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Ramping up RF power and increasing pulse length
in the full tungsten environment of WEST
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Introduction. WEST is a full tungsten (W) superconducting actively cooled tokamak with a
plasma volume of 14 m’, a major radius of 2.5 m, an aspect ratio A between 5 and 6 and a
magnetic field of 3.7T. WEST programme aims at power/particle exhaust studies on the
ITER-like actively cooled tungsten divertor and at bulk plasma performance in discharges
reaching 1000s [1,2]. It is equipped with 9 MW of ICRH power and 7 MW of LHCD.
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Figure 1: picture of WEST vacuum vessel, May 2018.

After an integrated commissioning phase (Dec.2016 — Dec. 2017) [4,5], diverted plasmas

became routinely available. In 2018, 20 weeks of operation allowed to ramp up the RF power
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reaching 5.3 MW with LHCD [7] and 1.4 MW with the 2 new ICRH antennas [6]. The main
plasma configuration was in Lower Single Null, but we also operated in Double Null as well
as in Upper Single Null, in particular to perform long pulses on the actively cooled upper
divertor. Thanks to reproducible 30s pulses, 20 minutes of plasmas where achieved in 2 days
in USN at the end of the 2018 operation. Up to 0.8 MA plasmas were obtained. Thanks to 3
boronisations [8], the operational window opened up to higher density range. Nonetheless, the
fraction of radiated power remained around 50% of the LHCD power [9] and up to 100% in
some cases for ICRH power [10]. This radiated fraction prevented to achieve H mode so far,
despite a sheared radial electric field. A complex interplay between W and core (2,1) MHD
modes [11] (see figure 2 just after 6 s for example) required scenario adjustments in terms of
I, and LHCD ramp up. This paper presents the first analysis performed for high performance
discharges: study of confinement for a high power shot and tungsten transport for a long
pulse. First, the confinement of a SMW pulse at A=5.6 is discussed with respect to the
existing scaling laws. Then a 33s electron heated, low torque plasma is presented. Throughout
the pulse, the W concentration remains stable around 3x10'4, and, consistently, the modelled
W peaking is found twice lower than the measured electron density peaking.

Ramping up the RF power. Aspect ratio impact on scaling laws.

Time traces of a typical high power pulse are displayed on figure 2. The fraction of radiated
power is 50%. A resistive Z.g of 2.1 is estimated during the ohmic flat top phase thanks to T.
from ECE and the measured flux consumption. The ECE central electron temperature reaches
5 keV at 1 = 3.5x10" m™, i.e. 55% of the Greenwald density. The Doppler reflectometry
measures a sheared radial electric field at the plasma periphery. Despite this, H mode is not
achieved. The power crossing the separatrix (2.8 MW at 8s) is still below the scaling laws
[12,13], see figure 3.a. The confinement time (at 8s) is estimated using the energy content
from the equilibrium reconstruction [14] and the total injected power (without substracting the
bulk P.,4). It is compared to tg predicted by H98P(y,2), leading to an H factor of 0.8. The
meaning of this factor is highly questionable as illustrated by figure 3.b where by changing
the aspect ratio from 5.6 to 3, the H factor varies from 0.8 down to 0.55, while the distance to
the L mode prediction stays identical. Including WEST data in the international database
(note that WEST data are in the IMAS format [15]) as well as using 1* principles modelling

will contribute to revisit the impact of A on confinement,.
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Figure 2 (left): Time traces for WEST pulse 54095.

Figures 3 (right): a/ L to H power threshold scaling laws [12,13] versus A=R/a. The red star
corresponds to the power crossing the separatrix for 54095 at 8s b/ the H98P(y,2) and Lth96 predicted
confinement times are plotted versus A, using the parameters from 54095 at 8s. The red star
corresponds to the confinement time of 54095 at 8s at A=5.6.

W transport in 30 s L modes

In dominant electron heated plasmas, in absence of torque, it is of high interest to observe and
understand the W behavior. The time trace of 54178 (figure 4) shows that the density is well
controlled and that the bulk radiated power remains stable during the LHCD only heated
phase (the SXR peaking as well as visible WI lines are also stable throughout this pulse see
[16]). During the ICRH phase, 100% of the 0.6 MW of ICRH are radiated (figure 4) and the
central electron temperature slightly decreases, for a more detailed analysis of the plasma
response to [CRH see [10]. During N, seeding, an increase of both the neutron rate (see [16])
and T¢(0) 1s measured, figure 4. A first systematic estimate of the W concentration is inferred
from the total bulk radiative power measured by bolometry to which the contribution from
low Z impurities (assuming N only contributes to Z) is subtracted assuming that W is the
only metallic impurity and that all impurity profiles are homothetic to ne. This serves as the
starting point for more refined iterations between 1.5D integrated modelling by METIS [17]
and the SXR, bolometer, Bremsstrahlung synthetic reconstruction of all the line of sights

using TOFU [18].
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Figure 4: time traces of 54178.

Thanks to a microstability analysis performed with the qualinear gyrokinetic code QuaLiKiz
[19] for turbulent transport and the drift-kinetic code NEO [20] for neoclassical transport, it is
found that TEM are the dominant instabilities in this electron heated pulse (54178 at 8s). The
peaked electron density profile at mid-radius (R/L,=5) is due a high R/L, threshold for TEM
as expected at large A. The W transport is dominated by the turbulent diffusion for p>0.25,
figure 5, leading to a W density peaking twice lower than the electron density peaking. Inside
p<0.25, the W peaking is determined by neoclassical transport. Note that an artificially
increased toroidal rotation up to 100km/s results in a factor 20 on the core W peaking [16].
Finally, by seeding Ny, the dilution pushes the ITG threshold to larger R/Lr;, which could
explain the improved confinement [16].

Conclusions. First results of WEST allow shedding new light on confinement at high aspect
ratio and tungsten transport in electron heated/low torque plasmas of interest for ITER. The
coming 2019 campaign will be targeted at further increasing RF power (up to 10 MW) and
pulse length (up to 1 mn), and performing a He campaign. Phase 2 will start in spring 2020

with a complete ITER-like lower divertor [3], aiming at 1000s H modes, more on our portal.
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