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Abstract. Achieving a successful plasma current ramp-up in a full Tungsten tokamak
can be challenging due to the large core radiation (and resulting low core temperature)
that can be faced with this heavy metallic impurity if its relative concentration
is too high. Nitrogen injection during the plasma current ramp-up of WEST
discharges greatly improves core temperature and Magneto-Hydro-Dynamic stability.
Experimental measurements and integrated simulations with the RAPTOR code
complemented with the Qualikiz Neural Network for computing turbulent transport
allow a detailed understanding of the mechanisms at play. Increased edge radiation
during this transient phase is shown to improve confinement properties, driving higher
core temperature and better MHD stability. This also leads to increased operation
margins with respect to Tungsten contamination.

Submitted to: Plasma Physics and Controlled Fusion

1. Introduction

The injection of light impurities in tokamak plasmas appears a mandatory trade-
off between maximizing potential fusion reactions in a pure Deuterium Tritium mix,
and the preservation of plasma facing materials subject to erosion, contamination,
recrystallisation and melting. By increasing plasma radiation in the edge region, light
impurities help reducing plasma edge temperature and plasma facing material sputtering
[1]. This issue is particularly critical in metallic devices where such sputtering releases
heavy ions with a high radiation potential, leading to possible radiative collapse in the
plasma core. For Tungsten in particular, the radiation peak around 1.5 keV constitutes
a critical phase that must be passed through during the early plasma phase. As a
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consequence, present metallic devices as well as a future fusion reactor require a well
designed wall protection system including light impurity injection [2, 3].

The interest for light impurities is however not limited to high power, steady-
state, phases, and it can be also profitable to the phase after plasma breakdown when
the plasma current is ramped-up. This initial phase is indeed critical for plasma
operation in terms of Magneto-Hydro-Dynamic (MHD) stability issues related with
plasma contamination. In the early, low density plasma phase, some additionnal power
systems cannot be used, such as RF necessitating sufficient density in front of the
antennas (LHCD and ICRH), or Neutral Beam Injection (NBI) necessitating enough
density to avoid shine-through. Only ECRH is an appropriate heating scheme in such
early phases, as shown in ASDEX Upgrade [4], but it is not available in tokamaks like
JET or WEST, leaving the ohmic current and density waveforms as the only possible
actuators for mastering the power balance and MHD activity. In a series of experiments
addressing the effect of high-7Z limiters on FTU, the formation of hollow temperature
profiles and radiative collapse was avoided by a strong gas puff or by the injection of
Neon [5]. The evolution of the plasma current density towards a hollow shape in this
context is also prone to trigger large MHD modes, in particular Double-Tearing Modes
(DTM) [6, 7]. Although DTM crashes do facilitate current penetration during the ramp-
up [8] and remove impurities radiating in the core, the lack of control on the triggering
and consequences of this crash does not work in favor of this technique.

These issues related to plasma ramp-up were encountered in the WEST tokamak.
This superconducting tokamak equipped with Tungsten plasma-facing components in
divertor and main chamber [9] has been regularly facing low core electron temperature
and the development of low frequency MHD activity, leading to a high level of
disruptivity when Lower Hybrid heating was finally applied. The injection of Nitrogen
during the first few seconds of plasma, during the rise of the plasma current, led to
a significant increase of the core temperature, a peaking of the plasma current, and
the avoidance of deleterious MHD activity. The regular use of this technique allowed
identifying a number of characteristic signatures, and to draw schematically the domain
where Nitrogen injection can be beneficial for obtaining a reliable plasma ramp-up phase.

Several aspects shall be considered while evaluating the benefit of light impurity
injection in these experiments, as in steady-state phases. First, one has to evaluate
the impact on turbulent transport. Indeed, light impurity injection often leads to
an improvement of energy confinement [10, 11, 12, 13] thanks to the dilution of the
main plasma ions and to the reduction of Ion Temperature Gradient driven transport
[14, 15, 16]. The situation is more complicated in H-mode where impurity seeding does
not solve the issue of wall erosion during Edge Localized Modes [17, 18, 19, 14]. Even
in L-mode, there are however some drawbacks to the presence of light impurities in
the plasma edge region. Due to their higher mass than the main plasma ion species,
and their comparable temperature, these ions are prone to enhance the sputtering of
plasma-facing components if their cooling effect is not strong enough to fall below the
sputtering threshold energy [20, 21]. This issue of sputtering also applies when the
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mass of the main ion species is increased, as demonstrated on JET for example when
varying the Hydrogen/Deuterium fraction, which anticipates experiments with a mixed
Deuterium/Tritium content [22]. The formation of Ammonia is also an issue to be
considered when Nitrogen is to be used in a regular way [23, 24, 25, 26]. Evaluating how
these beneficial and deleterious effects balance in the ramp-up experiments of WEST
gives indications about the possible extension of Nitrogen seeding to future experiments.

In the present paper, we first describe the experiments performed on WEST in
section 2, and we then characterize the effect of Nitrogen seeding on the ramp-up phase
in section 3, showing the transient plasma detachment and the reduction of Tungsten
sputtering on the lower divertor. Integrated simulations of the plasma evolution inside
the Last Closed Flux Surface (LCFS) with the RAPTOR code [27, 28], described in
section 4, allow evidencing the current peaking and the associated improvement of
the confinement as the dominant mechanism. These simulations also demonstrate the
increased scenario robustness towards plasma contamination by Tungsten ions that is
obtained by early Nitrogen seeding.

2. Description of the experiment

The analysis of Nitrogen seeding effect in the plasma ramp-up phase on WEST is based
on three series of consecutive pulses (21 pulses in total) from the 2019 experimental
campaign where the quantity of Nitrogen injected in the plasma was varied. In these
plasma discharges with Deuterium as the main ion species, the magnetic field was
By = 3.7T, and the plasma current ramps first to 300kA and then to 500kA, as shown
in figure 1. The X-point is formed around ¢ = 1.5s above the lower divertor. Nitrogen
is injected from the outer limiter, starting at the plasma breakdown up to ¢ = 3.5s (12
pulses) and ¢ = 4s (9 pulses). In the following, we choose to represent the impact of
Nitrogen seeding on the scenario as a function of the quantity of Nitrogen injected before
the time considered, expressed in Pa.m®. This choice is motivated by the persistence of
the initial effect of the seeding on longer times, as evidenced on figure 1 for example. At
t = 4s, the preforming phase ends, and RF power is injected, as evidenced by the increase
of core temperature in figure 1. The plasma scenario is expected to be reproducible at
this stage, and the role of the preforming phase is to ensure that, whatever happens in
the very early phase of the plasma (at breakdown or at the X-point formation), plasma
parameters can be controlled at the beginning of the main heating phase.

The effect of Nitrogen seeding will be analyzed using Electron Cyclotron Emission
(ECE) for electron temperature measurements [29], neutron flux as a proxy for
ion temperature, and interferometry for electron density. Note that during the
2019 experimental campaign, electron temperature measurements were found to be
abnormally low by about a factor of two, for reasons that are still under investigation.
In the meantime, a correction of these measurements has been applied, based on similar
discharges performed in the former WEST experimental campaign where the consistency
between ECE data, spectroscopic data and global energy content was assessed. The
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Figure 1. Example of 3 consecutive pulses (54762, 54764, 54765) with increasing
Nitrogen seeding rate. Left column: plasma current (top), Nitrogen injection rate
(middle) and volume averaged plasma density (bottom). Right column: central
electron temperature, internal inductance and MHD level.

radiative power losses are evaluated using a 16 cords horizontal Bolometry system with
two wide angle cameras located in a horizontal port and covering the whole plasma
cross-section [30]. The separation between the bulk and SOL contributions to the
total radiated power is obtained by an ad-hoc combination of core and edge bolometry
channels that has been validated by synthetic data, giving a maximum error of about
20% [31]. The visible spectroscopy system covers the lower divertor with a radial
resolution of about 1 cm in the two strike point regions [32], and UV spectroscopy
[33] will be used for evidencing Nitrogen penetration into the plasma. The lower
divertor is also equipped with Langmuir probes having a radial resolution of 1.2cm [34].
Finally, the magnetic equilibrium is reconstructed using the NICE code constrained by
10 polarimetry chords [35].

An example is shown in figure 1, with three consecutive plasma discharges where
the Nitrogen gas valve is opened from the breakdown to about 3.5s, with a rate ranging
from nearly zero to about 0.2 Pa.m®/s. As the Nitrogen flow rate is increased, the core
temperature rises, as well as the internal inductance, during the first plasma current
plateau at 300 kA. The impact is less pronounced when reaching the current flat top
at 500 kA, but a large Magneto-Hydro-Dynamics activity, starting around ¢ = 3s on
the discharge with nearly zero Nitrogen injection, is avoided in the discharges with
N-seeding.

The improvement of the core temperature is illustrated in figure 2 where the
profiles are shown at ¢ = 2s for the same series of pulses (the plasma center is around
R = 2.45m). The electron temperature is increased in the core plasma only, while the
profile outside R ~ 2.7m is left unchanged.

The tangential camera viewing the plasma from a mid-plane port in the visible range
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Figure 2. Electron temperature profiles at t = 2s for the three discharges of figure 1.

Figure 3. Tangential view in the visible range for three different Ny injection rates,
at t = 2s: 0 (55797, left), 0.13 (55799, middle) and 0.14 (55800, right) Pa.m?/s.

evidences a modification of the radiation pattern when Nitrogen is injected (figure 3,
from other pulses than those shown in previous figures), with a visible emission that
evolves from pink to blue. At large injection levels (right plot), the radiative layer
moves well inside the plasma separatrix, and starts to be associated with a growing
MHD activity.



3. Confinement and scenario issue

3.1. Global parameters from experimental database

The impact of Nitrogen seeding is documented by recording relevant plasma parameters
at t = 2s and t = 3s (end of first plateau at 300 kA and beginning of main plateau at
500 kA), from the database of 21 pulses. We show in figure 4 the central temperature,
internal inductance, volume averaged density, density peaking, energy content, resistive
Zest, loop voltage and neutron rate, as a function of the level of Nitrogen injected up
to these two times (i.e. the time integral of the Nitrogen injection rate up to these
two times). The resistive Z.;f is computed so as to match the flux consumption in the
ohmic phase of the discharge. Quantities are averaged over 200ms, and the standard
deviation gives the error bars. For one of the series, the density at ¢ = 3s is significantly
larger than for the others, and we will identify these points with a bold contour in the
following plots.

The effect of N-seeding at t = 2s appears to be robust. The core temperature
increases quasi-linearly by about a factor of two up to a Nitrogen injection rate of about
0.1 Pa.m3/s, the internal inductance increases by about 30%, indicating a peaking of
the current profile. The plasma energy content (Wy, g p) is increased by about 50%, and
the neutron rate is also largely improved, suggesting that ion temperature also benefits
from N-seeding. A noticeable improvement in the flux consumption is also recorded
with a significant decrease of the loop voltage and a resistive Z ;¢ that is stable. This
indicates that Nitrogen contamination is small enough to let the temperature increase
dominate over Z.¢ in the plasma resistivity modification, since plasma resistivity varies
as Zefr/ T3/2. The effect of N-seeding on the current profile peaking (characterized by
the internal inductance) is less pronounced at the end of the plasma ramp-up (¢ = 3s),
but it is maintained qualitatively on all the parameters shown in the figure. Finally,
the density peaking increases notably at ¢ = 2s while increasing Nitrogen seeding, but
this effect vanishes at t = 3s. Note that the series with a larger density at that time
behaves similarly, except for the core temperature for which the increase with Nitrogen
injection is slightly reduced.

The variation of injected (ohmic) and radiated powers is shown in figure 5.
Following the decrease of the loop voltage, the ohmic power injected into the plasma
is found to decrease slightly as more Nitrogen is injected. The radiative loss shows a
moderate increase that is attributed to the bulk plasma contribution, while the power
radiated in the Scrape-off Layer (SOL) tends to decrease. These variations will be
exploited to constrain integrated simulation settings described later. The series with a
larger density at ¢ = 3s has a similar total radiated power, but the fraction coming from
the SOL is larger.

In this database however, the pulse where the level of Nitrogen is the highest shows
a lower performance at ¢t = 2s (the loop voltage at ¢ = 2s is around 2.8V, out of the
scale of the figure). In this pulse, a large MHD activity has developed around ¢ = 1s
and lasts until ¢ ~ 2.2s, when it completely disappears. The analysis of Mirnov coil
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data shows that this MHD mode has a toroidal mode number n = 1 and poloidal
components m = 2, 3. During the 2019 campaign, a similar behavior was observed
several times, and sometimes ended with a disruption. A reliable recipe was then to
decrease the level of Nitrogen, thus indicating that the range where Nitrogen injection
can be varied during this early plasma phase is limited. The power balance (between
ohmic power and power radiated inside the confined plasma) explains this limitation
by the proximity to a radiative collapse. This is evidenced in figure 6: when Nitrogen
is injected, the radiative fraction can become large and approach unity. As this limit
is approached, the position of the radiative layer in the visible range showed in figure
3 moves deeply inwards, producing sometimes a disruption, and thus setting an upper
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Figure 4. Central electron temperature, internal inductance, volume averaged density,
density peaking, energy content, loop voltage, neutron rate and resistive Z.s, at t = 2s
and t = 3s as a function of the Nitrogen injection rate. Bold symbols correspond to
the series with a higher density at ¢t = 3s.
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Figure 5. From top to bottom: ohmic power, total, bulk and SOL radiated powers at
t = 2s and t = 3s as a function of the Nitrogen injection rate. Bold symbols correspond
to the series with a higher density at ¢ = 3s.

3.2. Diwertor detachment

Nitrogen injection in the early phase of the discharge, where the power crossing the
separatrix is low, generates a plasma detachment on WEST, as evidenced by Langmuir
probe measurements on the lower divertor. This results from the fact that a large
fraction of the power entering the SOL is radiated instead of being transferred onto the
divertor [36]. We show in figure 7 the temperature profile during the detached phase
and just after the re-attachment for two of the pulse series where Nitrogen is injected
up to t = 3.5s and t = 4s (measurements are not available for the other series). During
detachment, the measured electron temperature at both the inner and outer strike points
(ISP and OSP respectively) is around 5 eV, while it increases to around 30 eV on the
outer strike point (30 to 40 eV on the inner one) after the plasma reattaches.

A clear correlation is found between the duration of the detached phase and the
Nitrogen injection rate, as shown in figure 8. At ¢ = 3s, when the plasma reaches the
current plateau of 500kA, the detached phase is ended in all these cases due to reduced
fraction of Ohmic power radiated in the core, as shown in figure 6.
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Figure 6. MHD activity recorded by Mirnov coils (top) and radiative fraction
PPk /Po (bottom), at t = 2s and ¢t = 3s as a function of the Nitrogen injection
rate. Bold symbols correspond to the series with a higher density at ¢t = 3s.
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Figure 7. Electron temperature profile at the lower divertor measured with Langmuir
probes during and after the detached phase.

3.3. Nitrogen penetration and Tungsten sputtering

The presence of Nitrogen in the plasma edge is evaluated by measuring the brightness
of the Nitrogen II line at 399.5nm in the lower divertor region. Normalizing it to
the brightness of the Deuterium I line at 434.1nm (D,) allows quantifying its relative
concentration. Figure 9 (top plot) shows this normalized quantity as a function of the
Nitrogen injected up to ¢ = 2s and ¢ = 3s. The diffusion of Nitrogen deeper inside
the plasma is attested by the increase of the Nitrogen VII line (normalized to plasma
density) from UV spectroscopy (bottom plot).

The Tungsten sputtering on the lower divertor is evaluated by considering the
brightness of the WI line at 400.9nm, normalized by the DI line brightness at 434.1nm.
This quantity is calculated for the line of sight which measures the highest D, brightness
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Figure 9. Top: Emission of the Nitrogen II line at 399.5nm normalized to the
Deuterium I line at 434.1nm measured at the inner and outer strike points, at ¢ = 2s
and ¢t = 3s as a function of the Nitrogen injection rate. Bottom: emission of the
Nitrogen VII line at t = 2s and ¢t = 3s as a function of the Nitrogen injection rate.
Bold symbols correspond to the series with a higher density at ¢ = 3s.
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Figure 10. Emission of the Tungsten I line at 400.9nm normalized to the D,
(434.1nm) brightness on the inner (left plots) and outer (right plots) strike points,
as a function of the normalized Nitrogen II line at 399.5nm, at ¢t = 2s (top) and ¢ = 3s
(bottom plots). Bold symbols correspond to the series with a higher density at ¢ = 3s.

on the inner and outer strike points, located on the lower divertor. The result is
plotted in figure 10 as a function of the normalized brightness of the NII line, which
is representative of the quantity of Nitrogen present close to the divertor surface. At
t = 2s, Tungsten sputtering at the Inner (ISP) and Outer (OSP) Strike Points is low.
This is consistent with plasma conditions close to detachment at this time.

At t = 3s, after the plasma has re-attached, Tungsten sputtering increases strongly
with the Nitrogen seeding, particularly at the ISP where the ratio WI/DI reaches values
that are about one order of magnitude larger than at the OSP. The absolute level of
the sputtering is however reduced for the series with the larger electron density (bold
symbols). These measurement indicate that Nitrogen ions contribute to the sputtering
at the end of the preforming phase.

But for evaluating the overall impact of Nitrogen seeding technique during the
ramp-up of the plasma current, it is important to consider the question of the plasma
contamination measured after this transitory phase rather than the sputtering on the
divertor, given the fact that prompt redeposition significantly impact the quantity of
Tungsten atoms going to the confined plasma [37].
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3.4. Impurity contamination

We now focus on the role of Nitrogen seeding in the plasma contamination by Tungsten
and Nitrogen. Bolometry inversion is used to reconstruct the profile of radiative power
losses, with the plasma radius divided into 6 shells, and radiative power density is
assumed to be homogeneous on flux surfaces in the confined plasma. The radiative
power density at plasma center and at r/a = 0.8 is plotted in figure 11 as a function of
the quantity of Nitrogen injected before ¢ = 3s, when the current flat top is reached: this
is when we want to evaluate the impact of Ny seeding on plasma contamination. In the
plasma core, there is no correlation between Nitrogen injection and the core radiation.
The relative concentration of Tungsten in the plasma core can be estimated from the
radiative losses, and it is in the range [0.5, 2] x 10™*. The series with a larger electron
density (bold symbols) has a lower Tungsten concentration, but we do not see any
significant change of this core contamination as the quantity of Nitrogen is increased.
As we approach the edge region, radiative losses increase regularly with the quantity of
Nitrogen that is injected. This increase is consistent with an increased concentration of
Nitrogen in the edge region (see next section). From bolometer measurements, we do
not see therefore any indication that Nitrogen seeding changes the core contamination
by Tungsten after the current ramp-up phase, but we do infer a lower concentration in
the series that has a larger density.

4. Integrated modelling

The impact of Nitrogen seeding on the discharge evolution is investigated with the
RAPTOR code [27, 28|, with transport coefficients computed using the quasilinear
gyrokinetic code Qualikiz [38] for which a 10D Neural Network version (QLKNN) [39]
has been coupled to RAPTOR [40]. Radiative losses coming from Nitrogen and Tungsten
species are taken into account using effective collisional-radiative coefficients from the
ADAS database [41]. In particular this work makes use of the W coefficients from [42].
The Nitrogen concentration is deduced from a prescribed Z.¢; profile, and the Tungsten
density is taken proportional to that of electrons, with a concentration assumed to be
low enough not to contribute to electroneutrality. The Porcelli sawtooth model [43]
implemented in RAPTOR is used to prevent the safety factor to go far below unity as
plasma current diffuses [44]. This plays an important role here due to the contribution
of core ohmic current in the mechanism at play. We do not compute particle transport
in these simulations. By doing this, we ignore the effect of Nitrogen seeding on density
peaking that was observed in the database at t = 2s (see figure 4). We will come back
on this aspect in the discussion (section 5).

The plasma current and density evolution is taken from one of the discharges of the
database (pulse 55797) without Nitrogen injection. The simulation is started at t = 0.5s
up to t = 4s. This pulse belongs to the series with higher density at ¢ = 3s, and as shown
in figure 11, the Tungsten concentration is ¢y ~ 10~*. In order to check the validity of
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Figure 11. Bolometry inversion: from top to bottom, Tungsten concentration deduced
from core radiation, radiative power emission in the core region and in the edge region,
as a function of the Nitrogen injection rate at ¢ = 2s (left column) and ¢ = 3s (right
column). Bold symbols correspond to the series with a higher density at ¢ = 3s.

the QLKNN model in the early plasma phase of WEST discharges, the prediction of the
core temperature for a flat Z ¢y profile using RAPTOR/QLKNN has been compared
to a similar integrated simulation using ASTRA [45] coupled to Qualikiz, and ASTRA
coupled to the gyrofluid code TGLF [46] (figure 12).
is expected in this case where ITG are dominant, as confirmed by the computation

The good agreement obtained

of turbulent modes at mid-radius with the gyro-kinetic code GKW [47] showing the
Note that the QualLiKiz collision Krook operator has
been recently upgraded and a revised QLKNN is being prepared for covering the case of

predominance of I'TG modes.

TEM dominated regimes.This extensive comparison gives confidence that the QLKNN
model is appropriate for simulating the current ramp-up phase of WEST discharges.
In the simulations to be presented, we will focus on the profiles obtained at ¢ = 2s,
and several simulation settings have been constrained on the experimental observations.
These settings are the simulation boundary, the reference Z, ;s profile without Nitrogen
seeding, and the Z. s profile shape. The choices that have been made are illustrated in
figures 13 and 14. In the very edge of the plasma, the QLKNN model underestimates the
heat diffusivity and predicts temperature gradients that are too large compared to what
is observed (figure 13). This is possibly due to resistive modes that are not taken into
account in the model, or to Trapped Electron Modes (TEM) whose impact on turbulent
transport is underestimated in the Neural Network version QLKNN that is used here.
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Figure 12. Central electron temperature predicted by ASTRA-QLK, ASTRA-TGLF
and RAPTOR-QLKNN, as a function of Z.;¢ (a flat profile is assumed).

We had to impose a boundary condition at r/a = 0.8 for the temperature prediction in
order to recover temperature profiles consistent with experimental measurements, with
the cost of loosing a predictive modeling of this quantity in the edge region.

The second parameter is the background Z.;;. As shown in figure 13, the
temperature profile is significantly more peaked when the background Z. is increased,
and taking a value close to the resistive value Z.fy ~ 2 deduced from the flux
consumption yields a good agreement with the experimental profile, not only close to
the boundary, but also in the core. This outlines the strong dependence of core profiles
on edge conditions. By assuming that the intrinsic light impurity is Nitrogen, we make
of course a simplification of the experimental situation, the real mixture including in
fact Oxygen and Carbon as other contributors.

One of the constraints is also to reproduce in the RAPTOR simulations the slight
decrease of the ohmic power as more Nitrogen is injected (see figure 5). It has to be
noted that by choosing a boundary at r/a = 0.8 we do not take into account the changes
in temperature due to different radiation levels between this boundary and the plasma
separatrix. We note that this change is however limited in the range of Nitrogen seeding
that is used in the experiment (see later). When taking a flat Z.;; profile, we do obtain
an increase of the core temperature but the ohmic power also increases, as well as the
loop voltage shown in figure 14. With a Z.¢ that increases linearly or quadratically with
the plasma radius (the edge value is given at r/a = 1), the Ohmic power decreases with
Z:??e, because the gain in electric conductivity from the increased temperature is larger
than the loss due to the higher effective charge of the plasma. This kind of dependence
seems therefore the most appropriate for describing the ramp-up phase in the WEST
discharges. Note that the limitation of the core temperature seen for example for the
linear Z.s; profile for Z:?che above 3.5 is due to the sawtooth activity being active as the
current profile peaks. In the following, we will adopt a parabolic profile, with a core
value Zeff(O) = 2.
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Figure 13. Top : Experimental and simulated electron temperature profiles at t = 2s
for a boundary condition at r/a = 1 and r/a = 0.8 for a non-seeded case (flat Z.;; = 2,
cw = 107%). Below: effect of background light impurity content.

The electron temperature profiles obtained at ¢ = 2s for the series following pulse
55797 are shown in figure 15. As for the example shown in figure 2, the beneficial effect
of Nitrogen injection translates into an increase of the electron temperature in the core
region, while we see a limited impact outside r/a = 0.7. For this pulse series, the
upper limit is for 1.4 Pa.m3/s, a level at which the discharge enters a highly detached
regime with strong MHD activity (see figure 3, right plot). Electron temperature profiles
obtained in the integrated simulations are shown for Zee;li’f = 2 (no Nitrogen seeding)
and for Z:;l?e = 6 on the same plot. Nitrogen seeding effect is well reproduced, although
the gain in temperature is underestimated by about 25% in the core. The sensitivity to
the exact shape of the Z.;; profile and to the core Z. s value, both illustrated in figure
13 and 14, could well explain this level of disagreement.

Experiment and simulation can be compared over several key observables such as
the core temperature, internal inductance, loop voltage, ohmic power, radiated power
and radiative fraction, once a correspondence between the Z.¢; and the mean injection
rate is found. We find that taking the following relation:

edae rate
Zef? = 100/3N2[Igam3/5] +2 (1)

allows a fairly good match on these key parameters, as shown in figure 16 where we
compare the database described in section 3.1 with the scan in Z;‘fjgf performed from a
reference pulse without seeding. A Tungsten concentration in between 10~* and 2x 1074,
consistent with the bolometry inversion shown in figure 11, provide a good quantitative
agreement with the experiments.
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Figure 14. RAPTOR simulations, from top to bottom: central electron temperature,
loop voltage, ohmic power and radiated power at ¢t = 2s as a function of the edge Z ¢y
for a flat profile, and for profiles varying as (r/a) and (r/a)? (case with cyy = 1074,
Zer5(0) = 2). An example of the corresponding Z, ;s profiles is shown in the right plot

for Z$99° = 4.

The value of the central safety factor at t = 2s as a function of the edge Z. ;¢ is shown
in figure 17. It evidences the faster current diffusion that is achieved as more Nitrogen
is injected. The time of the first sawtooth is therefore another criterion that can be used
to compare integrated simulations with experimental observations. This time is plotted
in figure 18 against the Zj;lj’f for the simulation part, and as a function of the Nitrogen
injection rate averaged over 3s for pulses series where this injection lasts more than 3s
(i.e. 3 pulse series over 4). The time is set at 4s when no sawtooth regime is detected
during the preforming phase covered by the simulations. In practice, the detection of
the first sawtooth is often difficult in the experiment, where we can have isolated crashes
that look like sawteeth but does not mark the start of a regular sawtooth regime. They
could correspond to either real sawteeth initiating a more complex reorganization of the
current profile in the core, or to Double-Tearing Modes at ¢ > 1. The series shown in
figure 1 has a very clear transition to a sawtooth regime, and is refereed to as Sl in

figure 18. The series S2 is also globally consistent with the integrated simulation results,



T, [keV]

Vloop [V]

(0 0 cyell,2x107)

A edge_
2w Zeff -

o2

N, injected
up to t=2s
0

v 0.14

" 0.2

A 0.27

[Pa.m’]

17

Figure 15. Electron temperature profile from the reference pulse without Nitrogen
seeding (55797) and the following pulses with increasing levels of Nitrogen injection,

compared to RAPTOR simulations with Zs;lfce =2

Tungsten concentration between 10~ and 2 x 1074,

0.1
N, rate [Pa.m3/s]

N, rate [Pa.m3/s]

= 6, at t = 2s, for

Figure 16. Core electron temperature, internal inductance, loop voltage, ohmic
power, radiated power and radiated power fraction at ¢ = 2s as a function of Ny
injection rate for experimental data, and of Z:??e for simulation data, with different

levels of Tungsten concentration.
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Figure 17. Central safety factor value at ¢ = 2s as a function the edge Z.s¢, for

different levels of Tungsten concentration.
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Figure 18. Time of appearance of sawtooth regime as a function of the N2 injection
rate for experimental data (S1, S2 and S3 are three of the four series of pulses included
in the database), and of Z:}i?e for simulation data with different levels of Tungsten
concentration.

while the behavior of the series noted as S3 in figure 18 is generally inconsistent on this
particular sawtooth criterion, possibly hiding complex core plasma evolution that do
not impact less sensitive parameters like the ones shown in figure 16.

The time evolution of the central electron temperature without Tungsten, and for a
relative Tungsten concentration of 10~* and 6 x 10~*, is shown in figure 19 for different
values of the edge Z.s¢. The total plasma current and central electron density that are
both prescribed in the simulation are also shown in the figure. The presence of Nitrogen
in the edge region is shown to increase the core electron temperature, and this increase
improves the tolerance to the presence of Tungsten, as demonstrated for the extreme
case with a relative fraction of Tungsten ¢y = 6 x 107*, by preventing a radiative
collapse.

Several mechanisms are at play when Nitrogen seeding is used. They can be
evaluated by considering i) the normalized temperature gradient R/Lr., and ii) the
net heat source, i.e. the difference between the ohmic heat source and the radiated
power. As shown in figure 20 for a Tungsten concentration consistent with that of the
experiments, the net power density is barely changed in the plasma core (r/a < 0.2),
while it goes to slightly negative values in the edge region due to the increased Nitrogen
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Figure 19. RAPTOR simulations: time evolution of the prescribed plasma current
and central electron density (top), and of the predicted central electron temperature
without Tungsten, and with a relative fraction of 10~# and 6 x 10~%, for different values
of the edge Z sy with Zesy =2+ Z:}i?e(r/a)z.

radiation. As a result, the cumulative net heat source is unchanged in the plasma core
and slightly lowered outside r/a = 0.5. Beside this minor modification of the heat flux,
the normalized gradient increases significantly. This increase of R/ Ly, is consistent with
the modification of the shear parameter s/q that is known to influence the ITG/TEM
threshold [48]. The dilution effect that goes with the increased Z.s; contributes to this
improvement of the confinement. The relative contributions of both equilibrium and
dilution effects is investigated by stand-alone computations with Qualikiz performed
from the RAPTOR simulation at Z:?ff = 2 (no Nitrogen injection). We perform scans
in s/q and in the relative Nitrogen concentration ¢y, with a range corresponding to the
extreme cases Z:?ff =2 and Z;‘fj’f = 6. The results shown in figure 21 evidence the fact
that both effects contribute to the reduction of ion diffusivity, while electron diffusivity
is weakly sensitive. The increase of core temperature is therefore due to decrease of the
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Figure 20. RAPTOR simulations: normalized electron temperature gradient R/Lz,
s/q parameter, Nitrogen concentration ¢y = ny/n., net power density and net
cumulative heat source profiles at ¢ = 2s, for a Tungsten concentration cy = 10,

turbulent transport in a broad region of the plasma extending outside r/a ~ 0.2, where
dilution and equilibrium modification both play an important role.

If the Tungsten content was larger (we consider here a concentration cy = 4 x107%),
the mechanism would include as well a significant change of the net heat source, as shown
in figure 22 : the ohmic heat source in the core is largely increased as the edge Z.y; is
increased and the net cumulative heat source is more than doubled at mid-radius for
Z:?ff = b, thus increasing the robustness towards Tungsten radiation. The increase of
the normalized gradient is associated with the combined effect of this larger heat flux
as well as with the stabilization of ITG-TEM turbulence due to the increase of s/q and
to dilution effect.

Finally, in order to evaluate the sensitivity of the equilibrium profile to resistive
MHD mode triggering, we have computed the stability parameter rA’ for the (3,1)

and (2,1) tearing modes, by solving the tearing equation in cylindrical geometry [49]
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Figure 21. Electron and ion heat diffusivities from stand-alone Qualikiz simulations
at r/a = 0.3 and r/a = 0.6 from the Z:;f?e =4 RAPTOR run at t = 2s, for a Tungsten
concentration ey = 107%: scan in s/q (left plots) and in ey (right plots) for a range
corresponding to the scan Z:;l?ce € [2,6].
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Figure 22. RAPTOR simulations: normalized electron temperature gradient R/ L.,
s/q parameter, net power density and net cumulative heat source profiles at t = 2s,
for a Tungsten concentration cyy = 4 x 1074
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Figure 23. RAPTOR simulations: (3,1) and (2,1) tearing mode stability at ¢ = 2s
as a function of the edge Z.;y for different Tungsten concentrations.

(toroidal effects are therefore ignored in this simple evaluation). As shown in figure
23, the peaking of the current profile stabilizes both islands, supporting experimental
observation that MHD stability is improved when applying Nitrogen injection.

5. Discussion

The RAPTOR integrated simulations reported above provide a convincing explanation
of the higher core temperature obtained by injecting Nitrogen in the ramp-up phase.
The results summarized in figure 16 show that we have a good qualitative agreement
on the main key physical plasma parameters. Still, several points remain to be clarified
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and motivate further investigations with a more complete physical model. The possible
missing ingredients that could be considered for future studies are listed below:

e The first issue encountered in the integrated simulations concerns the edge region,
where the turbulent transport was found to be underestimated (figure 15), thus
imposing the choice of a boundary at r/a = 0.8. This discrepancy could point
towards resistive instabilities not accounted for in the QLK model. The value of
the temperature at r/a = 0.8 strongly impacts all the simulation domain inside,
in particular in the present study with variable Nitrogen concentration. This
is evidenced in figure 24 where the temperature at r/a = 0.8 is varied (here
cyy = 107* and the sawtooth model is not used): without Nitrogen seeding, the
core temperature is weakly sensitive to this boundary condition, but the effect is
quite strong in the simulations with Z:}ifce = 5. A higher temperature at r/a = 0.8
reduces the impact of Nitrogen injection because of two complementary effects.
First, the radiated power density in the edge region is less important because of the
cooling factor being lower and the increasing presence of fully stripped Nitrogen
ions, and this leads to a lower current profile peaking. The reduction of the s/q
parameter destabilizes ITG/TEM turbulence and leads to lower R/Lr.. At the
same time, the net heat source in the plasma core is decreased: the increase of the
plasma resistivity due to lower temperature is not sufficient to compensate for the
lower current density in the core, leading to a lower ohmic heat source. A similar
observation can be made for the sensitivity to the electron density at r/a = 0.8
(figure 25). For this scan, we simply multiply the density gradient by a scalar and
we keep the same core density. At larger edge density, the radiated power due to
Nitrogen increases, and the net power density in the edge becomes negative, forcing
a peaking of the current profile. This increases both the turbulent threshold (larger
R/Lr. and s/q) and the net power density in the plasma core. The variation of the
edge density has also more impact on Nitrogen seeded than on non seeded cases.
To summarize, the sensitivity of the core response to the boundary condition in the
integrated simulation of light impurity seeding experiments means that it is crucial
to properly describe turbulent transport in this edge region in a self-consistent
manner.

e We have ignored the change of density peaking induced by Nitrogen injection that is
evidenced in figure 4 at t = 2s. In order to remove this assumption, we would need
to model particle transport during this phase. The changes in turbulence levels and
electron temperature could drive this modification of density peaking. The scan in
the density at r/a = 0.8 with fixed core density shown in figure 25 does not go in
the direction of enhancing the effect of Nitrogen seeding when reducing the edge
density. But it is not excluded that a self-consistent treatment of this issue would
yield density profile shapes going in a different direction.

e As an extension of the issue of density peaking, the modeling of the particle source
including the neutral population and ionization processes would bring crucial key
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Figure 24. Left: Core electron temperature with (Z:??e = 5) and without (Z;Cfff =2)
Nitrogen injection, as a function of the temperature prescribed at r/a = 0.8. Right:

profiles of the net heat source, normalized temperature gradient and s/q at Z:??e =5

for the lowest and highest temperature at the boundary. The thin vertical line indicates
the default value used in this study (cy = 1074, no sawtooth model).

physical ingredients for the edge plasma dynamics when approaching detachment
conditions that are indeed observed here.

The transport of light and heavy impurities could be modeled in order to obtain
a consistent radial distribution of the ohmic source (from light impurities) and
radiative losses (from both light and heavy ions) during the current ramp. The
cooling factor varies significantly for all ion species in the temperature range that
is crossed in this phase, and this is instrumental for properly describing radiative
losses. For Tungsten, this cooling factor is not considered to be well established
for temperatures below 1 keV [50], thus motivating further fundamental research
in this area.

These issues, among others, are still pending for reaching a predictive capability for

the plasma ramp-up phase. Meanwhile, dedicated experiments and simplified integrated

modeling tools provide a practical path towards the optimization of this crucial phase

of a

tokamak scenario.

6. Conclusion

Ina

Tungsten environment, the early plasma phase has to deal with the W burn through

which occurs at high electron temperature, around 1.5 keV. Core heating has to win

over

core cooling to avoid the formation of broad or hollow current profile prone to

the triggering of MHD activity. As reported in the present paper, Nitrogen injection

during the plasma current ramp-up has been used successfully for solving these issues
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Figure 25. Left: Core electron temperature with (Zf??f = 5) and without (Z:?fce =2)

Nitrogen injection, as a function of the density prescribed at r/a = 0.8. Right: profiles
of the net heat source, normalized temperature gradient and s/q at Z:}i?e =5 for the
lowest and highest density at the boundary. The thin vertical line indicates the default
value used in this study (cy = 1074, no sawtooth model).

in WEST. This favorable effect has been analyzed with the support of integrated
simulations with the RAPTOR code, complemented with the Neural Network version
of the quasilinear turbulent transport code QualiKiz. We find that the beneficial effect
of Nitrogen injection is obtained thanks to the peaking of the current profile resulting
from the combination of edge radiation cooling and improved confinement. These two
mechanisms are strongly linked, since the modification of the magnetic equilibrium acts
on ITG/TEM turbulence, and modifies temperature as well as plasma resistivity, thus
closing the loop with the change of the current profile. The reduction of turbulence
with Nitrogen seeding includes as well a dilution effect. We showed also that if
Tungsten contamination was large (larger at least than the experiments reported here), a
significant increase of ohmic heating in the plasma core would also help peaking the core
temperature and the current profile, allowing to compensate for Tungsten radiation, and
opening the operational window in this respect. Experimental measurements indicate
that N, injection induces a transient detachment that cancels Tungsten sputtering in the
divertor region, but increases it after re-attachment. This does not induce a noticeable
change of core radiation in the current flat top, but the detached phase sets however an
upper limit in terms of Ny injection, since a peripheral radiative layer evidenced by the
visible camera finally grows above some injection level, and leads to a loss of plasma
control.
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