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Abstract

We provide an overview of activities carried out at the TJ-II stellarator aimed at understanding transport
from first principles.and power balance analysis. These tasks include gyrokinetic simulations with the
codes stella and EUTERPE, neoclassical simulations with the code SFINCS, particle deposition
calculations with the code HPI2, and heat source estimates with ASCOTS5. All these numerical
simulation efforts converge, together with transport analyses, to address the transport mechanisms in
plasmas with improved confinement through pellet injection—a scenario studied during the past few
TJ-II campaigns bearing resemblance to the pellet-fueled high-performance plasma scenarios of
observed in W7-X.

1. INTRODUCTION

In stellarators and tokamaks, transport of energy, particles, and momentum in the plasma core largely
determines the performance of the device. Since the advent of stellarator optimization through
computational design, configurations with increasingly improved transport properties have been
obtained. The largest example built to date is the Wendelstein 7-X (W7-X) stellarator, which has
successfully demonstrated reduced neoclassical transport and bootstrap current as a result of this
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optimization approach [Beidler-21]. However, the optimization of W7-X is insufficient with respect to
some aspects in the path towards stellarator reactors, such as fast-ion confinement and turbulent
transport. Recently, configurations with lower fast ion losses or reduced turbulent transport have been
obtained, see e.g. [Sanchez-23, Garcia-Regafia-25, Goodman-24, Kim-24] and references therein.
Nonetheless, once a stellarator is built and its magnetic geometry is fixed, further confinement
improvement can be attained by identifying advanced operation scenarios in which so-called enhanced
or high performance is achieved. From this perspective, enhancing our understanding of the phenomena
present in high-performance scenarios of current experiments is highly relevant.

The history of access to high-performance regimes in magnetically confined plasmas is extensive.
Practically all present-day magnetic confinement devices, as well as many already decommissioned
experiments, have reported confinement states with improved performance indicators—in comparison
to what could be considered standard conditions—such as increased energy.confinement time, reduced
impurity accumulation, or diminished turbulence levels. The first milestones within the tokamak and
stellarator families were achieved in ASDEX [Wagner-82] and, a few years later, in W7-AS [Erckmann-
93], respectively. Subsequent advances in stellarator research include the discovery of the high-density
H-mode in W7-AS [McCormick-02], a regime with distinct characteristics—such as the absence of
ELM activity and reduced impurity concentration—not observed .in 'the initial H-mode found in the
same device. Also noteworthy are scenarios with record ion temperatures and the formation of internal
transport barriers obtained in LHD plasmas [Takahashi-18]. In the case of the device addressed in this
contribution, TJ-1I, multiple pathways have been reported throughout its extended operation. Among
the most remarkable are scenarios including L-H transitions triggered by turbulence suppression
through sheared flows [Estrada-09] under Li-coating wall conditions [Sanchez-10].

Within the broad variability of operational parameters explored in different devices to achieve improved
plasma performance—such as the use of heating systems above a certain power threshold, the excitation
of electric field shear layers, the employment of impurity injection, etc.—W7-X and TJ-II share the
particle fueling scheme of cryogenic hydrogen pellet injection as a key element in recently identified
scenarios of interest. In particular, confinement improvements induced by pellet injection—first
reported in [Garcia-Cortés-21] and further extended in [McCarthy-24]—have been added to the list of
enhanced-performance scenarios in TJ-II. This scenario resembles the one also found in W7-X
[Bozhenkov-20], where pellet ‘injection enables overcoming the barrier to increasing core ion
temperature, commonly referred to as.ion temperature clamping [Beurskens-21].
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Figure 1. Time traces of line-averaged density (solid lines) and stored diamagnetic energy (dashed lines) for
TJ-II discharges #55511 (without pellet injection, black) and #55313 (with pellet injection applied at 1160 ms,
blue). Thomson scattering (TS, vertical dot line) and charge exchange recombination spectroscopy (CXRS,
shaded grey) are carried out when the line-averaged densities in both discharges are close to 4.4 x 101° m?.

The reduction of fluctuations observed in W7-X during the post-pellet phases [Estrada-21], where a
pronounced increase in the density gradient is produced compared with other scenarios [Carralero-21],
is consistent with the strong turbulence reduction that such an increase in the density gradient drives—
more so in W7-X than in any other device, according to gyrokinetic simulations (see, for example,
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[Garcia-Regafia-21, Thienpondt-25]). However, as we shall see, the same explanation does not appear
to explain that clearly the confinement improvement observed in the pellet-fueled scenario of TJ-II. In
this contribution, which builds on the collective experimental work carried out in recent years to realize
these scenarios, we address an aspect that has scarcely been explored, namely their analysis through
first-principles simulations.

We focus on two discharges reported in [McCarthy-24], in particular the discharges #55511 and
#55313. Both follow a similar sequence: the plasma is initiated with an ECRH phase with 450 kW of
injected power, followed by an NBI heating phase of the same power. In this NBI phase, while discharge
#55511 serves as a reference, a pellet containing approximately 2.3 X 101° hydrogen atoms is injected
in discharge #55313, leading to an evolution with signatures of improved confinement. At similar line-
averaged densities, discharge #55313 shows higher stored energy (~3.6 kJ vs. 2.9 kJ in #55511, an
increase of nearly 25%) and approximately 45% rise in central ion temperature (from ~115 eV to ~165
eV), with elevated T; across all normalized minor radii up to p = 0.8 (for further details, we refer the
reader to [McCarthy-24]). The time traces of diamagnetic energy and line-averaged density for both
discharges are shown in figure 1. Figure 2 further displays the density and electron temperature profiles
measured with the Thomson Scattering (TS) system, together with the ion temperature profiles obtained
from Charge eXchange Recombination Spectroscopy (€XRS). Also shown are the fitted profiles used
in the subsequent simulations, as well as the normalized gradients and selected ratios relevant to the
discussion of transport in these discharges. As seen in figure 2, the regime accessed after the pellet
injection does not produce a uniform increase in the density gradient across the entire radial range:
below p = 0.6 it causes an increase, whereas at more external positions it leads to arelaxation. Regarding
the temperature profiles, although the central electrontemperature is practically unaffected, its gradient
is decreases appreciably in the case with pellet. The opposite occurs with.the ion temperature profile,
where the gradient does not change significantly but its magnitude increases in the case with pellet,
which leads to a decrease in the temperature ratio T, /T; as well.

— ne[1019m 3] a/L,, — — T.[keV] a/Ly, — T./T:, (a/Lt,)/(a/Lt,)
8 —v—710.0 0.60 10.0 3
= — ) = a/L,,
<16 i lrs oas 7.5
Il e 2
o
5 5.0 0.30 5.0
= 25 0.15 25 ! T./T:
2.5 A5 D € ¢
= . (a/Lt,)/(a/LT,)
(c
& 0.0 0.00 0.0 0
8 - 10.0 0.60 —10.0 3
=+ a/Ly, -1 == a/Lyp,
b75 045 =T = a/Ly, |75 )

=
Il g
G 28 /
= 150 0.30 jrarta e, & RN
= .0
— _ ? _ 1 —_—T./T;
on) F2.5 0.15 2.5 e/t \
2 ~ —:L: & - — (a/L7,)/(a/Lr,)
g (hemzzzZ- (1
0 0.0 0.00 =" - 0.0 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
r/a r/a r/a

Figure 2: In the top row, density profiles (a), ion and electron temperatures (b), and the electron-to-ion
temperature and temperature gradient ratios (c) for the discharge without pellet injection (#55511). In the
corresponding bottom subfigures (d)—(f), the same quantities are shown for the discharge with pellet
injection (#55313). The dashed lines represent the normalized gradients of the quantities plotted in the same
figure.
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The present contribution is structured into four main parts. First, we present a set of gyrokinetic
simulations, performed with the stella code [Barnes-19], and neoclassical simulations, carried out with
the SFINCS code [Landreman-14], using the fitted profiles shown in figure 2, with the aim of
identifying the possible causes underlying the enhanced confinement features observed in discharge
#55313. Section 3 examines the effect of pellet injection
on the density profile, evaluated with the HPI2 code in
its stellarator version [Panadero-23]. Section 4 provides
an analysis performed with the ASCOT5 code
[Hirvijoki-14, Mulas-22] to quantify the heating
contribution of the NBI system sustaining the phase of
interest in these discharges. Section 5 presents a
transport analysis similar to that conducted in W7-X
(see, for example, [Carralero-22]). Finally, a summary
is presented in Section 6.

Figure 3: Segment of the flux tube used for the
stella simulations at r/a = 0.5 of the TJ-II
standard configuration. One eighth of its
toroidal domain is shown together with the

directions the radial and binormal coordinates; )
for further details, see [Barnes-19] and The reduction or enhancement of heat transport and

[Thienpondt-25]. fluctuations,” or the mitigation of instabilities, has
attracted considerable attention in the field of
simulations in recent times. In gyrokinetic simulations,

it has been observed that in the particular case of W7-X there exists a region where electrostatic
instabilities upon exiting the ITG-unstable regime, do not respond with an excessive increase of density-
gradient-driven instabilities [Alcusén-20]. This feature becomes much more pronounced in nonlinear
simulations, where heat fluxes decrease with density gradient to a much greater extent than the linear
growth rates do [Thienpondt-25]. This extraordinary reduction of heat losses with increasing density
gradient over a broad range of values, and its evident potential for the operation of future stellarators,
has even been found to be further enhanced (compared to the W7-X case) in newly optimized
configurations according to gyrokinetic simulations; see, for example, [Garcia-Regafia-25] or
[Guttenfelder-25]

2. PELLET-INDUCED/ENHANCED CONFINEMENT
THE LIGHT OF. FIRST NEOCLASSICAL AND
GYROKINETIC SIMULATIONS
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Figure 4: Turbulent ion heat flux (a), electron heat flux (b), and particle flux (c) as functions of the
background species’ density and temperature gradients for the radial position r/a = 0.5. The lines with
open squares and filled squares represent, for shots #55511 (no pellet) and #55313 (1 pellet),
respectively, the pairs of normalized density and ion temperature gradients in (a), and normalized density
and electron temperature gradients in (b) and (c). The stars highlight the gradient values at the position
r/a = 0.5. The spacing in r/a between consecutive points is 0.05.

In the present section, by means of electrostatic and collisionless gyrokinetic simulations with stella,
we examine whether the turbulent fluxes computed for the two discharges under consideration—the
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reference case (#55511) and the pellet-fueled one (#55313)—are consistent with the observed enhanced
confinement signatures. Although simulations including third species, in addition to the bulk plasma,
have shown reduction effects in cases with impurities [Garcia-Regafia-24] or fast particles [di Siena-
2020], in this section we restrict ourselves to a plasma composed solely of hydrogen ions and electrons.
The simulations have been carried out for the flux tube illustrated in figure 3 at the position r/a = 0.5
(and the corresponding equivalents at the other radial locations considered) extended over a full poloidal
turn. The turbulence scales cover a range from a radial wavenumber of k, p;=0.05 up to k,p;=2, and a
range in the binormal direction wavenumber from k,,0;=0.05 up to k, p;=3.0, with p; the thermal

Larmor radius of the main ions.

Figures 4(a)—(c) show the normalized ion heat flux, @;, electron heat flux, Q., and particle flux, [, as
functions of the density gradient, a/Ly,, and the temperature gradients, a/Ly,, obtained from the
simulations at r/a = 0.5. To guide the discussion, the pairs of gradients, (a/L,,a/Lr,) or
(a/Ly,, a/Lz,), from the fits to the experimental data, shown in figure 2, are superimposed on these
maps as lines. Looking at figures 4(a) and 4(b), and in particular at the color 'scale, one would expect a
reduction of ion and electron heat losses with decreasing density gradient rather than with its increase.
On the other hand, considering the location of the gradients of the two sets of profiles, it is' consistent
with the experimental situation that profiles of the non-pellet case steps on regions of higher fluxes,
especially in the case of (.. Regarding particle transport, a stronger presence of the profile of the no-
pellet case is observed in the turbulent pinch region up to r/a &~ 0.5, which is in apparent contradiction
with the fact that this case exhibits a flatter profile. However, as the radial coordinate increases, the
represented points penetrate more rapidly into the strong outward particle transport region, which is
consistent with the formation of a steeper gradient at edge positions, as is observed when comparing
the profiles of the two discharges in figures 1(a) and‘1(d). Nevertheless, this qualitative picture neglects
the fact that the ion and electron temperature-density gradients are not coupled in the discharges, nor
are their respective gradients, see figures 1(c) and 1(f), and assumes that the color map is the same
independently on the position.
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Figure 5: In the top row, as a function of the normalized minor radius, the neoclassical electric field (a), and
the neoclassical and turbulent ion (b) and electron (c) fluxs re shown for the discharge without pellets (#55511).
In the bottom row, the same quantities are shown for the discharge with a single pellet injection (#55313).

Therefore, turning to a quantitative description, preliminary stella simulations using the fitted profiles
are shown in figure 5, adding neoclassical calculations performed with SFINCS. A somewhat larger
radial electric field is observed for the pellet case than for the non-pellet case up to r/a = 0.6, beyond
which the trend is reversed. Regarding the heat fluxes, the turbulent components—both ion and
electron—clearly exceed the neoclassical ones from intermediate radial positions outward, consistent
with transport analyses presented for TJ-II and compared with neoclassical calculations in [Dinklage-
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2013]. Moreover, while the pellet case exhibits a reduction of the peak turbulent heat fluxes the heat
flux profiles are broader than the non-pellet case. Nevertheless, the reduction of the fluxes in the inner
region is not sufficient to compensate for the larger flux observed at the outermost simulated positions
of the discharge without pellets.

When the turbulent fluxes are integrated over the simulated region, although the total value is
overestimated (if we take into acount the upper bound set by the NBI heating source estimated in section
4 with ASCOT4), the relative difference between scenarios amounts to about 20% higher in the non-
pellet discharge compared to the pellet case. This result is consistent with the fact that the energy
confinement time improves by a similar amount when pellets are injected.

Finally, the larger flux in the peripheral plasma region for the pellet scenario is also captured by global
simulations performed with EUTERPE [Kleiber-24], also in electrostatic regime and accounting for
kinetic electrons and main ions with mass ratio m,/m; = 1/200. This feature is evident in figures 6(a)
and 6(b), both for the electron heat flux and, even more prominently, for the ion‘heat flux.
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Figure 6: Ion (a) and electron (b) heat flux obtained with EUTERPE as a function of the radial
coordinate in the peripheral region for the discharges with pellet (#55313, orange) and without pellets
(#55511, blue).

Additional turbulence simulations that may provide a more complete picture are underway, taking into
account profile uncertainties and the inclusion of further effects, such as collisions or the presence of
impurities.

3. STUDY OF THE EFFECT OF THE PELLET ON THE DENSITY PROFILE

The transient changes in the density profile caused by these pellets may be responsible for the changes
in transport that result.in an improved plasma regime. In order to gain a better understanding of where
the particles are initially deposited in the plasma, the HPI2 code [Pegourie-05, Pegourie-07], in its
stellarator version [Panadero-23] is used to simulate a pellet injection under conditions similar to those
presented here. In particular, discharge #55313 of the TJ-II is considered. For this simulation, the
density and temperature measured by the Thomson scattering system in a similar discharge (#50095),
close to the time of pellet injection, were used as input, together with the experimental pellet mass and
speed (Thomson scattering measurements taken immediately prior to the injection of the pellet were
not available for discharge #55313). It should be noted that some simplifications and assumptions have
been made. Firstly, it is assumed that there is no pellet acceleration caused by suprathermal ions. This
is often not the case, as strong toroidal deflection is commonly observed in TJ-II for pellets injected
into NBI plasmas due to an imbalance in ablation. Therefore, while the nominal trajectory of this type
of pellet crosses the magnetic axis, this may not be the case in the experiment, with particles being
deposited at different radial positions. Unfortunately, a fast camera was unavailable for the cases
presented here, so it is not possible to verify whether the deflection is significant. Additionally, the
effect of fast ions in ablation is simplified by assuming a beam of mono-energetic suprathermal ions.
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This simplification is not significantly relevant for the study's purpose as it should be sufficient to
approximately reproduce pellet penetration and ablation profile, see figure 7. This figure shows ablation
light, providing an estimation of the ablation rate, collected from above the pellet, and the ablation
calculated by HPI2, both with and without the consideration of fast ions in the ablation process. It can
be observed that the predicted ablation resembles the H, from the ablation light fairly well, except for
the peak between 0.11 m and 0.16 m from the plasma edge. Pellet penetration is estimated to be
approximately 0.2 m, similar to the experimental penetration.
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Figure 7. HPI2 simulated ablation profiles with (solid blue) and without (dashed black) fast ions are compared
with the measured Ha light (dash-dotted red) fora pellet injected nominally through the magnetic axis into the
NBI2 phase of discharge #55313 with 2.3x10'° H atoms and velocity = 885 m/s.

In this case, the HPI2 code predicts that the pellet will create a peaked density profile, as can be seen in
figure 8. There is a significant increase in core density since the pellet has penetrated deep enough to
cross the magnetic axis. Additionally, ablation occurs for a significant fraction of the pellet lifetime in
regions of the plasma that are beneficial in terms of fuelling. Furthermore, HPI2 predicts significant
changes in the density gradients.
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Figure 8. Plasma density before (dashed-dotted red, fitted from Thomson Scattering data from a similar discharge
- #50095) and immediately after (solid blue, calculated by HPI2) a pellet injection in #55313 (2.3x1019 H atoms
with a velocity of 885 m/s). It should be note that the simulated density shown here corresponds to the time just
after a pellet is injected at 1160 ms, which is 35 ms before the time at which the profiles are measured and other
simulations and analyses are performed.



TAEA-CN-316/INDICO 2902 (PREPRINT)

4.STUDY OF THE NBI POWER SOURCE

The plasma in shots #55313 and #55511 is heated solely by hydrogen neutral beam injection, using the
counter beam (NBI2). Both shots have very similar heating power and beam energy. We simulate the
NBI injection in TJ-II with the ASCOTS orbit following code [Mulas-22]. Table 1 shows the NBI
injection parameters, as well as the available and total absorbed power for both shots.

The power deposition profiles, both for electrons and ions, are represented in figure 9. Between 70 and
75 % of the power is transferred to the electrons in these low temperature plasmas. The critical energy
is around 4-5 keV, much lower than the beam characteristic energies.
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Figure 9: NBI power deposition profiles for the discharges without pellet injection (left) and for the discharge
with pellet injection (right).

We have used Zq¢r = 1 and have not taken into account charge exchange losses. Both effects combined
would reduce the heating efficiency.and modify the proportion of power transferred to electrons and
ions.

Shot# P, [KW] Energy [keV] P [%] Py [%] Paps [kW]
55511 470 31.5 11.3 88.7 346
55313 450 30.2 15.9 84.1 309

Table 1: Beam maximum energy and port-through (P;;,), shine-through (Ps;), available (P,,) and total
absorbed power (Pyps)-

5. POWER BALANCE ANALYSIS

Once the NBI deposition has been evaluated, it is possible to evaluate the experimental energy transport
for the two scenarios by means of power balance analysis. This technique has been widely used in the
literature to study both transport in general and high performance scenarios in particular both in W7-X
[Bozhenkov-20, Carralero-22, Wappl-25] and other stellarators [Stroth PPCF 98, Dinklage-13], but so
far had never been used to provide quantitative estimations of transport in TJ-II. Power balance assumes
a stationary state and integrates sinks and sources over each flux surface to evaluate the flux surface-
averaged total heat flux for electrons/ions, Q¢o¢,e/i > by fulfilling energy continuity. For each species a,
total heat flux can be described as the combination of a neoclassical and a turbulent component, Q¢yt o =
OQnca + Qturp,a- Since Q¢ o has been numerically calculated with SFINCS (as shown in figure 5), the

turbulent component can be readily obtained from Qo ¢
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In the case at hand, the two scenarios seem reasonably stationary, at least from the perspective of the
total energy stored in the plasma (see figure 1). Therefore, density and temperature profiles are taken at
t=1186 for #55511 (no pellet) and t = 1182 for #55313 (one pellet). While accounting for the temporal
variation of the profiles could add more precision to the calculation, this is not possible as both of the
involved diagnostics (TS for electron density and temperature; CXRS for ion temperature) are
effectively only capable of one measurement per discharge. As well, impurity confinement variations
between the two scenarios have not been considered, taking a Z.; = 1.5 value, based on spectroscopy
measurements of a range of similar discharges. The only energy source in the plasma is the one created
by the NBI injection, whose deposition profiles are taken from the ASCOTS5 simulations described in
the previous section. Regarding the sinks, line radiation and CX interactions with the neutrals crossing
the LCFS remove energy respectively from electrons and ions in the edge. This is due to the lack of
reliable measurements of the neutral density profile and the bolometry tomographic system being
unavailable due to technical reasons. The first hypothesis underestimates energy losses in the ion
channel, mostly in the edge region, while the second underestimates moderate losses in the electron
channel over the whole radius. Nevertheless, since both discharges have similar density and electron
temperature profiles, for a qualitative comparison between the two scenarios, it seems safe to assume
that the contributions of these phenomena are roughly equal in both cases and can thus be ignored. In
any case, the discussion will be limited to the central region (p.< 0.85), where the results can be
considered more reliable. Finally, collisional coupling between species must be considered as a
heat/sink term P,; o< n2T ~3/2(T, — T;). In the discussed scenarios this term transfers.energy from the
electrons to the ions, as T, > T; due to the higher NBI deposition in the electrons. Unfortunately, this
term is highly sensitive to small variations on the density and, crucially, to the temperature difference
between species and thus severely affected by profile uncertainty. When evaluating Q¢ . within the
profile errorbars, it is observed that there are regions of the plasma for which unphysical results
(Qturp,e < 0 appear within the confidence bounds. This is a common problem of this kind of analysis
(see eg., the discussion in [Ford-24]), so given the indirect method to establish the absolute value of
density after the pellet injection, the common solution of considering the total transport of both species
(thus canceling out P,;) has been adopted.

The results of the analysis are displayed in figure 10: as can be seen, turbulent transport is reduced in
the scenario with pellet injection forp > 0.55, with the strongest effect being observed around p ~
0.75. A similar evolution ¢an be seen when the heat transport coefficient y, ~ (2/3)Qq/(ncVT,) is
normalized by the gyroBohm value, thus indicating that the reduction in transport is associated to a
change in the transport mechanism in this region and not to a trivial consequence of the changes in
thermodynamic gradients. It is. noteworthy that the average change in transport in 0.75 > p > 0.65
region is around 30%, which matches the scale of the confinement improvement with respect to the
ISS04 scaling reported for the 1 pellet case in [McCarthy-24]. While qualitative, this result is in very
good agreement with the outcome of the gyrokinetic simulations discussed in section 2, for which a
similar drop between scenarios can be observed, also around p ~ 0.75.
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Figure 10. Experimental measurements of transport. In plot (a), radial profiles of the turbulent energy transport
obtained by power balance analysis are shown for shots #55511 (no pellet) and #55313 (1 pellet) in red and blue.
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Neoclassical values from SFINCS simulations are shown in dashed lines. In plot (b) thermal transport coefficients
normalized to the gyroBohm values are shown for the same two cases.

6. SUMMARY

In the present work, we have provided a first comprehensive analysis—both through first-principles
numerical simulations and experimental analysis—of the transport properties in pellet-induced
enhanced confinement scenarios in TJ-II, taking as a starting point one discharge without and one with
pellet injection. The most significant findings concern the effect of the pellet on the density profile, the
differences in power deposition, and the predicted fluxes. Particularly significant is the evidence that
the changes in transport observed by power balance are driven by modifications in the turbulent channel
in the outer plasma region, as captured by gyrokinetic simulations and transport analyses.
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