turbu-
lent timescales [7]. Along this line, in section 5 we report on
a diagnostic development at TJ-II that is capable of provid-
ing edge electron temperature and density measurements with
high spatial and temporal resolution.

A notable omission in this overview is that of density
limit phenomena. For both tokamaks (see e.g. [8]) and stel-
larators, the discussion of density limit has followed two,
often confronted lines of argument, which emphasised respect-
ively the roles of radiation power losses and transport phe-
nomena behind confinement degradation and eventual plasma
collapse. The explicit power dependence of the Sudo dens-
ity limit in stellarators is in contrast with the tokamak
Greenwald limit and has important implications for reactor
design. Experiments at TJ-II have shown that densities attained
in NBI discharges remained below the Sudo limit [9]. Lithium
wall coating allowed extending the operational density range
considerably, which is, at least partly, explained by the bet-
ter control of plasma composition. The TJ-II diagnostic suite
allows to diagnose large-scale zonal turbulent structures (zonal
flows) with dual Langmuir and heavy ion beam systems. In
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[10] the behaviour of zonal flows was investigated in the vicin-
ity of the density limit. In the first Wendelstein 7-X campaigns,
the range of accessible densities showed a reasonable consist-
ency with a simple radiation and transport model in which
the location of the peripheral radiation layer, caused by low-
Z impurities, determines the onset of detachment and dens-
ity limit [11-13]. On-going inter-machine studies, including
medium and large stellarator devices, will help firming up
our understanding and predictive capability of density limit in
stellarators.

Although the importance of the above-mentioned obser-
vations is generally acknowledged, our understanding of the
plasma physics processes that shape the density profile in stel-
larators (fuelling, transport, edge-core coupling, etc) is far
from complete—arguably, less so than for the case of the
temperature profiles [14]. Several of these physics ingredi-
ents have been investigated at the TJ-II stellarator and other
devices with notable progress made in recent years in improv-
ing our fundamental understanding, documenting observa-
tions and developing experimental techniques that will allow
us to test physics models and mechanisms. This manuscript
is meant to provide an overview of those activities that have
been conducted at TJ-II, oftentimes in connection with other
stellarators such as W7-X, LHD and Heliotron J, to summarise
the status of our understanding in those areas and to highlight
directions of future research.

2. Turbulent particle fluxes—core particle depletion

Under general conditions with a peripheral particle source
from recycling or gas puff, the particle transport predicted by
neoclassical theory in stellarator plasmas has the following
features: (1) it is outward-directed across the plasma radius,
(2) it is too large in the core and (3) it is too small at the
edge. In particular, neoclassical theory predicts strongly hol-
low density profiles and core particle depletion [15, 16] that,
in general, are not observed in experiments [3, 16—-18]. We
note that moderately hollow density profiles are found in ECH
heated stellarator plasmas (e.g. in TJ-II and LHD). Recently,
by means of gyrokinetic simulations, it has been proven that
the contribution of turbulence to the particle flux is key to
explaining the experimental observations [3]. In that reference,
for the first time in a W7-X plasma, the sign of the turbu-
lent particle flux obtained from gyrokinetic simulations has
been shown to agree over the entire plasma radius with the
sign of the difference between the experimental and neoclas-
sical fluxes. It is worth emphasizing that, within approxim-
ately the mid-plasma radius, the turbulent particle flux is direc-
ted inwards, compensating the outward-directed neoclassical
flux. This explains why density profiles are not as hollow as
neoclassical theory alone predicts. TJ-II is characterized by
a large neoclassical transport which, however, results in only
mild hollowness in centrally heated ECH plasmas, milder than
expected on the basis of neoclassical particle fluxes (see [18]).
The short mean-free-path neutral particle transport model used

in [3] is not applicable to TJ-II plasmas, so a parallel study
could not yet be conducted. However, on the basis of the sim-
ulations presented here (see figure 1 and the discussion below),
a similar qualitative behaviour of the gyrokinetic fluxes is to
expected in TJ-1I.

A key factor contributing to the turbulent particle pinch
observed in simulations is the interplay of finite values in
both electron and ion temperature gradients. This underscores
the importance of using a realistic electron temperature gradi-
ent in gyrokinetic simulations of ion Larmor scale turbulence,
which has not been a common practice in previous stellarator
studies. The density gradient scan shown in figure 1 shows
that this is indeed the case for both stellarators and toka-
maks, and that the observation of an inward turbulent particle
transport for low but positive (i.e. peaked) density gradients
is a robust one. In particular, it can be observed that for a
flat density profile (i.e. when the normalized density gradient
a/L, = 0), all the devices under consideration—W7-X, TJ-II,
LHD, NCSX, the analytical tokamak known as Cyclone Base
Case (CBC) and the ASDEX-Upgrade (AUG) tokamak—
display inward particle fluxes when an electron temperature
gradient is included in the simulations.

In preparation of an experimental verification at TJ-II, the
behaviour of the gyrokinetic particle flux has been investigated
in further detail, scanning the density gradient for three val-
ues of ion temperature gradient, which are chosen to be smal-
ler than the electron temperature gradient (at TJ-II, the elec-
tron temperature value and its gradient are typically stronger
than those of the ion species). Thus, as the diffusive con-
tribution is suppressed (a/L, =0) and the ion temperature
gradient vanishes, as figure 2(a) shows, the sign of the flux
changes from negative to positive when turbulence is solely
driven by the electron temperature gradient. Note that these
results for TJ-II conditions align with those shown in figure 1,
namely, an inward turbulent particle flux is found as long as
the ion and electron temperature gradients take both finite
values, not necessarily large or close to each other. In TJ-II
already for moderate ion temperature gradients, as can be seen
in figure 2(a), the turbulent particle convection becomes neg-
ative. These results indicate that TJ-II core scenarios (see e.g.
[19]) with flat density and slight peaked ion temperature pro-
file could feature an inward turbulent particle flux. Figure 2(b)
shows the binormal wavenumbers most involved in the simu-
lated particle flux and the observed phase difference between
electrostatic potential and density fluctuations, which is amen-
able to experimental investigation. Both for the positive and
negative density gradient condition, the particle transport is
chiefly due to turbulent structures with spatial scales k,p; ~
0.5 which, for typical TJ-II parameters, correspond to spa-
tial scales around one centimetre. For those scales, the phase-
shift between electrostatic potential and density fluctuation is
predicted to be small and negative for hollow density pro-
files (figure 2(b) left) and about 45° for the peaked density
conditions (figure 2(b) right). Finally, analytical quasi-linear
arguments relate the characteristics of the underlying unstable
modes and, particularly, the sign of their frequency with the
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Figure 1. Turbulent particle transport in gyro-Bohm units as a function of the normalised density gradient for the W7-X, TJ-II, LHD,
NCSX stellarators, and the Cyclone Base Case (CBC) and Asdex-Upgrade (AUG) tokamaks. The simulated radial position is r/a = 0.7.
The case where the ion and electron temperature gradients are set to a/Ly, = a/Ly, = 3 is represented with red filled squares and the case

with a/Lr, = 0 and a/Ly, = 3 is represented with blue filled circles.
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Figure 2. Turbulent particle flux obtained with electrostatic stella [12] simulations, considering kinetic ions and electrons, performed in a
flux tube at r/a = 0.6 for the TJ-II standard configuration. The influence of the normalized density gradient is investigated for a/Ly, =2
and considering flat and weakly peaked ion temperature profiles (a). The spectrum of the turbulent particle flux and the phase-shift between
the density and potential fluctuations for the two highlighted cases (blue and red stars in the left plot) are shown in (b).

sign of the convection and the contributions thereof (thermo-
diffusion and curvature pinch or anti-pinch, see e.g. [20]). How
the sign of the frequency is correlated with the sign of the
fluxes in nonlinear simulations will be the matter for future
numerical effort.

These numerical predictions will be the basis of dedicated
experimental programs at TJ-II, in which the Heavy Ion Beam
Probe provides time- and spatially-resolved measurements or
proxies of electrostatic potential and electron density. Previous
studies based on this diagnostic at TJ-II have shown a clear
effect of the sign of the density gradient on the turbulence
level [21], whereas Langmuir probe measurements illustrated
the interplay between the ambient radial electric field and the
cross-phase between density and poloidal electric fluctuations
[22].

3. Particle source—pellet ablation/deposition in 3d
magnetic fields

Cryogenic PI is currently the best candidate for efficient
plasma fuelling in a fusion reactor. Although pellet ablation is
generally well understood, a complete understanding of plas-
moid (i.e. the ionized clouds that detach periodically from a
pellet during the ablation process) homogenization remains
outstanding, particularly in helical devices. Pellet particle
deposition and fuelling efficiency depend strongly on the VB-
induced drift of plasmoids, which results in an internal electro-
static potential distribution [23-25]. Such potential distribu-
tion can be modified, leading to the enhancement or reduction
of the drift acceleration. The so-called internal circuit closure
(ICC) arises when the plasmoid expansion along the field line
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Figure 3. Averaged radial plasmoid drift displacement (blue; a shaded region represents data dispersion) as a function of pellet position for
#53344 to #53349. Right axis: HPI2 simulated plasmoid drift (light green squares), compared with the drift when the ECC effect is
neglected (dark green diamonds). The strongest low-order rational values are highlighted.

exceeds a critical size and the relative direction of the VB asso-
ciated current are inverted at the two ends of the plasmoid. The
circuitis closed by a parallel current inside the plasmoid which
reduces its cross-field acceleration [23, 26]. The external cir-
cuit closure (ECC) in turn ensues when two oppositely charged
regions are connected along the same flux tube, which short-
circuits the plasmoid polarization and dampens the drift. ECC
is more effective in the vicinity of rational magnetic flux sur-
faces due to reduced connection lengths [27, 28]. Recently,
LHD experiments with impurity-doped pellets have demon-
strated that enhanced radiation in the plasmoid is also able
to moderate its outward radial drift by reducing its internal
pressure [29].

Although ECC is considered of secondary importance in
stellarators with respect to ICC [30], a previous study in
TJ-II revealed an interaction between plasmoids and low-
order rational surfaces attributed to the ECC effect [31]. More
recently, this ECC effect has been further studied in TJ-II,
both experimentally and theoretically, to evaluate the effect of
rational surfaces on particle deposition in stellarators [32]. An
illustration of the experimental evidence that ECC has meas-
urable consequences in pellet particle deposition is shown in
figure 3. To evaluate plasmoid drift experimentally, the pel-
let track is monitored with a fast-frame camera with very high
temporal resolution and low exposure times, <1 us. For a the-
oretical analysis, the latest stellarator version of the HPI2 code
is used [25, 32]. This version has been validated for TJ-II and
W7-X [33, 34] and has been used in recent additional studies
for these and other helical devices [35, 36]. The HPI2 model
shows (and fast camera images confirm) that, for TJ-II condi-
tions, plasmoid lengths along the magnetic field directions, Z,
are typically in the range 0.1 m < Zp < 0.2 m a microsecond
after the plasmoid detaches from the pellet. Here, Zj refers to
the parallel extent of the overpressure region where the ablated
pellet particles are located (which propagates at sound speed).
In this time scale, regions of opposite polarization have already
connected to each other by parallel currents (stabilised in an
Alfvén transit time). That is, the ECC effect has already started
to take place.

Specifically, figure 3 shows the measured radial plasmoid
drift displacements for the TJ-II standard magnetic configur-
ation, 100_44_64, (a = 0.192 m, Bp = 1.08 T, ¢x = 1.55,
Vplasma = 1.1 m? where ¢ is the on-axis rotational transform),
averaged for a series of reproducible discharges (from #53344
to #53349). It should be noted that in TJ-II pellets are injec-
ted along straight guide tubes with velocities between 800
and 1200 m s~! and they enter the plasma from the outer
plasma region, i.e. from the LFS. With this injection geometry,
the plasmoid drift is predominantly outwards-directed, that is,
opposite to the PI direction. Although a detached plasmoid
is sometimes visible, i.e. two independent emission regions
are seen, an initial drifting plasmoid is usually observed as an
asymmetry of the cloud. From this asymmetry, the initial drift
displacement can be estimated. For this, it is assumed that the
main contribution to the cloud’s luminous intensity is due to
the ablation of the pellet, and that there is a secondary con-
tribution attributed to the partially ionised drifting plasmoid.
Taking this into account, the light profile recorded by the cam-
era is fitted by two Gaussians, with the difference between the
two centres being the drift, as explained in [33]. In this study,
only the radial component of the drift is estimated from the
asymmetry of the cloud in the radial direction. The experi-
mentally estimated radial drift shown in the figure indicates the
radial drift during a 1 us exposure time for a plasmoid detached
at the position given by the horizontal axis. It can be observed
that drift displacement tends to increase with pellet penetration
depth up to p = ~0.6, where p = r/a, as drift increases with
increasing electron temperature. However, between p = ~0.4
and p = ~0.6, the drift displacement remains mostly con-
stant. This can be attributed to a combination of the effect of
rational surfaces and to faster ionisation of the plasmoid due
to higher electron temperatures. In addition, some local min-
ima are observed, which can be accounted for by the effect of
the rational surfaces (via external closure) in the vicinity of
these reductions (such as the 8/5, the 11/7 and/or the 14/9). It
should be noted that a deceleration of the drift is to be expec-
ted as a plasmoid passes through a rational surface, rather than
an immediate braking at exactly the position of the rational



Nucl. Fusion 64 (2024) 112018

J.A. Alonso et al

surface. The importance of the observed improvement in drift
damping should depend on the distance between the origin of
the plasmoid and the rational surface. For example, if a plas-
moid is created too close to a rational surface, the parallel
connection time will be longer than the plasmoid radial drift
time-scale and it will drift out before the rational-enhanced
ECC effect can act.

The experimental results are compared with HPI2 predic-
tions in figure 3. The simulation input are plasma profiles fit-
ted from Thomson scattering measurements of representative
balanced NBI discharges, and an average value of pellet size
and velocity from the various injections in the experiments
considered. It should be noted that HPI2 provides values of
the plasmoid drift at the end of the homogenisation process
(thom ~ 500 us), in contrast to the experimental estimations
(exp ~ 1 us). This large difference between the two time scales
implies that one cannot meaningfully compare the total dis-
placement values. The time scales shown in the plot have been
adjusted to allow for an easy comparison of the radial structure
of the calculated and measured drift displacements. Although
there is a large difference between the two time scales and
the experimental measurement cannot give an indication of
the total drift displacement (once the degree of ionisation of
the plasmoid is high enough it is not possible to observe it
with the fast camera), both simulations and experimental data
indicate that the maximum drift acceleration is reached very
early in the homogenisation phase [33]. Therefore, if the drift
displacement is already smaller after 1 us, because the drift
acceleration is already damped, the total drift must necessar-
ily be smaller, since the acceleration becomes negative almost
immediately afterwards, i.e. there is no mechanism acceler-
ating the drift after this time. This also implies that general
trends and total drift values should not be considered in the
analysis. In contrast, only small radial scales are of interest
for this comparison. The drift, calculated when the ECC effect
is neglected, is also shown in figure 3. For this latter case,
the drift is seen to increase continuously with pellet penet-
ration, without any local minima. In contrast, when the ECC
effect is considered, the calculated drift is reduced in different
regions along the minor radius, which closely resembles the
experimental observation. The exception is the region between
~0.5 < p < ~0.7, as the total drift with and without the
ECC effect is identical. These plasmoids detach from the pel-
let close enough to the LCFES to reach it during the homogen-
isation time, even when the ECC effect is damping the drift
when they cross the rational surfaces 19/12 and/or 8/5. This
cannot be observed experimentally, as the full trajectory of the
plasmoids cannot be followed. Besides, plasmoids originating
at p > ~0.75 fall outside the region of interest considered.
Nevertheless, the evaluated drift reductions, within the error
bars, occur in general around the same radial positions that
were identified from the simulations. For instance, the lim-
ited drift for plasmoids detached between ~0.0 < p < ~0.2
can be attribute to the interaction with the rational surface
14/9 rational, located at p = 0.2, i.e. the reduction of the
drift is found for plasmoids originated inside the rational sur-
face. Drift reductions for plasmoids born in the radial region

~0.3 < p < ~0.5 are not as clearly observed since the expos-
ure time, 1 us, is too short for such plasmoids to reach the
rational surface 19/12 at p = 0.61, in addition to the rational
surface 11/7. In summary, drift reduction is noticed for plas-
moids detached in a given region within a rational surface.
In these regions, there is usually a certain distance to the
rational surface for which the drift is minimal, as the ECC
effect depends both on the distance to the rational surface and
on the size of the plasmoid, the connection length and the plas-
moid’s own drift velocity. Noting these minima drifts may be
less obvious when a plasmoid traverses several rational sur-
faces. Finally, it has been observed that the variation of the
magnetic configuration causes a shift of the positions where
drift reductions are observed that is consistent with the change
in the position of the rational surfaces [32].

From these results it can be first concluded that the
ECC effect, normally neglected in stellarators, can play an
important role in modifying plasmoid drift in stellarator [32].
Therefore, the choice of the magnetic configuration could
enhance core pellet fuelling and particle deposition to achieve
a relatively deep and efficient fuelling using LFS pellets in
stellarators. The importance of these results is highlighted by
the conclusions drawn from the comparison of HPI2 simula-
tions for relevant scenarios in ITER and W7-X [36]. This work
underlines the important role of drift damping mechanisms,
i.e. ICC and ECC effects, in the final particle deposition.

Some of the activities at TJ-II summarised in this section
are part of an on-going multi-device (including W7-X, TJ-
II, LHD and Heliotron J) effort to validate the current ver-
sion of HPI2. While the code reproduces both pellet abla-
tion and particle deposition for the representative cases of TJ-
IT [33], the results for the other three devices show discrep-
ancies. For example, ablation is very well reproduced in all
cases considered so far for all devices (diagnosed by H,, mon-
itors), except for HFS injections in W7-X, possibly due to the
strong acceleration of the pellets not taken into account in the
simulations [34, 35]. On the contrary, the agreement of the
deposition profiles (diagnosed through changes in the dens-
ity profile) in other stellarator devices is only qualitative and
hints at an overestimation of the plasmoid drift. Joint efforts
are underway to extend the number of considered cases of the
four devices, so that it can be determined whether such dis-
crepancies are due to the simplification of the treatment of the
drift in 3D magnetic fields or there are some potential mech-
anisms missing in the HPI2 homogenisation model.

4. Profile shaping—enhanced plasma performance
after Pl

As noted previously, Pl is used in magnetic confinement fusion
devices to achieve deep and efficient core plasma fuelling.
Moreover, improved post-injection plasma performance has
been reported for many devices, both tokamaks and stellar-
ators, after PI [37, 38]. Recently, when a train of slow pel-
lets is injected into ECRH plasma in the stellarator W7-X, a
transient increase in energy confinement time is observed, this
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resembling several aspects of enhanced confinement after gas-
puff or PI in other fusion devices [39, 40]. In neutral beam
injection heated plasmas of TJ-II, an enhanced performance
phase can be induced, and maintained until discharge comple-
tion, after a single hydrogen pellet (1 x 10" to 2.2 x 10"
H atoms) is injected when the target line-averaged electron
density, <ne>,is ~1.5 to ~2 x 10'” m~3 [41]. In such cases,
the pellet is injected from the outer plasma edge and due to a
low electron temperature, 7. < 400 eV, ice penetrates beyond
the magnetic axis. Since detached pellet clouds generally drift
radially outwards, the injection causes the central density to
increase significantly inside p = 0.7 with little or no change
outside this radius.

A clear characteristic of this new scenario is a strong
increase in the stored diamagnetic energy, WEdiag, as determ-
ined with a diamagnetic loop, as well as in the energy confine-
ment time, TEdiag, i.e. by up to 40% when compared to predic-
tions obtained using the International Stellarator Scaling law,
TE1ss04, rescaled for TI-II [42]. Moreover, the plasma triple
product, ne-T;i-7F, is seen to exhibit a clear bifurcation point
after PI towards an improved confinement branch when com-
pared to ISS04 scaling-law predictions (a bifurcation is under-
stood to be a significant improvement in plasma confinement
properties for unchanged external drive system values (NBI
heating) that lasts significantly longer than the initial transitory
pellet-induced density enhancement) [41]. The Pellet-induced
Enhanced Confinement (PiEC) phase is characterized by more
intense radial density gradients in the region about p = 0.6.
Additionally, a more negative radial electric field, E;, across
a broad plasma region and a reduction in density and plasma
potential fluctuations close to p = 0.5 are measured using a
Heavy Ion Beam Probe. These are accompanied by a higher
central beta and volume-averaged beta, i.e. by up to 70% and to
~35%, respectively when compared to a reference discharge
made under the same conditions. In order to help understand
this improved performance phase, neoclassical calculations
were performed for such plasmas with/without PI [41]. While
not allowing identification of a mechanism for such improved
performance, neoclassical calculations predicted more neg-
ative E, and increased 7 g, which qualitatively agree with
experimental tendencies. However, the contribution of turbu-
lence reduction to these improvements in performance still
needs to be quantified.

The characterisation of the PiIEC at TJ-II, which is, in many
respects, analogous to the post-pellet regimes found at W7-X
has been the objective of recent experimental efforts [39, 40,
43]. In particular, studies on the optimization and sustainment
of the confinement enhancement are briefly described next. We
refer the reader to [44] for further details.

Different sized pellets (with 5 x 10'8 to 2.2 x 10" H
atoms) were injected in sequence with time separations >5 ms
into NBI-heated plasmas to further investigate this PIEC phase
in TJ-II. In a first instance, experiments were performed by
injection a large initial pellet followed by 1 or 2 smaller pel-
lets (a total of <3.5 x 10" H atoms). A strongly peaked dens-
ity profile is achieved after the initial pellet (~2.2 x 10"

H atoms) and this profile is broadened as the additional pel-
lets were injected (<1.2 x 10" H atoms per pellet). In con-
trast, the injection of the pellets resulted in only a slight
reduction in core T.. As a result of these injections, the
post-injection line-averaged electron density was kept below
~5 x 10" m~3 and the NBI-maintained plateau phase ter-
minated only after switch-off. In addition, post-injection TEdiag
values were longer than values reported for single PIs, by up
to 20% in some cases. Moreover, significant improvement was
achieved with respect to ISS04 scaling-law predictions (see
figure 12 of [44]). To date, such pellet-induced improved per-
formance phases have been achieved and maintained using
a single NBI counter-injector (with 450 kW of port-through
power injected roughly parallel to the magnetic field) along a
plateau phase and stored maximum diamagnetic energies up to
4.7 kJ have been achieved. In experiments without pellets, the
highest WEdiag achieved with the same NBI system and port-
through power is of the order 3 kJ for <n.> = ~5 x 10! m—3.

In another PI experiment [44], two of the largest available
pellets (containing up to 6 x 10'* H atoms) were injected into
plasma heated by 450 kW of counter-injected NBI power. See
figures 6 and 7 in [44]. In the discharge the stored diamag-
netic energy increases steadily after the 1st PI and continues
to do so at a steady rate until it reaches ~4.7 kJ when the line-
averaged density approaches ~6 x 10" m—3. However, the
improved performance plateau phase is not sustained, rather
the plasma decays slowly as <n.> rises above 6 x 10" m~3,
suggesting a thermal quench rather than a radiation collapse
as post-injection Z.g reduces from about 1.4—1.1 (boron and
lithium coatings are performed on the vacuum chamber walls
to keep this factor low in TJ-II). In comparison, a maximum
stored diamagnetic energy close to 3 kJ is achieved for a ref-
erence discharge without PI with the same heating and wall
conditions, i.e. #55511. See figures 6 and 7 of [44]. This lat-
ter WEdiag value is representative of maximum values repor-
ted to date for similar TJ-II experimental conditions when
using counter NBI heating and similar wall conditions. In
the same figure, the WE;, plateau of #55511 begins to decay
before NBI switch-off, this decay beginning at 1215 ms when
<n.> = ~5.3 x 10" m3. If this value is representative for
counter NBI heated plasmas, then PIs result in ~15% increase
in maximum sustainable density in TJ-II.

In parallel to the optimization and sustainment of the PIEC
phase, its main dependencies (isotope mass, magnetic con-
figuration and field direction) are being investigated at TJ-
II. Here we report on latter: TJ-II is operated normally with
its magnetic field orientated in the anti-clockwise direction
when viewed from above the device. See, for instance, figure
1 of [31]. This orientation is preferred as the dual heavy ion
beam probe diagnostic system is designed for this field direc-
tion. Now, in another set of experiments, PIs were performed
when TJ-II was operated with its B field direction reversed,
i.e. following a clockwise direction when viewed from above,
and for plasmas heated with a single NBI injecting parallel
to the reversed magnetic field (i.e. in co-injection). PIs were
made with this set-up in order to determine if a PIEC phase
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Figure 4. Top: Temporal evolution of line-averaged electron density (continuous) and stored diamagnetic energy (dash—dash) along 2 TJ-II
discharges (#55511 (black) without PI and #55313 (red) with PIs at 1160 ms and 1166 ms). TS and CXRS measurements are made when
<ne>=4.5 x 10" m™3 for both discharges. Bottom Ihs and centre: TS profiles for Te and 7. obtained at 1182 ms for #55313 and at

1191 ms for #55511. Bottom rhs: Ti profiles measured by charge exchange recombination spectroscopy from 1182 to 1187 ms for #55313
(red) and from 1190 ms to 1195 ms for #55511 (black). Error bars indicate uncertainties in the spectral fitting.

with similar enhanced parameters could be achieved in TJ-
IT with co-NBI heating and to confirm if post-injection dens-
ity profiles are independent of B field direction. The latter is
expected as the radial direction of plasmoid drift accelera-
tion, dV4/dt = 2(Py — Pso)/(Lg Ny m;), should be independ-
ent of B-field direction, i.e. similar post-injections density pro-
files would be expected [25], where Py and P, are plasmoid
and plasma pressures, Ly = Bo./V | B, the magnetic cross-
field gradient scale-length, is close to 1 m~! in TJ-II, Ny is
plasmoid density and m; is ion mass. When PI experiments
are repeated using a similar set-up but with B reversed, it is
found that pellet induced increases in WEdiag and TEdiag are
similar for both field directions and similar post-injection 7,
ne and T profiles are achieved. Such results indicate that PAIEC
development and maintenance is independent of B-field tor-
oidal direction and of co-counter or counter NBI heating in the
TI-IL

Recently, a diagnostic NBI-based spectroscopic sys-
tem was recommissioned on TJ-II for performing Charge-
Exchange Recombination Spectroscopy (CXRS) on the C
VI emission line at 529 nm to obtain a single 7; profile
per discharge [45]. This has allowed to quantify a substan-
tial improvement in the ion energy content during the PiEC
phase. In figure 4, we compare a discharge (#55313) with a
single PI (2.3 x 10" H atoms) to a reference plasma without
PI (#55511) but with similar line-average electron densities
when TS and CXRS measurements are made. Both plasmas
are heated by 450 kW of co-counter NBI power and the same

standard magnetic configuration is employed. In these dis-
charges, where WEdiag =3.4kJ for#55313 and WEdiag =29KkJ
for #55313 when TS and CXRS measurements are made, cent-
ral T, are n. are similar to within £10% whilst the electron
kinetic profiles for #55313 (1 PI) are narrower than those for
#55511 (no PI). However, in the case of the 7T profiles, it is
seen that the PI has caused the central T; to increase by ~45%
and its profile to broadened considerably. During the short
time period when a pellet is ablated and when pellet particles
homogenize with background plasma (<~1 ms), total plasma
energy should be conserved if ionization and radiation losses
are negligible [46]. In order to interpret the increase of ion
temperature, it is necessary to recall that, for NBI-heated dis-
charges in TJ-II, electron heating dominates, (Epeam = 30 keV
and the full, half and third energy beam content is 55%, 20%
and 25%, respectively), with about 75% of the 30 keV fast ion
energy being deposited in the electrons. This ratio depends
primarily on the electron temperature, whereas the neutral
beam ion slowing-down time depends on T, and 7. The dir-
ect ion NB-heating is therefore expected to be very similar in
the two cases. The largest contribution to ion heating in TJ-II
is electron—ion energy transfer, which is proportional to the
electron—ion temperature difference and the collisional trans-
fer coefficient ~n.> T.~%2. Referring again to the profiles in
figure 4, we conclude that the reduction of the e—i temperature
difference should result in a lower ion heating, hence a lower
ion radial heat flux, in the PiEC phase. This, together with a
larger ion energy content, results in an improved ion energy
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Figure 5. Left 2D colour plots: electron density and temperature maps of an ECRH plasma averaged over 2 ms. The approximate position
of the last closed flux surface and a radial chord (green arrow) are indicated. Right: relative probability distribution functions of n. and T
fluctuations normalized to their time-averaged values (all pixels included).

confinement. Local power balance analysis and gyrokinetic
modelling of the two conditions will be the subject of future
studies to quantify and understand the reduction of the ion
heat diffusivity.

Finally, a simplified turbulence model based on resistive
MHD equations, that is known to model turbulent dynamics of
the TJ-II successfully, at least in a qualitative sense, has been
used in an attempt to identify possible dynamical mechanics
that can account for the observed post-injection improved con-
finement and modified density gradients [47]. In this reference,
it is noted how, for instance, an increase in the density gradient
created by a pellet excites resistive interchange modes at low-
order rational surfaces. It is described in [47] how instabilit-
ies show strong mutual coupling and create multiple transport
barriers through associated zonal flows. This strongly nonlin-
ear dynamic process could be responsible for the confinement
improvement. Although experimental and model confinement
times cannot be compared directly, since energy confinement
time is measured and particle confinement time is calculated,
qualitative agreement is obtained in terms of improved con-
finement. We note that the change in the density profile that
follows the pellet deposition process has been shown to be
consistent with neoclassical transport [48]. Gyrokinetic sim-
ulations in a flux tube geometry with kinetic electrons show
a stabilizing effect of the density gradient on the gyrokinetic
turbulent heat flux [49], which seems qualitatively consistent
with W7-X and TJ-II observations. A quantitative comparison
between the simulated gyrokinetic flux and that resulting from
the experimental power balance analysis is left for a future
work.

5. Advanced edge diagnosis-two-dimensional
fluctuation measurements and neutral-turbulence
interaction

In fusion research, there are numerous observations of the
importance of the fuelling rate (via either recycling or puff-
ing) for determining overall plasma performance. At TJ-II and
other devices, wall coating with lithium has been shown to

improve plasma confinement [6] and the proposed explana-
tions point to the reduced recycling and edge neutral popu-
lation having a positive effect on turbulent plasma transport
[50]. The interaction of neutrals with turbulence has been stud-
ied experimentally for the first time using the fast 2D-imaging
of three neutral helium lines at TJ-II, providing evidence for
the reaction of helium neutrals on turbulent time-scales [51].
This is explained in that reference in the following way: the
local n. variations of positive blobs (filaments) produce due
to ionization reactions the depletion of the neutrals there. In
this way, the neutrals follow inversely the n. fluctuations. This
coupling of plasma turbulence to neutrals is also being stud-
ied using kinetic codes and simulations [7, 52-55]. Last year,
an upgraded spectroscopic camera system has been commis-
sioned in TJ-II that allows simultaneous 2D-measurement of
the edge n. and 7. with exposure times down to 5 us, frame
rates of up to 90 kHz and spatial resolution better than 5 mm
[56]. The well-established He I-Ratio technique is applied to
the 3 emission images recorded by the system viewing the
neutral He cloud injected into the plasma. The line of view
is nearly parallel to the magnetic field in order to optimize the
spatial resolution when observing field-aligned coherent struc-
tures (filaments). A software framework has been developed to
semi-automatically extract the n and T, images from the cam-
era data. It aligns the images, applies calibration factors and
finally calculates the 2D n. and T'. fields using a database con-
taining estimates from a Collisional-Radiative-Model. Error
propagation in this processing is being developed.

The two colour plots in figure 5 show the 2D maps of elec-
tron density and temperature averaged over 2 ms for an ECRH
plasma. Regions where the signal level is insufficient are col-
oured in black. The green arrows indicate the approximate
radial direction. Preliminary studies for ECRH plasmas show
that the amplitude of the normalized (relative) fluctuations are
2-3 times higher for n. than for T, as can be seen from the
probability distribution functions plotted in figure 5 right. We
have also seen that the turbulence level increases with injected
ECRH power in both channels, n. and T. The analysis of last
campaign’s results is in progress, including the study of the n.—
T, 2D-field cross-correlation together with error propagation
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analysis. Once this is done, we will proceed with the quest of
the plasma turbulence—neutral coupling as explained in [51].
Finally, in parallel to the analysis effort, the experimental set-
up is being upgraded with the acquisition of a new GEN III
image intensifier (Hamamatsu C16031) and a faster camera
(Photron Nova S-20) to improve the signal to noise ratio and
to increase the recording speed. Results are in preparation and
will be presented soon.

6. Summary

State-of-the-art experimental techniques, models and codes
are at use at TJ-II to improve our understanding of particle
fuelling and transport in view of the importance of develop-
ing predictive capabilities for density profiles in next-step stel-
larator devices. Gyrokinetic simulations with realistic gradi-
ents have shown that inward turbulent convection may be
behind the shape of core density profiles observed in stellar-
ators. PIs at TJ-II together with fast camera measurements
are helping elucidate the importance of rational surfaces in
plasmoid dynamics. Furthermore, TJ-1I successfully demon-
strates a large performance enhancement following PI in NBI
plasmas. Such an enhancement significantly outlasts both the
particle and energy confinement times, indicating a bifurca-
tion of the plasma state. The quantification of heat diffusivity
reduction in this regime and its gyrokinetic modelling will be
the subject of future studies at TJ-II. Finally, plasma edge 2D
observation techniques are being refined at TJ-II to investig-
ate fluctuations in the electron density and temperature and the
interaction of neutrals with plasma turbulence.
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