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Tungsten transport is investigated in WEST long pulse L-mode plasmas operated with the strike
point on the actively cooled upper tungsten divertor. The pulses are mostly heated by lower hy-
brid waves. It is experimentally found that tungsten does not centrally accumulate throughout
these ~ 30 s reproducible discharges despite large normalised electron density gradients R/L.,.
To explain these observations, turbulent and neoclassical transport of electrons and tungsten ions
are computed with GKW [1] and NEO [2, 3] respectively. Additionally, interpretative integrated
modelling simulations are also performed to keep data coherency despite the lack of measurements
of some quantities such as the T; profiles. Modelled R/L,, are found consistent with interferometry
inversions and the tungsten peaking factor R/L.,,, remains comparable to R/L,, due to dominant
turbulent diffusivities inside r/a = 0.3—0.8. In the central region r/a < 0.3 neoclassical W transport
dominates but the convective velocities are several order of magnitudes lower compared to plasmas
with toroidal rotation velocities induced by a neutral beam injection (NBI) torque. Finally, nitrogen
is seeded in these pulses leading to an enhanced energy content which is consistent with stabilised

ion temperature gradient modes from dilution.

PACS numbers:

1. INTRODUCTION

Tungsten (W) accumulation in the core of tokamak
plasmas causes a large increase of the radiated power due
to its high cooling rate, which severely restricts the oper-
ational domain. For instance, it is routinely observed
in machines with tungsten environments such as JET
and ASDEX Upgrade, that W can accumulate in neutral
beam injection (NBI) only heated H-mode plasmas [4, 5].
Indeed NBI torque and central particle sources lead to en-
hanced inward tungsten convection. In this context, the
tokamak WEST, which operates in a full W environment
[6, 7], has achieved 32 s L-mode pulses without any sign
of W accumulation. These pulses were performed on the
upper actively cooled W divertor [8] with nitrogen puff-
ing phases in order to explore the ammonia formation
[9]. Observations of the absence of W accumulation with
only radio-frequency heating systems (no input torque)
are not new, e.g. [13] where H-mode plamas with only ion
cyclotron resonance heating (ICRH) are analysed. Nev-
ertheless, for these Alcator C-Mod plasmas, the density
profiles are flat and the ICRH heating systems are known
to prevent W accumulation [14]. Thus, the interesting
points raised by these WEST long pulse L-mode plasmas
are the fact that no ICRH has been used (no beneficial
effect on W transport) and that the density profiles are
particularly peaked, which should lead to unfavourable
W convection. Therefore, it is important to understand

tungsten transport in these conditions for future opti-
mized operations.

Core W transport results of both neoclassical (colli-
sional) and turbulent physics [10, 11]. Neoclassical par-
ticle convection is proportional to the normalised density
and ion temperature gradients. Hence electron density
peaking plays a key role in W accumulation. In the
presence of toroidal rotation, the detrimental effect of
density peaking is further amplified [12]. On the other
hand, microinstabilities such as the ion temperature gra-
dient (ITG) and the trapped electron mode (TEM) also
produce significant core impurity transport, which with
sufficiently large turbulent diffusion can compensate for
the unfavourable neoclassical convection. In this contri-
bution, WEST long pulse L-mode plasmas are studied
where despite peaked electron densities, the W concen-
tration remains stable throughout the whole pulse. Tung-
sten transport analysis are performed for a representative
case thanks to the neoclassical code NEO [2, 3] and to the
gyrokinetic codes GKW [1] and QuaLiKiz [15]; QuaLiKiz
employs a high-frequency expansion for the eigenfunction
evaluation, enabling faster computations compatible with
integrated modelling.

The paper is organised as follows. In Section 2 the
WEST tokamak and the long pulse scenarios are de-
scribed and in particular a representative pulse is further
scrutinised. Soft X-ray (SXR) measurements to account
for the W content are discussed and reflectometry mea-
surements allow us to assess the turbulent state of the



plasma, such as whether trapped electron mode turbu-
lence is dominant or not. Additionally, stringent tests for
data coherency, such as enforcing a consistent Z.g with
respect to the flux consumption in ohmic phases, are per-
formed with the transport code METIS [16]. These in-
terpretative integrated modelling simulations are manda-
tory to compensate or minimise the lack of experimental
data due to the very recent operation of WEST. In Sec-
tion 4, modelling tools are described and used to analyse
the main experimental observations from Section 2 such
as the peaked electron density profiles, flat tungsten den-
sities and improved confinement with nitrogen seeding.
Finally, conclusions are given in Section 5.

2. EXPERIMENTAL SETUP AND
OBSERVATIONS

WEST is a full tungsten (W) superconducting actively
cooled tokamak with a plasma volume of 14 m?3, a major
radius of 2.5 m, an aspect ratio A = R/r between 5 and
6 and a magnetic field of 3.7 T. The WEST programme
aims at power/particle exhaust studies on the ITER-like
actively cooled tungsten divertor for discharges reach-
ing 1000s, while maintaining good bulk plasma perfor-
mances. It is equipped with 9 MW of ion cyclotron reso-
nance heating (ICRH) and 7 MW of lower hybrid current
drive (LHCD) [6, 7].

The upper divertor is made of actively cooled, W-
coated, copper tiles [6, 8. In the present phase 1 of
WEST, the lower divertor is equipped with a set of ac-
tively cooled ITER-like plasma facing units (PFU) [17]
and is complemented with inertially cooled W coated
units. Other side limiters are all W coated (Fig. 1). In
the 2nd phase of WEST operation, to be started in 2020,
the lower divertor will be fully equipped with ITER-like
PFUs [18].

The main plasma configuration is in lower single null
(LSN), but WEST can be operated in double null (DN)
as well as in upper single null (USN) to, in particular, per-
form long pulses on the actively cooled upper divertor in
this first phase of operation. Thanks to reproducible 30
s pulses, 20 minutes of plasmas were achieved in 2 days
in USN. Since these long pulses were performed to study
ammonia formation, No was puffed either from the up-
per divertor or the midplane. Boronisations [19] opened
up the operational window to higher density ranges, but
the fraction of radiated power remained around 50% of
the LHCD power [20]. The reported experiments have
been carried out 2 months after the last boronisation.
This means that the short term potential effects on the
plasma performances had fully vanished whilst the level
of oxygen was lower than prior to the boronisation.

In this work, a USN 33 s long L-mode plasma with
dominant electron heating and low torque is presented
(discharge #54178). To monitor the W behaviour,
bolometers, SXR, UV spectroscopy and visible spec-
troscopy are installed which can be used to measure the
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FIG. 1: Picture of WEST vacuum vessel, May 2018

radiated power, radiation of soft X emission, and the line
emission of highly ionized W as well as W I, separately.
Line of sights (LOS) of the SXR and a few among the
240 LOSs of the visible spectroscopy [21] are shown in
Figs. 2(a) and (b), respectively.

2.1. Absence of tungsten accumulation with
peaked electron density profiles

Time traces of several parameters of this representa-
tive WEST long pulse L-mode plasma are presented in
Fig. 3. The magnetic field was at its nominal value, 3.7
T, the plasma current at 0.4 MA and the edge safety
factor at qo5 = 4.8. Through the discharge heated via
LHCD antennas with up to 2.8 MW, the radiated power,
the peaking factor (defined as ratios of SXR line inte-
grated intensities) and the UV line emission of W XLIV
display a stable behaviour, which suggests that the W
content remains constant. A significant increase in the
radiated power is observed during the ICRH phase and is
not further discussed in this paper. More details on the
plasma response in presence of ICRH are reported in [23].
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FIG. 2: (a) LOSs (gray lines) of SXR and the positions where
the N3 can be seeded. The two red LOSs of SXR will be used to
define the W peaking factor. (b) LOSs of bolometers. (c) A few
of the 240 LOSs of the visible spectroscopy diagnostic. (d) LOS of
interferometers [22].

During the N> seeding phase, the plasma’s stored energy
and the neutron flux both increase, indicating improved
confinement. Meanwhile, the SXR peaking factor and
the UV line emission of W XLIV decrease and the total
radiated power slightly increases. These observations are
robustly reproduced in several other similar USN long
pulses. Finally, it is to be noted that the W sources (not
shown here) from the divertor and the LCHD limiter,
monitored with visible spectroscopy (W I at 400.8 nm),
do not feature significant changes throughout the LHCD
heated phase.

The electron temperature profiles are measured by
electron cyclotron emission (ECE) as shown in Fig. 6
for the discharge #54178 at 8 s. T, is reliable in the
range of r/a < 0.6 when LHCD heating is used. Once
beyond this range, the ECE signal is polluted by LHCD
non-thermal electrons [24]. These suprathermal electrons
can also affect the high field side signals yielding horizon-
tal asymmetries on the T, profiles. For this reason, only
the low field side (LFS) values are considered. The elec-
tron density profiles were inverted from interferometry
measurements, with 8 lines of sight and using a modi-
fied hyperbolic tangent formulation [25]. These inverted
profiles are compared to reflectometer measurements in
Fig. 4 (top panel). During LHCD phases, stray ECE ra-
diation is emitted by the fast electrons and deteriorates
the signal to noise ratio. As a consequence the uncer-
tainty on the profile positions from reflectometry rises
from 1 cm to approximately +4 cm. This issue, present
in the current analysis, has been solved later by increas-
ing the sweeping time from 1 to 10 us; this reduces the
frequency bandwidth on the signal detection in order to
diminish the ECE noise. At the plasma’s edge, density

profiles measured by these two different diagnostics are
consistent and feature a relatively large density peaking.
This density peaking remains large even at mid-radius.
Such peaked density profiles can lead to large inward neo-
classical convective tungsten velocities and potentially to
tungsten accumulation. Hence, to properly predict tung-
sten transport, theoretical models should first correctly
predict these levels of electron density peaking. This is
further investigated in Section 4. Finally, because some
experimental data is lacking due to diagnostics being not
available at the time of the WEST operation (e.g. T; pro-
files), a particular effort is carried out throughout this
work to maximise the data consistency checks in order
to minimize the impact of missing measurements. In-
terpretative integrated modelling is used together with
synthetic diagnostics to maximise the data consistency
validation. This methodology is described in Section 3.

2.2. Density fluctuation measurements and TEM
turbulence

Density fluctuations were also measured with the core
X-mode reflectometer [26]. Measurements were per-
formed at t = 3.7s, just before the LHCD ramp-up, and
at t = 8s, LHCD plateau, before the N5 injection phase.
Each of the 2 channels probed 10 frequencies (radial po-
sitions). Each frequency plateau lasted 25 ms, leading to
an overall measurement time of 300 ms. The positions of
the probing zone were recovered using the density pro-
files provided by the interferometry lines inversion. The
frequency spectra exhibit a classical shape with low fre-
quency and broadband components [27, 28]. Unlike the
Ohmic phase, the LHCD phase contained an increase of
15-20 dB of the background ECE noise. As shown in Fig.
5 a quasi-coherent component [27, 29] can be observed at
around 70 kHz with r/a = 0.37 and 7/a = 0.26 on the
LFS. Its amplitude is much smaller at r/a = 0.45 and
hardly above the broadband component further out. As
it was shown in [30, 31], the quasi-coherent modes in the
core are a signature of TEM turbulence. In the Ohmic
phase, quasi-coherent modes are hardly detectable even
if the amplitude of the broadband component is few dB
lower.

2.3. Improved energy content during N; seeding

Improved confinement with impurity seeding is com-
monly observed in stellarators [32] and medium sized
tokamaks whether, it is due to reduced core heat dif-
fusivities and increased central electron densities for the
radiative improved mode at TEXTOR-94 [33] and also
for L-mode plasmas as in DIII-D [34], or due to im-
proved pedestal pressure in H-mode plasmas as in AS-
DEX Upgrade [35] and JT-60U [36]. For WEST dis-
charge #54178, Ny was puffed at a rate of 0.2 Pa m? s™!
through the midplane between 10 and 20 s (see Fig. 3).
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of W XLIV and N VII.

The plasma’s stored energy and the thermal DD neutron
flux increase by 5% and 50%, respectively, indicating im-
proved confinement and increased central ion tempera-
ture. The electron temperature profile and the line aver-
aged electron densities are compared during phases with
and without Ny seeding in Figs. 4 (bottom panel) and 6.
It is found that these quantities, namely n; (in particular
the line of sight looking at the most central region) and
T,, are identical within error bars before and during the
Ny seeding phase. The improved confinement with No
seeding is robustly observed for several long pulses with
similar injected powers (Prgcp = 2.5 — 2.8 MW), cen-
tral electron density and temperature and magnetic field
geometry, whether N, is injected from the upper diver-
tor or the mid-plane. In Fig. 7 the increment in the DD
neutron rate between phases with and without N, seed-
ing for 10 discharges is compared to the increment in
the normalised UV line emission of N VII. For 6 of these
pulses Ny was puffed from the upper divertor (#54166
#54164 #54163 #54160 #54159 #54152) and the rest

from the mid-plane (#54178 #54177 #54173 #54170).
A clear increase in the neutron rate is observed with the
increased N VII line emission intensity normalised to the
electron density, despite the plasma dilution. Such an
increase of the neutron rate is the signature of increased
core deuterium temperature.

The radiation pattern is also analysed by comparing
the cases with and without N» seeding. It is observed in
Fig. 8, by substracting the SXR emission profile after and
before Ny seeding, that the difference between these two
phases is hollow. This is consistent with the reduction of
the SXR peaking factor during the N injection shown in
Fig. 3. An increased off-axis SXR signal can be due to
Ny emission and/or a modified W profile. The bolometry
lines of sight show an increased radiated power mostly
due to increased edge LoSs (the ones looking at the upper
divertor) whereas the most central LoSs slightly decrease
(see Fig. 8). The impact of Ny seeding on the tungsten
transport and the improved confinement is modeled and
discussed further in Section 4.
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3. INTEGRATED MODELLING AND DATA
CONSISTENCY USING METIS

We perform interpretative integrated modelling using
METIS [16] to compensate the lack of measurements in-
herent to newly operating tokamaks as is the case for
WEST. METIS is a fast integrated tokamak modelling
tool combining 0D scaling laws for kinetic profiles with
1D current diffusion modelling and 2D equilibria. These
simulations allow data consistency checks, such as cen-
tral T; consistent with the measured DD neutron rate.
Here, the electron temperature and density profiles used
are fitted from ECE measurements and interferometry
inversions (see Fig. 4 and 6).

In the USN of WEST, Bremsstrahlung LoSs are polluted
by visible light reflections on the upper divertor. There-
fore, the effective charge (Zeg) is deduced from the flux
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FIG. 6: Electron temperature profiles from ECE measurements
with and without nitrogen seeding (phases at 8 and 15 s respec-
tively). Suprathermal electrons at r/a > 0.6 are observed during
these LHCD heated phases.

consumption during the ohmic phase (up to 4 s). In this
phase, Z.g is adjusted until, using the Sauter resistivity
[37], the reconstructed loop voltage matches the mea-
sured one (see Fig. 9). With this method, Z.g is found
to be 2.8 on the current flat top before LHCD.

The density of light impurities C/O/N is simplified
and only N is assumed to be present. Some Cu is also
known to be present in the discharge thanks to the UV
measurements [38] which are not calibrated. Hence, a
ratio no,/ny = 0.04 is assumed. The amount of W
(density profiles chosen to have the same shape as n.) is
adjusted to match the total radiated power. In METIS,
radiated power and charge states of W increase self-
consistently with the T, profile using ionisation and re-
combination rates from ADAS data (no transport is as-
sumed). The radiated power from line emission and ther-
mal Bremsstrahlung are computed from the cooling rates.
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modelled radiated power from the interpretative METIS run for
#54178.

As illustrated in Fig. 10, the W concentration is adjusted
during LHCD and LHCD—+ICRH phases in order for the
METIS reconstructed radiated power to match the mea-
sured bolometer value. This leads to ny /n. = 1.1x 1074
per MW of LHCD and 2 x 10~% per MW of ICRH power.

The H concentration is measured using the H,, /(H, +
D,,) ratio from the visible spectroscopy diagnostic [21].
We take ny/(ng + np) = 0.1. The shape of the ion
temperature profile is taken to follow the square root of
the electron pressure and is scaled with the measured DD
neutron rate as illustrated by Fig. 11, yielding T./T; ~
2 in the plasma core (r/a = 0.5). The assumption we
make with regards to the profile shape will be further
discussed, as it is particularly important for the power
balance analysis.

The thermal energy content based on the ion and elec-
tron density and temperature profiles is compared to the
energy content obtained by magnetic reconstruction; we
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use NICE [39] to perform the construction based on both
magnetic measurements and the polarimetry chords. As
illustrated on Fig. 12, METIS reconstructed thermal en-
ergy content agrees within 20% with the NICE Wynp.

Modelling work of the LHCD power deposition is on-
going using C3PO-LUKE [40], and thus is not available
for this discharge. The difficulty in reproducing the cen-
trally peaked Hard X-Ray measured profile and the mea-
sured plasma current is likely due to the presence of heavy
W ions. The modelled current varies from 300 when we
assume fully ionised W ions to 400 kA when using ADAS
for W ionization states. The truth lies somewhere in be-
tween these two extremes as electrons of 10keV or 100keV
will not be impacted by the same ionization state of W.
This phenomenon is presently under study. Meanwhile,
a slightly off-axis LHCD power deposition has been as-
sumed, at p = 0.2, with a Gaussian width of 0.3 and a
current drive efficiency of 5 x 10'® A/W /m?.

In the following, we describe a METIS interpretative

run at 8 s during the LHCD heating phase and prior to
the Ny seeding; this serves as input for the microstability
and neoclassical modelling presented in the next Section.
In Fig. 13 the ion and electron temperature profiles are
plotted together with the electron and ion heat fluxes
profiles while taking into account the power deposition
from LHCD, the ohmic power, the collisional equiparti-
tion and the radiated power. We find the Ware pinch
(also shown) to be negligible for density peaking predic-
tions at mid-radius and important in the central radial
domain r/a < 0.3.

Tt is to be noted that the ratio Q./Q; at mid-radius is
sensitive to the T; profile since the only source for the ion
heat flux is the collisional equipartition. Since T is not
measured, we have tested several shapes (proportional to
ne or T, ) of the ion temperature profiles while keeping the
central value to match the measured neutron flux. The
resulting values of Q./Q; lie between 3 and 4. Thus,
despite the lack of T; measurements, Q./Q; is expected
to be large at mid-radius.

Important parameters for the following analysis at
mid-radius are summarized in Table I.

r/a|R/Lr, |Te/Ti| 3 | q |Zegr| vx |Qe(kW/m?)|Q:i(kW /m?)

0.5| 15 1.8 [0.9]1.712.8]0.5 50 13

TABLE I: Parameters for #54178 at mid-radius taken at 8 s.

4. THEORETICAL MODELLING

The turbulent transport is modelled using the gyroki-
netic code GKW [1] and results are compared to Qua-
LiKiz [15] due to its fast computation capabilities and
robustness with respect to integrated modelling results
in JETTO for JET plasmas [41-43]. The analysis is car-
ried out at 8 s in the LHCD heating only phase. In these
TEM dominated plasmas, characterised by large T, /T;
and Q./Q; (see Table I and density fluctuation measure-
ments in Fig. 5), the limitations of QuaLiKiz due to the
assumed fluid eigenfunctions [44] and the reduced col-
lision operator are studied. We investigate the electron
particle transport as well as W transport, then we discuss
the impact of Ny seeding on confinement.

4.1. Simulation setup

For the neoclassical transport, the code NEO is used
with 5 Laguerre and 17 Legendre polynomials together
with the full Fokker-Planck collision operator. For the
turbulent transport, GKW results were not used to
benchmark the results of QuaLiKiz but to provide more
realistic simulations. For instance, in GKW we use the
Miller geometry [45] instead of the s —« geometry as well
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FIG. 13: The profiles of (a) main ion and electron temperature,
(b) main ion and electron heat flux and (c) Ware pinch. All these
profiles are computed in METIS.

as the full linearized Landau collision operator includ-
ing an ad-hoc field particle component to ensure energy
and momentum conservations; we also include electro-
magnetic effects with 8 = 0.1%. For the quasilinear flux
estimates, the poloidal wave number spectrum used is
kop; = [0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.1, 1.4, 1.7, 2] with
pi = myvep i/ (eB) and the radial wave number taken at
kzp; = 0. The quasilinear weight is given by v/ < k% >
in both GKW and QualLiKiz, with the operator < --- >
being an average over the mode structure along the field
line. The quasilinear heat and particle fluxes do not
peak below kgp; = 0.3 in the simulations considered here,

which validates the range of poloidal wave numbers used.
The saturation amplitude is not necessary to assess the
electron density peaking since it is determined by the
zero flux condition (no central particle source and negli-
gible Ware pinch at mid-radius). On the other hand, the
shape of the spectra given by the quasilinear weight is
important to properly account for positive and negative
contributions to the particle flux at each poloidal wave
number.

4.2. Electron density peaking predictions

It is observed from interferometry inversions and re-
flectometry measurements that a peaked electron den-
sity profile develops (Fig. 3(b)) in these WEST L-modes.
Such peaked profiles are unfavourable regarding W trans-
port as they contribute to the neoclassical inward convec-
tion [46]. Hence, we first investigate the theoretical mod-
elling of such plasmas, particularly the peaked electron
density profiles.

In Fig. 14, the quasilinear ratio of the electron heat
flux to the ion heat flux Q./Q; is computed with GKW
at mid-radius for a range of normalised density gradi-
ents R/L, and ion temperature gradients R/Ly, span-
ning both the ITG (large R/L7,) and TEM (large R/ L)
domains. The choice of these two parameters is moti-
vated by the absence of T; measurement (and the as-
sumption made on the profile shape, central T; being
constrained by the DD neutron flux) and the computa-
tion of the zero particle flux condition. All other rel-
evant quantities are set to the values given in Table I.
The T'. = 0 condition, which gives the electron density
peaking factor, is shown for each R/Lr, value. This con-
dition is always given by a compensation between the
turbulent diffusion and convection, i.e. T'; = 0 is com-
prised between negative and positive flux regions [47].
As R/L, decreases along the I'. = 0 contour, Q./Q;
increases due to the stabilisation of ITG modes. The
GKW ratios Q./Q; = 3 and Q./Q; = 5 (to account
for assumptions on the LHCD power deposition and on
the collisional equipartition) have been plotted over the
underlying graph. It is found that these ratios inter-
sect the I’ = 0 line at respectively R/L,, = 5.8 and
R/L, = 5.2, which is in quantitative agreement with
experimental measurements giving an electron peaking
factor at mid-radius of R/L,, ~ 5.5. These peaked den-
sity profiles predictions with quasilinear simulations us-
ing GKW are also robust with respect to changes in T; at
mid-radius and corresponding changes in T, /T;. Indeed
similar 2D scans as in Fig. 14 were also performed at
T./T; = 1.2 and 2.3 and similarly peaked density profiles
were obtained with R/L,, ~ 6. This shows that despite
the assumptions made on the ion temperature profile at
mid-radius, quantitative predictions of the core density
peaking factor at this radial location can be achieved.

The particular regime in which these WEST L-mode
plasmas are, that is, dominant electron heating with
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FIG. 14: Quasilinear Q./Q; computed from GKW. The I'. = 0
condition (white line) and the Q./Q; = 3 — 5 (black lines) are also
shown. Intersections of these conditions are underlined with black
rectangles.

T./T; ~ 2 and electron-electron collisionalities of the or-
der of veea/vy,,; = 0.06 at mid-radius, can be difficult for
reduced models due to the combination of strong TEM
turbulence and collisional stabilisation. In Fig. 15 (top
panel) the T'. = 0 conditions are compared between pre-
vious results obtained with GKW and simulations per-
formed with QuaLiKiz. In contrast to GKW where tur-
bulence is found on the whole (R/Ly,, R/Ly) domain,
stable regions are found in QuaLiKiz for R/Ly, < 5 and
R/L,, < 5. This yields two regimes regarding I, = 0, one
at R/Lt, > 5, where turbulent convection compensates
turbulent diffusion but gives reduced electron peaking
factors (R/L,, ~ 2) compared to GKW (R/L,, ~ 5) and
one regime at R/Ly, < 5 where the electron peaking is
given by a threshold for the trapped electron mode tur-
bulence destabilised by R/L,. This threshold results in
large peaking factors 4 < R/L, < 6 due to strong col-
lisional stabilisation of the VT, driven TEM. In both
regimes, large discrepancies exist between GKW and
QuaLiKiz predictions of the density peaking at I'. = 0.
Additionally, the ratios Q./Q; = 3 — 5 in QuaLiKiz are
obtained for larger R/L, and there are no overlapping
between I', = 0 and Q./Q; = 3—5 conditions. These re-
sults do not depend only on R/Ly, and R/L,, and several
key parameters have been tested such as R/Lt. , T./T;,
Vei, 8, q. No combinations of these inputs could recon-
cile the two conditions for the particle flux and the heat
fluxes ratio computed with QuaLiKiz. A very strong de-

R/Ln

FIG. 15: Comparison of the ' = 0 condition between GKW
(solide lines) and QuaLiKiz (dashed lines) for the nominal case
(top panel) and the simpler case R/Ly, =0 and v, ; = 0 (bottom
panel).

pendence of the turbulent fluxes was found with the col-
lisionality, resulting in overstabilisation of the trapped
electron modes destabilised by R/Ly, which is not the
case in GKW and thus explaining the absence of stable
regions in Fig. 14.

This discrepancy between QualLiKiz and GKW is spe-
cific to the TEM dominant condition of the plasmas anal-
ysed. Indeed, if we zero R/Ly, and v, ,;, we recover a
good agreement between the codes as illustrated in Fig.
15 bottom panel. It is worth mentioning that, without
R/Lr, driven turbulence, the electron peaking factor is
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FIG. 16: Ratios of the electron and total heat fluxes computed
from GKW. These are compared to results obtained from power
balance analysis in the transport code METIS. Inside r/a = 0.3,
linear modes are stable.

given by a transition from a stable and an unstable region
in both codes.

From now on, turbulent transport will be modelled
with GKW. Nevertheless, it has to be emphasised that
such gyrokinetic codes cannot be routinely used in flux
driven integrated modelling due to time consuming sim-
ulations. First principle based reduced models such as
QuaLiKiz are, on the other hand, particularly suited for
such endeavors and thus are currently being further val-
idated/developed (in particular regarding the collision
operator) for plasma scenario predictions in these TEM
dominated regimes [48].

4.3. Tungsten transport modelling

Compared to the previous Section where we spanned
a large range of R/ Ly, and R/L,, we compute the tung-
sten transport from the experimental (T¢, n.) and recon-
structed profiles (e.g. T;) with their corresponding gra-
dients (gradient driven approach) on the radial domain
r/a = 0.1 —0.8. As a consistency check, the ratio of the
electron heat flux over the total heat flux is compared
between GKW and the power balance analysis from the
transport code METIS (Fig. 16).

From r/a = 0.4 to r/a = 0.8, a dominant electron heat
flux ratio is qualitatively reproduced in the modelling.
Inside r/a = 0.2 linear modes are found stable. We note
that in this region, micro-tearing modes, which can drive
large electron heat fluxes [49], are linearly marginally sta-
ble. GKW flux ratios decrease towards the magnetic axis,
unlike the experimentally inferred fluxes. This can be
attributed to missing MHD transport such as sawteeth
(experimentally observed) in GKW modelling but also
to the assumed LHCD power deposition profile. Aside
r/a = 0.3, dominant TEM turbulence is found in the
simulations yielding realistic ratios of Q./Qor > 0.5 for
r/a above 0.3. Observation of quasi-coherent modes from
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r/a = 0.26 to r/a = 0.45 also supports the prediction of
TEM instabilities.

We now analyse tungsten transport with these condi-
tions. To account for neoclassical tungsten transport, the
turbulent amplitude from GKW has been normalised us-
ing the turbulent ion heat flux from power balance anal-
ysis (as in e.g. [50, 51]). The total tungsten flux can then
be expressed as:

Qi,an

I'y = I'wneo + I'w gkw
Qi,GKW

with the subscript ’an’ denoting the anomalous trans-
port computed from the power balance ion heat flux
Qi,an = Qi,pB— Qi NEO. For a stationnary phase, without
tungsten sources inside r/a = 0.8, the resulting tungsten
peaking factor can be computed with:

__R WEO/Qian + Varkw/Qi ckw (1)
" Dnro/Qian + Daxw/Qi,ckw

In the top panel of Fig. 17 the different transport coef-
ficients from Eq. 1 are summarised with no toroidal ro-
tation velocity V;; = 0 km/s. In the radial domain where
turbulence is linearly destabilised (0.3 < r/a < 0.8), the
neoclassical tungsten convection and diffusion coefficients
are 3 orders of magnitude lower than the corresponding
turbulent coefficients. For r/a < 0.3, linear turbulence is
stable and thus neoclassical transport of tungsten, even-
though relatively small, is the dominant transport mech-
anism.

In the bottom panel of Fig. 17, the resulting tungsten
peaking factor (normalised density gradient for I'yy = 0)
can be separated into two regimes. Inside 0.3 < r/a <
0.8, the tungsten peaking factor is defined solely by tur-
bulent transport coefficients (neoclassical couterparts are
negligible) and remains below the electron density peak-
ing. Turbulent diffusion tends to flatten the W profiles re-
sulting in a peaking factor of ~ 2 at mid-radius compared
to an electron peaking factor of ~ 5.5. Below r/a < 0.3,
neoclassical transport determines the W peaking factor
resulting in larger values compared to R/L, . Never-
theless, neoclassical peaking of R/L,,, remains at values
much lower than what is encountered in tungsten accu-
mulation scenarios (e.g. [4]).

The impact of toroidal rotation on central neoclassical
tungsten transport is key to explaining large neoclassi-
cal convections and the resulting accumulation [4, 12].
In this context the same simulations as in Fig. 17 have
been performed including a toroidal rotation profile with
a central value of the toroidal velocity Vi (r/a = 0) = 150
km/s, decreasing to 0 at r/a = 1. These profiles have
been included for both neoclassical and turbulent trans-
port and the results are gathered in Fig. 18 (top panel).
With toroidal rotation, neoclassical convection is in-
creased and is now up to one order of magnitude larger
than the rescaled turbulent convection. Neoclassical dif-
fusion, on the other hand, remains lower than the turbu-
lent diffusion but only 1 order of magnitude instead of 3

R/L
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FIG. 17: Turbulent vs neoclassical transport coefficients (top
panel) using the scaling factor as discussed in the text. The re-
sulting tungsten peaking factor is shown in the bottom panel.

as in Fig. 17. Additionally, it can be noted that the neo-
classical diffusion increases as r/a decreases which comes
from the peaked toroidal rotation profile used. Finally,
in Fig. 18, the turbulent convection is decreased com-
pared to the case without toroidal rotation due to the
additional roto-diffusion mechanism with centrifugal ef-
fects [52]. Even in the absence of torque generated by
NBI heating systems, intrinsic rotation can be substan-
tial. To include such levels of rotation in the analysis
(not measured in this discharge), an additional case with
a central toroidal rotation of 20 km/s has been added.
This value is based on previous measurements performed
on the Tore Supra tokamak in ohmic [53, 54] and LHCD
heated phases [55]. The resulting tungsten peaking fac-
tor for the two chosen levels of rotation is now larger
(Fig. 18 bottom panel) in the whole radial domain but
more substantially inside r/a < 0.3 due to stable turbu-
lence and dominant neoclassical transport. This increase
of R/Ly,, is due to the neoclassical convection increasing
with toroidal rotation. In the case of central V4 = 150
km/s, similar values of R/L,,, as observed in tungsten
accumulation phases at AUG, (e.g. [5]) or JET (e.g. [4])
are found. For the intrinsic rotation case, a more modest
increase in R/L,, is found (a factor 5 lower than for
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FIG. 18: Same as Fig. 17 including now a toroidal rotation profile.
The resulting R/Lyy, is also shown for different levels of central
toroidal rotation velocities (these values are discussed in the text).

Vy(r/a = 0) = 150 km/s) but still noticeable. In the
turbulence dominated radial domain 0.3 < r/a < 0.8,
the increased neoclassical convection is tempered by the
turbulent diffusion. Nevertheless, W peaking factors in
this domain are larger than for a pure turbulent case.

In this WEST plasma the observed absence of W ac-
cumulation can be theoretically explained by the ab-
sence/reduced level of toroidal rotation and the large
turbulent diffusion allowing for low W neoclassical trans-
port inside r/a = 0.3 and leading to a dominant turbu-
lent transport for r/a > 0.3 as is also the case in Alca-
tor C-Mod ICRH heated H-mode plasmas [13]. Even for
the peaked density profiles found in these WEST L-mode
plasmas (which should drive unfavourable W convection)
compared to the flat profiles found in [13], one of the main
parameters for central tungsten accumulation is the cen-
tral toroidal velocity. In our fixed gradients approach,
the role of the central particle source due to NBI heating
systems is not considered and could also have a significant
impact [14, 42]. Overall, the resulting W density gradi-
ent lengths are lower/comparable to the electron density
gradient lengths accross most of the plasma core.
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most behave as traces due to low concentrations (n;/ne ~ 1074).
Contours correspond to the pure plasma case.

4.4. N> impact on stability and W transport

As analysed in Section 2, it can be seen that the ni-
trogen seeding improves the plasma confinement and the
neutron flux. To study this behaviour, simulations in
the 2D domain (R/Lt,, R/L,) of Fig. 14 are performed
for a pure plasma (no impurities) at mid-radius and for a
plasma including N» to a concentration of ny /n. = 0.02.
On Fig. 19 such results are compared and the I'c = 0
and @Q./Q; = 3 conditions are emphasised. It is found
that, with N, T, = 0 and Q./Q; = 3 are simultaneously
achieved for larger R/Lt, values; this is in qualitative
agreement with the increased DD neutron rate measured
in the experiment. The electron peaking factor matching
both T'. = 0 and Q./Q; = 3 is not particularly affected,
increasing from 5.2 for the pure plasma to 5.8 with nitro-
gen. This is consistent with the minor impact observed
on the experimental electron density profiles during ni-
trogen seeding phases.

To further investigate the shift observed in R/Lr,
found in Fig. 19, a scan in the nitrogen concentration
only, i.e. while keeping all the other input parameters
fixed, has been performed starting from profiles of the
8 s phase (without nitrogen seeding). The quasilinear
heat flux ratios Q./Q¢or at mid-radius are then plotted in
Fig. 20. It is observed that with increasing nitrogen con-
centrations, the electron heat flux becomes increasingly
dominant over the ion heat flux (sum over the main ions
and nitrogen). This is consistent with the stabilisation
of ITG modes.

The normalised frequencies for the most unstable lin-
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FIG. 20: Predicted ratio of the electron heat flux to the total heat
flux (electrons, deuterium, nitrogen) at r/a = 0.5 with increasing
nitrogen concentrations up to levels from the nitrogen seeding phase
at 15 s.

ear modes are plotted (Fig. 21) for the wave number
range kgp; = 0.2 — 1.5 at increasing nitrogen concen-
trations. Negative/positive frequencies correspond to
the direction of the electron/ion diamagnetic drifts and
are characteristic of TEM/ITG modes. With increasing
ny /Ne, the transition between the TEM and ITG modes
is pushed to larger wave numbers, hence contributing less
to the radial transport. This clearly shows that ITGs are
stabilised compared to TEMs modes, mostly from main
ion dilution, resulting in higher Q./Q¢.t. For a fixed ion
heat flux Q;, a larger R/L7, is needed, leading to bet-
ter confinement and an increased T; (consistent with the
observed increased neutron flux during nitrogen seeding
phases at WEST). This stabilisation of turbulence and
in particular of the ITG has been largely documented in
previous theoretical (e.g. [56, 57]) and experimental stud-
ies (e.g. [58]). It is to be noted that in our approach, we
did not considered the E x B shearing (no toroidal rota-
tion profile) which could also play an increased role with
reduced momentum transport in the Na seeding phase.

In Fig. 3, it was shown that the central W peaking
factor, computed from SXR line intensities [59], is re-
duced during the nitrogen seeding phase. Thus, R/ Ly,
is computed for the two radial positions r/a = 0.5
and r/a = 0.1 where turbulent and neoclassical trans-
port dominate respectively. Fig. 22 shows the tungsten
peaking factor against the nitrogen concentrations. At
r/a = 0.5, the turbulent R/L,,, is not significantly af-
fected for the discussed range of ny/n.. In contrast,
R/L,,, from neoclassical transport first decreases (in-
creasing neoclassical diffusion) and then increases (in-
creasing neoclassical convection) with ny/n.. Finally,
the total R/Ly,, as computed using Eq. 1 is dominated
by turbulent transport and thus is not changed with the
fraction of nitrogen content. At r/a = 0.1, neoclassical
diffusion increases, with little increase of the convection
resulting in a decrease of the tungsten peaking factor.
This is in qualitative agreement with observations dis-
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FIG. 21: Normalised linear mode frequency spectra with increas-
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the electron diamagnetic drift direction.

cussed in Section 2 and can be explained from neoclas-
sical transport only, with increasing nitrogen concentra-
tions.

5. CONCLUSIONS

Long pulse dicharges were obtained in the third ex-
perimental campaign of the WEST tokamak in a robust
and reproducible way. It is observed that tungsten does
not centrally accumulate in such discharges eventhough
the electron density peaking from these L-mode plas-
mas are relatively large (R/L, ~ 5.5 at mid-radius).
In the core of the WEST plasmas with dominant radio
frequency electron heating, reflectometry measurements
feature quasi-coherent modes, signature of trapped elec-
tron mode turbulence. Improved confinement is also ob-
served during nitrogen seeding phases where the neutron
flux increases with the nitrogen content. The absence of
W accumulation in radio-frequency heated plasmas is not
new and it was also observed in Alcator C-Mod H-mode
plasmas [13] with ICRH heating only. However, the den-
sity profiles in these plasmas are flat which reduces the
unfavourable inward neoclassical convection of W.

To explain the features observed in these WEST long
pulse L-mode plasmas, extensive neoclassical and tur-
bulent simulations have been performed with the codes
NEO and GKW/QuaLiKiz respectively. A particular ef-
fort has also been made with regards to the input data
for such gradient driven codes. Indeed, interpretative
integrated modelling simulations have been performed
with METIS to keep a reasonable level of consistency
between available measurements and assumptions (e.g.
on the T; profiles). WEST operates in dominant elec-
tron heating (Q./Q; > 3 at mid-radius), where TEM
are the dominant unstable modes. For this turbulence
regime, comparing quasilinear turbulent transport with
QuaLiKiz and GKW yielded strong disagreement. In-
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FIG. 22: Tungsten peaking factor including neoclassical and tur-
bulent transport for increasing fraction of nitrogen at r/a = 0.5
(top panel). The purely neoclassical peaking factor has been also
computed at r/a = 0.1 (bottom panel) for increasing ny /ne where
turbulence is completely stabilised in the modelling.

deed, a reduced collision operator as well as the fluid
limit for the eigenfunctions are used in QuaLiKiz which
overstabilise R/ Ly, driven TEM. This results in discrep-
ancies with GKW results and experimental observations
regarding the electron density peaking and the heat flux
ratio Q./Q;. This clearly shows that in regimes with
dominant electron heating and non-negligible collisional
effect, results obtained from reduced models (in particu-
lar for integrated modelling) should be treated with cau-
tion. Additional development is undergoing for the Qua-
LiKiz collision operator to improve predictions in such
regimes.

The electron density peaking deduced from GKW sim-
ulations and interferometry inversions are in quantitative
agreement. The large values of R/L,,_ are obtained in
regimes where TEM turbulence is dominant, which is
consistent with observations made at the ASDEX Up-
grade tokamak [60]. In this condition, neoclassical con-
vection of tungsten is negligible for 0.3 < r/a < 0.8
due to large turbulent diffusion, resulting in marginally
peaked predicted W profiles. For r/a < 0.3 where tur-
bulence is completely stabilised and neoclassical trans-



port dominates, the resulting tungsten peaking factor
(R/L,,, at the zero particle flux I'yy = 0) stays below
4. This is due to the absence of significant toroidal ro-
tation in such plasmas, which reduces the unfavourable
neoclassical W convection which is in contrast produced
by centrifugal effects when NBI heating is used in AUG
and JET. The observation of steady core radiated power
during these long pulses are consistent with strong turbu-
lent diffusion and reduced neoclassical tungsten convec-
tion, preventing W to accumulate, a result also found in
[13]. Finally, the observed improved confinement during
nitrogen seeding phases was investigated. As in previous
works [56, 57], it is found from linear gyrokinetic sim-
ulations (GKW) that the linear ITG modes are mainly
stabilised from dilution yielding higher R/Ly, to match
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the heat flux ratio Q./Q;; this could explain the observed
increase in core confinement.
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