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Abstract. The experimental evolution of low-density (~10" m™) NBI plasmas of the TJ-II
Heliac-type stellarator in response to short gas-puff pulses is simulated with a transport model
that includes elements for transport barrier formation, neoclassical radial electric field and the
evolution of three carbon charge-states. Two typical phenomena following a gas pulse are
described: the formation of pivot points in the emissivity profiles as a consequence of transport
barrier formation processes, and the smooth confinement change due to changes in the
neoclassical transport caused by the forced modification of plasma profiles.

1. Introduction

As it is well known, plasma composition is one critical issue that must be controlled to drive
plasmas to good confinement conditions. The nature of incoming impurities and their amount
are restricted and limited, depending on the temperature attainable in each device. Avoiding
high- to medium-Z impurities has been the general trend to eliminate such efficient energy sinks
that can impede the access to the H-mode confinement regime or lead plasmas of medium-size
machines to collapse.

In the TJ-II stellarator, full lithium wall-coating has enabled density control and distinguishing
the passage to improved confinement regimes, say H-mode, from a well established L-mode
base plasma. In previous works [1, 2], we have reported on experiments to control the shape of
the electron density profile in neutral beam injection (NBI) heated plasmas using different base-
gas puffing schemes and/or injecting short pulses of low-Z impurity species. Series of
reproducible discharges were produced to study the progressive change in confinement
conditions as gas pulse lengths were increased. A common observation in low-NBI input power
discharges is that right after the gas injection, the volume averaged electron temperature
decreased, the central soft x-ray emissions notably fell and radiation from plasma periphery
sharply increased. This response was qualitatively interpreted in terms of enhanced peripheral
charge-exchange processes with impurities (mainly carbon) that may diminish the coupling of
fast neutrals with the plasma core. Now, a transport model based on balance equations for the
densities of electrons and electron and ion kinetic energies is used to check the interpretation
from a quantitative perspective. The transport simulations are only intended to reproduce
acceptably the experimental plasmas with as much physics-based modelling as presently
possible, but two ingredients are fundamental in order to discuss the experiments: the self-
consistent neoclassical radial electric field and a mechanism for transport barrier
formation/destruction. Even though the details of atomic physics are still not addressed, it is
found that the changes in transport properties are an important piece to explain the effect of gas
pulses on plasma evolution.

The remainder of the paper is organized as follows. Section 2 describes the plasma response to
the puffing of a gas pulse: the transient passage of the density and radiation emissivity profiles
through dome-type shape [3], often found when a transport barrier develops (2.1). The
numerical results are presented in Section 3 starting with a description of the transport model



with which the phenomena are described (3.1); then the reference and the close to critical cases
of sub-section 2.1 are simulated respectively in 3.2 and 3.3; and the smooth establishment,
during several confinement times at least, of a different confinement regime without detected
transport barriers is presented in 3.4. The discussion and brief conclusions are exposed in
Section 4.

2. Experimental data

The experiments have been performed in the TJ-II stellarator [4], a 4-period Heliac-type
device with 1.5 m and ~ 0.2 m of major and minor radii, using a magnetic configuration with
confining volume of about 1 m® and vacuum rotational transform 1.55 < 1(p) < 1.65, being p the
normalized radial coordinate (proportional to the square root of the enclosed plasma volume).
The discharges here described start with low-density (< 10'° m™) electron-cyclotron resonance
heating (ECRH) plasmas that are used as target for NBI. Since the density is an effective knob
for the establishment of near-edge transport barriers causing edge cooling that easily drive the
plasma to radiative collapse [5], the target plasmas for the gas-pulse experiments have been
operated with lithium-coated wall to allow for the creation of peaked, low to moderate density
plasmas (line average < 210" m™) close to steady state. Such density profiles are typical of the
TJ-II L-mode of confinement under NBI heating. In these conditions, the gas flow during the
pulses is controlled through the voltage pre-programmed in the gas valves. If the pulses are too
weak, the perturbation of the density fades away in a time comparable with the expected
confinement time. For strong pulses, the plasmas can undergo a transition to H-mode that
normally ends rapidly after excessive radiative cooling. For intermediate pulses, as those
described below, two kinds of significant response have been found: either the plasma is forced
to transiently abandon the peaked (bell) shape to become wider (dome), or the plasma smoothly
changes transport properties without showing traces of bifurcation in confinement mode.

As our Thomson scattering (TS) system is single-pulse [6], to monitor the detailed time
evolution of plasma profiles we usually produce a high number of repetitive discharges and fire
the laser pulse at different time instants. However, as it was shown in a previous work [7] using
a wide database of Thomson scattering profiles from discharges produced in many magnetic
configurations, the peaking factor of the total radiation profile follows the electron density
profile tendency. Therefore, we have used the total emissivity profiles, reconstructed by
tomographic inversion [8] of the line integral radiation signals obtained with the TJ-II
bolometry system [9], both to illustrate the behaviour of the radiation itself and to help in the
simulations when no TS profiles are available.

2.1 Transient dome-shaped profiles

In series of reproducible discharges, started with ECRH heating (500 kW, 2™ harmonic X-
mode) and afterwards heated and fuelled with a co-injected neutral beam (430 kW port-
through), H, pulses of different lengths were injected to modify plasma profiles (particle fluxes
7-10% e/s < O, < 35-10%" e/s). Injections in the path of the beam and far from it were performed
to check for different behaviours in radiation signals. Apart from the Ho monitors, no toroidal
variations were found. In Figure 1 we have plotted the complete time traces of average electron
density, energy content (as measured with one diamagnetic loop), intensity of the 227 nm Cy
line and total radiated power from some perturbed and reference discharges belonging to three
series of shots heated with co-NBI only. There, it can be seen that for all levels of working
electron density (ranging from about 1x10" m™ to 2x10" m™) and independently of the pulse
injection time (or toroidal location), it was possible to obtain discharges that rapidly reach a
rather stable level of higher density. The bottom boxes show the magnetic fluctuations power
spectra of the three reference discharges. It is apparent that the patterns of coherent fluctuations
are almost identical and characteristic of L-mode discharges produced in this magnetic



configuration under freshly Li-coated vacuum chamber wall. In detailed studies performed in
plasmas of this kind we found that the confinement state is well related to the behaviour of low
frequency coherent modes associated with the rotation of near-edge magnetic islands. In brief
(see [10, 11]), a coherent low frequency (~20-30 kHz in these cases) mode is associated with L-
mode plasmas, a threshold state between L- and H-mode is characterized by unstable chirping-
down mode at higher frequencies (~ 60-90 kHz), and the low frequency coherent rotation mode
is recovered, although much dimmed if at all detected, during the H-mode (see also in [12] a
statistical study of the relationship between confinement transitions and MHD activity in
plasmas with similar magnetic configurations).

As we have mentioned above, intermediate intensity injections may provide a tool to modify,
in a controlled manner, not only plasma profiles, but the confinement state. We will focus on the
series with the highest base density, consisting of nine shots, from which three discharges,
namely #24001, the reference case, and #24006 and #24009, the perturbed cases, will be
presented here more in detail and simulated with the transport model in next section.
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Figure 1. Time evolution of the line averaged density, global energy content (as measured with
diamagnetic loops), intensity of the 227 nm Cy line collected far from the pulse injection ports, and total
radiated power of seven TJ-II discharges (heated with 500 kW of ECRH until 1080 ms and with 450 kW
(co-injected NBI), representative of three studied series. Reference (non-perturbed) discharges of each
series, with different initial density in the pre-pulse phase, are represented by the continuous light blue
line, perturbed discharges are represented by continuous lines with markers, either red crossed squares or
black open circles. Hydrogen is puffed in the perturbed shots through two different ports and the entrance
of the gas it is detected by in-situ Ho monitors either at = 1120 ms or # = 1123 ms (see vertical bars).

As it can be appreciated in the right column of figure 1, the shown global parameters of the
three discharges evolve almost identically with time before the H, pulses injection. Then, past
some milliseconds after their respective perturbations, these parameters seem to indicate that the
behaviour of shots #24006 and #24009 comes again to be the same. Nevertheless, there are
some monitors that indicate that the evolutions of these two shots have been markedly different
during a short time interval.

To illustrate this difference, figure 2 shows the comparison of a more detailed view of the NBI
phase (starting 10 ms after ECRH has been turned off) of shots #24001, #24006 and #24009.
Now we show in the first row the evolution of the electron density together with the Ha signal



from a monitor well apart from any of the injection points; in the second row, the magnetic
fluctuations power spectra; in the third, the integrated (1-500 kHz) intensity of magnetic
fluctuations together with the ratio n/Ha; and in the fourth, the time evolution (with a time
resolution of 20 ps) of the reconstructed local emissivity in the region 0.7 < p < 1. As in figure
1, the small vertical bars mark the times at which the pulses begin to effectively affect the
plasma, i. e., the electron density starts increasing and the Ha signal drops. Although apparently
the figures shown in the central and right columns are rather similar, a clear difference is
observed, for instance, in the traces of Ho emissions: while in shot #24009 the highly
fluctuating signal behaviour is transiently reduced, in shot #24006 it remains almost steadily at
its lowest values for about 10 ms. The same applies to the power spectra, where all magnetic
fluctuations, the broad band and the coherent m=5 rotation modes, are transiently reduced in
shot #24009 and almost fully suppressed in shot #24006. It is remarkable that, except during the
periods of relevant Alfvénic activity (like the one clearly detected in the spectrum of shot
#24001 from 1130 to 1150 ms), the total intensity of magnetic turbulence mirrors the ratio
n/Ha. Taking this ratio as a proxy of the particle confinement time, it could be said that, in fact
[12], the clear (inverse) correlation between plasma outflows and rotation modes indicates that
low frequency magnetic fluctuations are strongly linked to transport.
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Figure 2. First row: Evolution of the electron density (continuous line with open circles), Ho signal
detected far from the injection ports (dark continuous line) and input power from discharges #24001 (left
column), #24006 (central column) and #24009 (right column); second row: Power spectrum of magnetic
fluctuations detected with a Mirnov coil. Shot #24006 goes transiently through a clean H-mode phase,
from 1132 to 1140 ms; third row: Integrated (1-500 kHz) magnetic fluctuations (light curves) and ratio
ne/Ho (dark curves with symbols); fourth row: Time evolution of the local emissivity close to the plasma
periphery, from 0.69 < p< 1.



With respect to the behaviour of plasma emissivity in the plasma periphery, it can be seen that
the evolution of radiation in shots #24006 and #24009 is also analogous to that of the reference
discharge (#24001) during the building of plasma profiles in the NBI heating phase (see in
figure 5, section 3.2, the detailed simulation of electron density and temperature profiles from
the early ECRH phase, in 1040 ms, until 1134 ms) until their respective injection times.
However, although the voltage in the gas valves was the same, the effect of the H, pulse is
different in the two perturbed discharges: while in shot #24006 a bifurcation in the temporal
evolution of emissivities from neighbour radial locations with respect to an “inversion radius”
(namely p=~ 0.83) —typical signature of a local transport barrier [10]- is observed, in shot
#24009 only a brief attempt of bifurcation takes place. Then, about 20 ms after the injections,
peripheral radiation seems to converge to similar values in both discharges.

In the upper row of figure 3 we have plotted, from left to right: the profiles of electron density
and temperature and the local emissivity, at the TS firing time instants, from the three studied
discharges. There it can be seen the clear differences (bell-dome-bell) of electron density
profiles shape and a less pronounced, but still apparent, change in the shape of electron
temperature (but opposite trend: wide-narrow-wide) and emissivity profiles. Nevertheless, our
interest is to compare the time evolution of the complete radial profiles of emissivity to look for
possible differences between shots #24006 and 24009 as a consequence of the short
establishment of the small edge barrier in shot #24006.
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Figure 3. Upper row: experimental profiles of electron density, electron temperature and emissivity at the
TS firing time instants for discharges #24001 (bell), #24006 (dome) and #24009 (bell). The raw data of
electron density of shot #24006 are represented with small black crosses; lower row: emissivity profiles
of the three shots at the indicated times in ms.

In the lower row of figure 3 we have drawn the radial profiles of emissivity at several selected
time instants for each discharge. The plot in the left contains seven profiles, which show the
evolution of radiation profiles in the reference discharge #24001. As it is visible, the radiation at
the periphery stays almost constant in time (see the time evolution of peripheral emissivity in
figure 2), from the starting profile, at 1120 ms, until the last represented profile at 1160 ms,
while core radiation is slowly but continuously increasing. This is the typical behaviour of
freshly Li-coated L-mode plasmas in TJ-II. Central and right boxes contain equivalent profiles
of shots #24006 and #24009. Together with the unperturbed (common and identical) profiles at
1120 ms (thick purple line with crosses), we are showing the profiles which better evidence how
deep is the perturbation that the pulse injection produces in each discharge and its duration. The
red line with open squares represents the last unperturbed profiles, at 1125 ms and 1122 ms,



respectively. The pulse injection provokes a slow and progressive profile change, that clearly
departs from the time evolution seen in the reference discharge. The thick light blue curve with
open triangles, at 1146 and 1136 ms, respectively, marks the maximum dome-like shape
profiles attainable. After that time, again peripheral radiation stays almost constant and core
radiation (approximately in 0 < p < 0.6) continuously increases until the end of the discharges
(see profiles at 1150, 1155, 1160 and 1165 ms in central panel and their equivalent at 1145,
1150, 1155 and 1160 ms in the right panel). It is worth noticing that discharge #24006, the one
with the brief edge barrier, needs more time to recover the tendency of increasing central
radiation than shot #24009 does, because the profile flattening period lasted 7 ms more (from
1125 to 1146 ms versus 1125 to 1136 ms).

3. Transport simulations
3.1. Transport model

The transport model consists of conservation equations for the electron density, n,, and the
electron and main ion (hydrogen) energy densities, respectively n,T, and n;T;. The ion density
is related to n, by way of an effective charge, Zei(p) = 1 + (Zegrp — 1) (e (0) /Ne0) /%, wWhere
Zqsro and n,q are values at the magnetic axis characterized by p = 0 in the normalized radial
coordinate (proportional to the square root of the enclosed plasma volume). This formula for
Z . only intends to make a smooth relation between the effective charge and the plasma density.
We have set Z ;0 = 1.3, a typical value for the kind of discharges used in this experiment. Then
the ion density is defined as n;(p) = n.(p)(Z; — Z.(p) + 1)/Z; where Z; = 6 is the atomic
number of the main impurity. In spite of this simplification in the ion density, we have
considered the evolution equations for the densities of three charge states of carbon, ncy, ncs3
and n¢g4. The sub-indexes refer to the charge state, so the respective species in spectroscopy
notation are Cyy, Cry and Cy. Therefore, and using a sub-index j for plasma species, we have the
following set of transport equations:
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where the fluxes are:

(6) TI'j =—(Dnc;j + Dw,j€)Vn; = —D,Vn;
5
(M a4 = —n(xnc + X, &)VT +5 LT

with transport coefficients to be defined later. I; represents the flux-surface average component
of the corresponding vector I'; perpendicular to the assumed flux surfaces. The sources and
sinks in equations 1 and 2 are: the electrons from recycling and gas puffing, Sye. and Sgp,, and
from the neutral-beam injectors, Syp; the electron-ion Coulomb heat exchange P,;, the NBI
power density to the electrons or ions, Pyp,j; the power density from the electric work on the
radial fluxes, P = —el,E,; and the power density due to radiation and charge exchange, P.,q
and Pcy:

@) 5 =St Sgp + Snmi
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(10)  P; = Pgi + Pygyi — Pex — P

The terms Sy, and S, are calculated using an adaptation of the EIRENE code to the geometry
of the TJ-II (see the documentation in [13]). The NBI sources use, as input, the 3-D distribution
of neutrals after each EIRENE calculation for the given plasma profiles and confinement time.
The Monte Carlo code FAFNER [14] is used to estimate Sygr and Pxgi;. All these sources are
updated during the evolution with a period smaller than typical confinement times [15].

The model does not intend to describe radiation losses P4 in Eq. (9), which are instead taken
from experimental data as smooth profiles reconstructed every 1 ms. However, equations 3-5
provide a numerical diagnostic to give an approximate behaviour of the near-edge radiation that
will be used to check the detailed perturbation to the emissivities when the transport barrier
dynamics is simulated. The source and sink terms in equations 3-5 have been simplified to
include only the 1-electron recombination and ionization rates, respectively R¢; and I¢;, taken
from [16, 17] and dependent on the electron temperature. The choice of these species responds
to two facts. First, carbon is a main impurity in TJ-II plasmas; second, at temperatures in the
range of those typically found near the plasma edge of TJ-II NBI plasmas, there is a notable
jump in recombination rates between species Cry and Cy. Therefore, we represent the impurities
near the edge region via these carbon species using the set of equations 3-5, instead of a (not
appropriate here) coronal equilibrium. The line-radiation losses of these carbon species are then
described using cooling rates C¢; from [18]:

(11)  P%q = ne (Cegny + Ceafiey + Ceanes + Cealies).

The boundary conditions (p =1, indicated with sub-index a) are ncq, = 0 in equation 5 and nc3,
=10 ne, in equation 4. For equation 3 we fix an inwards flux at the last closed flux surface. In
this way, the rate of incoming Cy; redistributes the carbon species through the system of
equations 3-5 according to the evolution of plasma profiles. All diffusivities here are taken
equal to D, (Eq. 6).

Transport fluxes in equations 1 and 2 have a neoclassical and a turbulent component, both
expressed only as corresponding diffusivities (equations 6 and 7). For the neoclassical part, we

have chosen formulations provided in [19, 20] to obtain D ; and y, ; from the ambipolar radial

electric field E, as explained below. In both cases, the effective ripple can be used to obtain
radial electric field profiles similar to the experimental ones. The resulting transport coefficients
(only diagonal elements of the transport matrix are used here) are then adjusted through a fixed
proportionality factor. Provided this, both descriptions of the neoclassical transport yield
comparable results. The convenience of these semi-analytical methods is based on their ability
to approach the electric potentials of TJ-II plasmas, both experimental and calculated with drift
kinetic solvers, given experimental density and temperature profiles [21]. The anomalous
contribution to transport is based on a resistive ballooning formulation [22] from which the
linear growth yrp and saturation levels of turbulence can be obtained based on plasma
parameters. This can be used on a fast equation for the evolution of such turbulence levels, €:

(12) 0= (VRB —a;&— a2|w5|)£ —-V-r,.

The functions in equation (12) are a linear growth-rate and a saturation coefficient,
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where 1 is the resistivity, § is the typical ratio between diamagnetic and magnetic energy, T, is
the Alfvén time and € is the inverse aspect ratio (see all the details in [23,24]); and a shearing
rate wg that is kept as a mechanism to provoke transport barriers [25]. In brief, by inspection of
equation 12 with negligible diffusion and shearing wg, one can see that yrg provides an initially
exponential growth and a saturation level ~ yrg/@;. The presence of some ExB flow shearing
will cause a decrement of &, eventually making it drop to zero when the condition a,|wg| =

Ygrp 18 approached—another stable solution in the absence of diffusion. With this transition

model we find that the discharges in figure 1 are close to critical using @, = 1. Since we do not
need a verification of the turbulence model but just a mechanism for transport barrier dynamics,
we take a, as a parameter to activate or not such dynamics. Indeed, equation 12 is the basis for
different bifurcation models (of which [23-25] are examples) depending on the formulae for
growth rate and saturation terms (13 and 14) and transport equations affected; but always the
diffusive flux I} in equation 12 is comparatively small because the main dynamics must come
from the competition between growth and suppression rates. Using a cylindrical coordinate r,
we have wg = 0,.E, + (§ — 1)E,/r, where § is the magnetic shear. Note that we are considering
ExB advection as the main agent capable of suppressing turbulence via flow shearing [26].

The transport coefficients that we use for the anomalous part are proportional to & through
coefficients D¢ ; and xyp, j in equations 6 and 7. These, together with the neoclassical transport
coefficients, close the system of transport equations. All the transport calculations have been
done using the Astra package [27] conveniently expanded with peripheral codes to provide
sources or other terms that require intensive calculations [28]. All the features of the transition
model [19] are preserved after porting to Astra, as checked in [29] for a tokamak case, but the
main difference now is that we use the transition model for a stellarator and the mechanism that
modifies the radial electric field, and hence wy, is only the neoclassical electric field obtained by
taking to steady state the equation

(15) 0.E, = i(re -I)

at frequent updates during the transport calculations. € is the perpendicular dielectric constant.
Since we consider the anomalous fluxes as intrinsically ambipolar, the right-hand-side in Eq. 15
contains only the neoclassical radial fluxes.

3.2. Reference case

We have performed several simulations based on data from the series of discharges described
above, where good repeatability allowed for a better characterization of density and temperature
profiles from Thomson Scattering data. Fixed multipliers in the transport coefficients are set to
mimic the plasma behaviour of the reference case (#24001, no gas pulse), and then the same
model is used with pulses (see next subsection).

In figure 4 we plot the simulated evolution of the volume averaged density and central
electron temperature for parameters taken from TJ-1I discharge #24001 (see experimental traces
in Figure 1) together with the electron and energy confinement times as obtained with the two
different formulations of the neoclassical transport, Kovrizhnykh’s [19] in figure 4a and
Beidler’s [20] in figure 4b. Despite the simplified formulations, especially concerning the
magnetic geometry of the device, these semi-analytical models are appropriate for transport
modelling after adjusting the effective ripple [21]. The full symbols indicate volume averaged
density (squares) and central electron temperature (circles) from TS at different times of similar
discharges. Both in experiments and simulations, the ECRH power stops at = 1080 ms causing
a sudden drop of the electron temperature and a large increment in neutrals and, consequently,
an increased particle source. Later on, from approximately ¢ = 1090 ms to ¢ = 1120 ms, the



density and temperature profiles readjust until reaching a new steady state with higher
confinement times according to the calculations, but in agreement with values presented
elsewhere [3, 30]. These figures illustrate the margin of differences allowed in the calculations
and, most importantly, the qualitatively similar response in terms of confinement times. This is
important because, we must recall, once the transport model is chosen the evolution is done self-
consistently from the early ECRH phase (r = 1050 ms in figure 4) considering the feedback
between particle confinement times, wall recycling and NBI power and particle deposition.
Despite the similar behaviour, we have adopted Beidler’s description of the neoclassical
transport coefficients to study the effect of gas pulses on the transport model. In this case, the

effective ripple that enters the formulation is exponential in radius, as in [31], loge.;s = —1.7 +
0.5p.
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Figure 4. Calculated time traces (lines and open symbols) of the volume averaged density (squares),
central electron temperature (circles), and particle and energy confinement times (triangles).
Experimental density and temperature from repetition discharges are represented with respective full
symbols. The two runs correspond to Kovrizhnykh (a) and Beidler (b) formulations of the neoclassical
fluxes and corresponding ambipolar electric fields.
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Figure 5. (a) Experimental profiles of electron density —symbols— taken from discharges similar to TJ-II
#24001 (black squares represent profiles of shot #24001 shown in figure 3) at the times indicated, and
simulated evolution with the transport model —thick lines— in corresponding colours. Light lines
correspond to intermediate profiles during the evolution. (b) The same for electron temperature.



It is important that the transport model describes also the evolution of the density and
temperature profiles, not just integral values. Figure 5a presents, with symbols, TS data from
repetitions of discharges that give experimental information about how the profiles evolve from
the ECRH to the NBI phase. The lines correspond to the transport calculation using gas puffing
data and NBI parameters taken from the experiments. The times that coincide with the
experimental data are highlighted with corresponding colours and indicated in the legend.
Figure 5b is the same for the electron temperature profiles. For both profiles, figure 5 indicates
that the transport model gives enough description of their evolution. Therefore we adopt it to
study the effect of gas pulses.

3.3. Effect of a gas pulse in close-to-critical plasma

Before discussing the effect of a gas pulse when a bell-to-dome profile change is detected, it is
in order studying how the model responds to moderate gas pulses if transport barrier dynamics
are not allowed. Such cases are found experimentally [2] and we know that there is a threshold,
related with the plasma density at the trigger of the gas pulse or the intensity of the pulse, that
separates plasmas that show transport barrier dynamics from those which do not. Since the
details of such threshold are unknown and we do not pretend completeness of the anomalous
transport model given by Eq. 12, we study the response without transport barrier formation by
just setting a small enough @, in Eq. 12. In Figure 6 we see the evolution of several profiles in
response to the gas pulse (1123 ms < t,y < 1128 ms) corresponding to the simulation of
discharge #24009. In agreement with the experiments, the edge electron density barely increases
despite the increased source; but the electron temperature decreases noticeably.
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Figure 6. Simulated time evolution of profiles in response to a hydrogen pulse. From left to right and top
to bottom: electron density, net electron source, NBI power density to electrons, power density of line
radiation from carbon species, electron temperature, net electron heat source, RB turbulence growth rate
(Ec. 13 normalized to the poloidal Alfvén time) and ExB shearing rate. Values in brackets of the power
densities terms boxes are the volume integrated powers at the indicated times.

In the calculations, the decrement of the electron temperature is due to the balance of source
and transport terms. In particular, the increased resistivity near the edge causes a larger growth
of the RB transport (see Eq. 13); which, in addition to the smaller core temperature due to the
larger core density, makes the electron temperature drop despite the also increased power
density to the electrons. Other profiles that practically do not change during the sequence in
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figure 6 (not shown) are the ion temperature (average values around 70 eV) and the net NBI
particle source. Additionally, we see that the shearing rate based on the neoclassical E,
increases due to the effect that the gas pulse has on plasma profiles. The specific values of
yrp are important in their comparison with the ExB shearing rate. In the transition model based
on equation 12, the transport barrier dynamics start at @, ws/yYrg ~ 1/3 [34], larger than in the
present case. Finally, we also show the profiles of the radiated power density that corresponds
to the evolving carbon charge states, PrC;d, and the integral values at two selected times (before
the pulse and when the line radiation is highest for the profiles shown). In terms of global
radiated power their emission accounts only for less than 20% (about 1.8 kW) of the total
increment (close to 10 kW, see figure 1). However, in the peripheral region (0.8 < r < 0.9) the
increment in emissivity due to the gas pulse, both for the calculation (PTC;d) and the
experimental data (emissivity profiles in figure 3), is about 6 mW/cm3. This indicates that the
three carbon species chosen for the radiation diagnostic are reasonably representative of the
near-edge radiation.

Figure 6 illustrates a feature of the transport model: it is resilient to dome-type density
profiles unless some mechanism provokes a local —in minor radius— and fast —much smaller
time than a typical confinement time— decrement in the radial transport fluxes. Such local and
fast reductions come from the shearing term in equation 12; but if it is unimportant or
eliminated from the evolution (setting o, = 0), the simulated plasma evolution after applying
external gas pulses is always such that the density profiles grow keeping the bell-shape typically
found during L-mode discharges, like in Figure 2. This has been checked in several variants of
the transport model, e.g. using different descriptions of the neoclassical transport or changing
the weights in the coefficients in equations 6 and 7, and is a consequence of the large transport
in the edge region. Therefore, if nothing suppresses the anomalous component of the particle
and heat fluxes in the model, the effect of a gas pulse behaves as in L-mode experiments [1, 2]:
in the edge region (approximately p > 0.75) there is practically no change of the density of the
electrons but their temperature decreases notably.

In order to compare with cases in which a transport barrier is transiently formed, we double
the parameter a, in equation 12 (set to one for discharge #24009) to simulate discharge #24006.
This activates the transition dynamics when the gas pulse is injected as will be shown below. In
Figure 7, the upper plots represent calculated electron source terms for three discharges: TJ-11
#24001 (reference discharge, no gas pulse), #24006 (gas pulse with transient dome profile) and
#24009 (gas pulse and evolution with almost always bell-shaped density profiles). The figures
show the profiles at the indicated times, i.e., the evolution due to the puffing in discharges
#24006 and #24009. Corresponding density profiles are drawn in the middle boxes. The
difference between the cases with gas pulse is that discharge #24006 is allowed to develop a
transient transport barrier. Note that the effect of such transient barrier consists not only of
making the density profile pass through a wider profile, but also the transiently larger
confinement time decreases considerably the recycling source: the arrows in Figure 7 show how
the source profile, after the jump due to the gas pulse (¢ = 1130 ms), drops more afterwards in
the simulation of discharge #24006 than in #24009. Therefore, and always according to
transport calculations, the decreased recycling sources are compensated by the improved
confinement. The bottom panels in Figure 7 represent summed power density from the three
carbon species used as diagnostic. Due to the local changes in density and electron temperature,
the C** species develops a peak as shown for the simulated discharge #24006 at ¢ = 1145 ms.
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Figure 7. Simulated evolution of the electron source term S, Eq. 8 (top), corresponding electron density
profiles (middle) and carbon radiation power densities (bottom), of three comparable discharges:
reference (#24001), gas puffing with transient barrier and consequent dome profiles (#24006), and
similar gas puffing —see figures 1 and 8— without transient barrier (#24009). The peak developed at ¢ =
1145 ms for the radiation density is mainly due to the change of cooling rate of the C** species.

To better illustrate the differences between the two cases with gas pulse, in Figure 8 we
compare the time traces of the simulation of discharges #24006 (transient barrier) and #24009
(no barrier). Interestingly, the similar response of the average density to a gas pulse in the
simulated discharges is due to the different evolution of the particle confinement times. In the
simulated discharge #24006, the decreased electron source is coupled to the increased particle
confinement time, but the overall effect is a sustained raise of the density that resembles that of
the simulated discharge #24009. Likewise, the energy confinement times are little sensitive to
the gas pulse itself but not to the consequent evolution. Note that the deposited heating power is
practically not sensitive to the formation of the barrier (see Pypy line for discharge #24006 in
Figure 8), but the net heat to the plasma species is quite altered. This is due to the combined
effects of the edge radiation and electric field work in Eq. (9).
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Figure 8. Time traces from the simulation of discharges #24006 and #24009. Line density and external
gas puffing (up), net electron source and confinement times for electrons and plasma energy (middle);
and power sources: net heat source terms for electrons or ions, absorbed ECR and NBI heating power and
NBI current (bottom).

One of the interests of this transport analysis is to support the interpretation of the known
evolution of the radiation emissivity profiles, which has been based on the transient
establishment of a transport barrier near magnetic resonances [32]. The reason of having built a
numerical diagnostic based on carbon emission is to see how the transport model describes
(Egs. 3-5), qualitatively but also quantitatively within order of magnitude, the near-edge
radiation during these transient processes. Figure 9 is the time evolution of the radiated power
densities coming from the indicated radial positions, from p = 0.71 to p = 0.85, according to the
simulation. The transport barrier forms initially at p = 0.76, which is manifested in the existence
of a pivot point that makes the behaviour at radii p = 0.75 and p = 0.77 diverge. The amplitude
of the change in emissivities from neighbouring channels is on the order of 0.01 W/cm’.
Although a direct comparison with bolometry measurements cannot be done because the
experimental data are affected by all atomic processes while the numerical diagnostic is based
only on three carbon species, the basic features are reasonably well described as we can see in
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Figure 2 (central box of the lower row): the emissivities, reconstructed from the real discharge
#24006, reveal also perturbations on the order of 0.01 W/cm® when the barrier forms or is
destroyed. Note that smaller perturbations can correspond to the repetitive breaking of a barrier
that can also be appreciated in Figure 9.
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Figure 9. Simulated evolution of local emissivities (p = 0.71 to p= 0.85) in response to a gas pulse
(shaded rectangle). A transport barrier develops at ¢ = 1140 ms (horizontal arrow indicates transport
barrier duration) with a pivot point around p = 0.76.

3.4. Smooth confinement change: Effect of a gas pulse without barrier dynamics

As also mentioned in [1], TJ-II discharges heated by counter-NBI rarely show barrier
dynamics like those of Figure 3 in co-NBI cases, the reason being that they generally start with
rather dome profiles and remain so until the plasma quenches due to excessive edge cooling. In
some cases, for example when there is additional heating with off-axis ECRH or when working
at low densities in configurations free from low order rational values of the rotational transform
near the edge, the edge remains hot enough and the plasma can be sustained during the whole
NBI phase, ~100 ms. In these conditions there are no indications of barrier formation and the
experiments with controlled H, gas pulses have shown a “soft” change in confinement after the
gas pulse is applied. Figure 10 provides a comparison among discharges started with ECRH and
continued with counter-NBI alone (port-through power 520 kW): discharges #21698 and
#21702 have different densities due to slightly different densities in the target ECRH plasma.
Due to the short gas pulse injection, discharge #21705 transits from the conditions of discharge
#21702 to those of #21698. Observe that the pulse lasts only 5 ms but the plasma remains in the
new, higher density state, to the end of the discharge (i.e., approximately 45 ms, significantly
larger than the ~10 ms particle confinement time). We underline that no traces related to abrupt
confinement changes are found, so the discharge can be said to undergo no transition and they
will be simulated with small a, to avoid transport barrier formation. As in the previous cases,
the sources may have changed as a consequence of the gas pulse because of changes in, e.g.,
NBI particle deposition. Otherwise, the gas pulse has promoted a change in confinement
somehow associated to the change in plasma profiles. We investigate these aspects next.

14



4 T T T T T T

il
——21698 @/Eﬂ’&\
3 —0-21702 el o]

—i4—21705

ne (x1019m'3)

g.p-

1100 1110 1120 1130 1140 1150 1160 11?0
time(ms)

Figure 10. Comparison of TJ-II discharges with counter-NBI: discharge #21698 has slightly larger

density at the beginning of the NBI phase, discharge #21702 has lower density, and discharge #21705

starts at low density but jumps to follow the higher density case aided by a short H, gas puffing

(represented with a grey rectangle). The corresponding radiated powers are also plotted.

We simulate these discharges starting from initial conditions that give quasi steady-state
evolution of the electron density. Then we apply a H, gas puffing pulse for one of the discharges
with and without evolving electric field (see Figure 11). Since there is no transition dynamics in
the experimental traces, we set a small a, = 1/3 in equation 12 to recover conditions of
negligible ExB shearing rate. In consequence, the only piece of transport that can respond to E),
is the neoclassical part.
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Figure 11. Simulated time traces of line averaged density for three discharges equivalent to the plotted in
figure 10. The continuous (blue) line is the simulation of the discharge with gas puffing pulse for the case
of keeping frozen the radial electric field from 7= 1114 ms.

The case with gas puff pulse in Figure 11 (simulated discharge #21705, red continuous line +
squares) reproduces a behaviour commonly found in L-mode NBI plasmas of the TJ-II: after the
pulsed gas puffing, the profiles take the plasma to a state of better confinement, even if just
slightly. Therefore, the modification of plasma profiles provoked by the gas pulse is an effective
way of modifying the transport properties of the plasma. If the electric field is frozen just before
the pulse (¢ = 1114 ms) for this same simulation, the plasma remains in the same confinement
conditions and shows a quite different evolution (blue line). This proves that the effectiveness of
the pulse in transport properties comes from the effect of E, in neoclassical transport
coefficients, which dominate in the plasma core according to the models used to reproduce TJ-11
discharges in agreement with previous studies [33].
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4. Discussion and conclusions

A transport model has been set so as to reproduce the time evolution of TJ-II discharges, i.e.,
ECRH phase, transition from ECRH to NBI heating phase, and establishment of bell-shaped
plasmas during the NBI-only phase. If the target NBI plasma is in a threshold state for the
formation of transport barriers, the injection of a cold gas pulse can provoke a transient passage
through dome-type (H-mode-like) profiles. In terms of the transport model, the target plasmas
are such that the suppression term o|ws| is close enough to y before the gas pulse, and the
modification of plasma profiles due to the gas pulse augments the ExB-flow shear to critical
values. The existence of a robust threshold state that shows limit cycle phenomena associated to
barrier dynamics is a feature inherent to the transition model [34].

The importance of the transport model does not rely on its peculiarities (e.g. particular
neoclassical formulation, turbulent transport model or turbulence suppression mechanism) but
on its capability to reproduce the plasmas as an initial and boundary condition problem. The
simulations can describe or explain the experiments because they incorporate the following
fundamental elements:

i- High transport near the edge with non-linear dependence on the pressure profiles;
ii- the possibility of transport barrier formation and destruction, and
iii- E,-dependent neoclassical transport coefficients.

The non-linear Vp dependence of the radial fluxes is typical of anomalous transport models,
the latter being a necessary addition to neoclassical fluxes in order to explain the results from
balance studies in non-axisymmetric devices [35]. After trying different boundary conditions
and sources (e.g. edge temperatures, NBI power within uncertainties, gas pulses of different
strength), the density profiles are found resilient to change their initial bell shape. This is not
surprising because such non-linear dependences of the fluxes on thermodynamic gradients tend
to create profile stiffness (in our case, it is easy to see that the yrg/@; dependence of the
dominant particle diffusivity near the plasma edge at negligible wg yields a dependence

D, x L;S/ 6, where Ly, is the pressure gradient scale length). More in general, any diffusivity that

grows strongly enough towards the plasma edge will prevent the establishment of dome profiles
(some illustration is given in the Appendix). Such growth is guaranteed in our case by the
resistive ballooning model, which, in consequence, is responsible for the typical bell-shaped
profiles of the simulated TJ-II L-mode plasmas.

The suppression term in Equation (12) changes drastically the L, dependence of the transport
coefficients, thus allowing for a rapid change of profile shape from bell to dome. From the
transport simulation we learn that the experimental time-traces, notably the local emissivities,
are quantitatively compatible with the true formation of a transport barrier (see figure 9), even if
it happens in a transient or rapid manner. In agreement with [21], the ambipolar radial electric
field is suited to eventually sustain a high shearing rate and therefore a H-mode plasma
according to this turbulence-suppression mechanism, although the trigger might come from
some other mechanism that promotes charge unbalance. In fact, this kind of signatures appears
strongly related with the presence of low order rational values of the rotational transform close
to the periphery [32, 36]. Note that discharges in figure 1 belong to a magnetic configuration
with the rational value 8/5 around p = 0.7.

The modification of profiles through a gas puffing pulse can alter transiently the plasma
profiles and, correspondingly, the electric field and the collisional transport. This mechanism
should be always operative. Indeed, even though we have shown the experimental traces in
Figure 10 to illustrate a case of smooth confinement change, already the comparison between
discharges #24001, #24006 and #24009 in Figure 1 proves that the short gas pulse promotes a
different confinement state: the densities do not return to the lower values of #24001 during the
rest of the discharge. With our present estimates of particle and heat source evolution, this
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cannot be explained due to changes in the sources but due to the different confinement time. In
this way, a good knowledge of collisional transport and its relation with E, should provide well
grounded ways to explain how to drive the plasmas to optimum confinement states via short gas
pulses or, more in general, plasma shaping using appropriate sources. Concerning confinement
control in stellarators, this work abounds on the importance of collisional transport and related
electric field discussed in [37].

Now, we consider the suggestions of previous studies [1, 2], namely, that the behaviour of the
profiles regarding bell and dome shapes is related with the modifications of NBI heating
efficiency in the core due to CX losses near the edge. As the authors in [1] note, spontaneous
transitions between profile shape (bell-dome) share the same signatures as those forced with gas
pulses, which agrees with the confinement change proposed with the model via transport barrier
development. Still, the importance of CX losses of the high-energy ions from the beam should
be estimated and compared with bolometry measurements. These (see Figure 12) show a clear
lowering of the core radiation simultaneous with an increment of the edge radiation. The model
agrees with this because there is indeed an increment in edge radiation from our diagnostic
carbon states and a decrement in core electron temperature at roughly constant density, i.e., the
net radiation should decrease. However, the estimate of heat sources from NBI is based on the
flux surface averaged distribution of neutrals previously calculated with EIRENE, while, in
reality, the neutrals distributions are not flux surface functions and present strong asymmetries
with respect to the magnetic configuration. Neither these asymmetries nor the plasma
composition have been considered in this study. As a final exercise, we have evaluated the
impact of having a different density of neutrals in the evaluation of NBI heat sources in the
core. Multiplying by ten the atom density with respect to the (average) neutral atom profiles
used in the calculations at the time of gas puffing, we obtain that the net power to the electrons
reduces to a 68%, while the core power density lowers from roughly 0.7 MW/m’ to 0.6 MW/m’.
This is a significant change that might explain figure 12, but it has not been modelled because
the uncertainties in the 3D neutrals distribution are large. Likewise, we have checked that the
effective charge can have a similar impact in power deposition, but we have not considered it in
the calculations of the NBI sources.
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Figure 12. Departure of the local emissivity from the reference case (discharge #21702) when a gas pulse

is applied (#21705). Data at different radii indicate increased emissivity near the edge (left ordinate) but
decreased in the core region (right ordinate).

Aside from the effective charge and local neutral densities, future works should improve two
important ingredients in the transport model to account for the modifications of E, during the
plasma evolution: the plasma edge (i.e.: the boundary values are imposed) and the radiation
(only a few species are included to act as diagnostic). Edge cooling may induce changes in the
radial electric field due to (i) intense enough cold gas entrance and recycling, (ii) reduced
thermal outflow from the hot core in presence of, e.g., transport barriers; and (iii) enhanced
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impurity radiation caused by a reduction in their ionization state. Regarding point (iii), our
results indicate that atomic physics near the barrier zone might become a significant
contribution: as seen in Figure 7, locally abrupt changes in the radiation density of a charged
impurity can take place in the density and temperatures of our plasmas for a common impurity
(carbon in this case).

In summary, a transport model has been developed to study the evolution of TJ-II plasma
profiles in response to short gas-pulses. It includes the possibility of forming transport barriers
under strong enough sheared electric drift. The passage from bell to dome profiles in the density
and radiation profiles after a gas pulse, associated to the L to H transition in TJ-II plasmas, is
explained through the rapid formation of a transport barrier due to the shear of the neoclassical
electric field. Even in the absence of transport barriers, confinement properties after gas pulses
are found to change also due to modifications of the radial electric field.

Appendix

Here we consider the Gaussian profile as representative of bell-type profile in the cylindrical
coordinate 7. Let n(r) = ngexp[—712/a?] be the transported magnitude with constant ny. By
simple substitution we can see that, given a source S(r), the Gaussian profile can be a solution
to the steady state equation

S(r)=- %ar(rDarn)

if the diffusivity is expressed as
D(r,Vp) = C(r)Ly",

where L,, = |0,Inn| and « is a real number. As expected from edge particle sources (recycling
or gas puffing) we assume an electron-source profile with integral values that grow towards the
edge,
-
S;(r) = f r'S(r)dr’
0
and therefore the function C(r) is

a2(1+a)51 (T‘)
C(r)= =—/—————

21+aT2+an(r)
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