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35 Abstract. Under the auspices of EUROfusion, the ITER baseline (IBL) scenario has
g? been jointly investigated on AUG and TCV in the past years and this paper reports
38 on the developments on.TCV. Three ITER shapes, namely the JET, AUG and ITER
39 IBL have been reproduced in TCV, illustrating that the higher the triangularity the
40 larger the ELM perturbation and the more difficult it is to reach stationary states
41 with gg5<3.6.. It is found that the performance of TCV IBL is mainly limited by
42 (neoglassical) tearing modes, in particular 2/1 modes which are triggered after a large
43 ELM. It is demonstrated that the shorter the ELM period the larger Sy at the NTM
44 onset.n, We show that these modes can be avoided with central X3 EC heating at
45 relatively high qo5 and moderate Sy. However, the lack of significant ECH at the high
46 central densities obtained in TCV IBL scenario limits the duration of low gg5 cases
47 to about four confinement times. During this time, density usually keeps peaking
48 until (neoclassical) tearing modes are triggered. Nevertheless, the TCV IBL database
49 covers the ITER target values (Hogya ~1, fn ~1.8 at gos ~3) and a slightly better
?1) confinement than requested for ITER is reported. Integrated modelling results show
55 that ITG modes are the dominant instabilities, and show that, in TCV, fuelling also
53 plays a role to sustain peaked density profiles. The role of profiles, sawteeth and ELMs
54 regarding MHD stability are also discussed.

55 t Seerauthor list of "H. Reimerdes et al 2022 Nucl. Fusion 62 042018”

36 § See author list of "B. Labit et al 2019 Nucl. Fusion 59" 086020"

>7 || See the author list of "Progress on an exhaust solution for a reactor using EUROfusion multi-
gg machines capabilities" by E. Joffrin et al. to be published in Nuclear Fusion Special Issue: Overview
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1. Introduction

The ITER baseline scenario (IBL) is the inductive "standard" ELMy H-mode scenario
aiming for Q=10 performance in ITER [1| with plasma operation at_full plasma current
(15 MA) and full toroidal magnetic field (5.3 T). The IBL scenario is investigated in
various tokamaks [2], [3], [4], [5], [6] and the current paper focuses om‘the developments
of the IBL in TCV based on the know-how obtained én. AUG ‘within cross-machine
experiments conducted by EUROfusion. The IBL scenario can.bé defined with low ggs,
aiming for go5=3, high fx (By=1.8), high elongation; aiming for x=1.8, high Greenwald
fraction (fg = 0.8) and a large positive triangularity d»= 0.5. Indeed, the IBL scenario
is based on the confinement improvement of ELLMy H-=m@des with increasing positive
triangularity, thanks to an increase of the average top pedestal pressure through an
improved edge stability. Note that the ITER.triangularity is very high and is at the top
of the highly sensitive dependence of pedestal top.pressure versus triangularity as shown
by EPED-CH simulations in Fig. 10.0f [7]. Tt is shown that a change of § from 0.3 to
0.5 can almost double the predicted pedestalpressure. One has to remember also that
an important parameter for transport, theypedestal collisionality cannot be reduced to
ITER values in current machinesy in particular at large plasma densities and it is not
usually used when comparingdifferent, IBL. scenarios.

The installation of a neutral beam/injector (NBI) on TCV [8], together with the well
known shaping capabilities of this'device allowed the investigation of ELMy H-modes at
ITER relevant Sy and shapes. The initial developments of the scenario on TCV have
been reported in [9].

The paper is oerganised as follow: in Sec. 2, the strategy used to develop the
scenario and the(shape adjustements are explained. The role of neoclassical tearing
modes (NTM) in particular on the disruptivity of the scenario is discussed in Sec. 3. We
will then foctis on the developments of safe termination strategies, guided by predictive
optimization simulations (Sec. 4). Section 5 will summarise the performances of the
IBL database in"T'CV. Finally, we shall discuss heat and particle integrated modelling,
using ASTRA-GLF23 and GENE in Sec. 6 before concluding (Sec. 7).
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33 Figure 1. Main time traces (#74260) to illustrate the strategy used to develop the
34 IBL scenario at TCV.. The H-mode period can be divided into four phases. a) plasma
35 current, b) deuteritim flow, ¢),line averaged density, d) NB injected power (solid) and
36 radiated power (dashed), e) D, signal, f) magnetics spectrogram, g) safety factor,
37 h) Greenwald fraction, i)selongation, j) averaged triangularity, k) normalised beta, 1)
38 confinement factor.

41 2. Scenario and shape development

43 Initially, a similar strategy as the one used on AUG [10] was tested on TCV. It consisted
in entering ineH=mode once the final plasma shape was already established and the
46 flat-top plasma eurrent reached (aiming at gos ~ 3). Nevertheless, this approach led
47 systematically to early disruption either because of an ELM free phase with uncontrolled
density/increasing up to the density limit or because of a very large ELM inducing a
50 vertical ‘displacement event. Consequently, the strategy has been revised and a typical
51 IBL scenario'in TCV is illustrated in Fig.1. The pulse can be divided into the following
sequences:

>4 e Phase 1: The H-mode was initiated during the plasma current ramp (I, ~ 170
56 KA, qo5>4) with reduced shaping (k ~ 1.5, 6 ~ 0.35) by a NBI power ramp up to
57 1.1MW. Stationary conditions were obtained with regular ELMs, seen on the D,
58 trace (Fig. le), which controlled the plasma density (Fig. 1c).
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e Phase 2: At t=1.1s, the flattop plasma current value was reached (I, ~ 250 kA,
Qo5 ~3.6) and the plasma shaping was completed (k ~ 1.7, § ~ 0.45). As a
consequence, the ELM frequency decreased and the ELMs became larger. »Ihe
good performances for the IBL scenario (Sy >1.8, Hggyo > 1) were achieved during
this phase which last on average for about 5 energy confinement times (see See. 5).

e Phase 3: At t~1.2s, a 2/1 neoclassical tearing mode was triggered after amELM and
consquently, plasma performance degraded significantly (Gy ~ 1.2). Eventually, the
mode locked at 1.38 s. As it will be seen in the next section, NTMs,were the main
limiting factor for good confinement of IBL scenarios on TCV:

e Phase 4: As it will be discussed in Sec. 4, the exit of the Hamodes a delicate phase
and usually, as in the case here, the plasma disrupted couple of ms after the NBI
was stopped.

Using this strategy, the shaping capabilities of TCV have been used to develop
similar IBL shapes than the ones used in AUG anddJET which differ from the exact ITER
shape. In particular the plasma triangularity on both devices is reduced (dap¢ =~ 0.25,
dyer ~ 0.35) compared to the expcted value in TTER. Figure 2 summarizes the results
with spider plots comparing ITER main parameters with those achieved on TCV, AUG
and JET. It has to be noted that usually the valuewef gy5 is not matched on TCV because
of the extreme level of disruptionsdorthis scenario.

a) 0 K b) 1) K la)] 1) K

ITER f
AUG #29636@4s s JET #97490@54.8s
\‘I .2_ \

Y95

Figure 2. Spider plots for the ITER (blue) and TCV (yellow) and comparison with
a) AUG (green) and b) JET (red), ¢) TCV case matching ITER shape.
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3. Role of MHD in limiting the performance of the IBL scenario
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Figure 3. Normalised beta Sy as‘afunction of normalised ELM period Atgras. Data
are color coded with ggs

3.1. Onset of neoclassical tearing modes trigerred by ELMS

Neoclassical tearing modes were¥eryoften observed in these TCV IBL scenarios, usually
3/2 or 2/1 modes which can loek and unlock depending on the plasma profiles evolution.
The poloidal and toroidalémode numbers have been identified with phase analysis of
different arrays of magnetic probes [11]. They could be born as tearing mode but in most
of the cases they were triggered by the large ELM crashes, which have AW /W 14 ~ 20%
where AW is the averaged lost energy during ELMs and W4 is the plasma stored
energy. Indeed, téaring modes are more unstable with a broad current density profile
and therefore can more easily be made unstable by external perturbations. In TCV
IBL, the modificationef'the pressure profile due to ELMs can be seen up to mid-radius
well beyond| thedocation of the =2 surface (py(¢ =2) ~ 0.7). In addition, the density
peaking istsignificant, especially when comparing with AUG cases. This led to flat and
broad T profile§, often the loss of sawteeth (¢ > 1), and therefore broad current density
profiles.

We hawe further investigated the conditions when NTMs were triggered by ELMs,
making an analogy between ELMs and sawteeth. Indeed, like large sawteeth, large ELMs
can seed islands or modify the local magnetic shear. In [12], a clear relationship between
the sawtooth period, normalised to a resistive time, and the Sy value at the NTM onset
was established for a multi-machine database. As illustrated in Fig. 3a), for a subset
of the IBL database for which NTMs were clearly triggered by an ELM, the Sy value
at the NTM onset together with the elapsed time between the ELM which triggered

q95
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the NTM and the previous one (Atgpy) was recorded. The results are reported in Fig,
3b) where Sy onset is ploted as a function of the normalised "ELM period" Aty and
color coded with ¢g5 values. A clear linear trend is observed indicating that the shorter
is the "ELM period", the larger is the achievable Sy before the NTM is triggered. 1t
can be noted also that the largest values for Sy are obtained at large ggs.. For potential

cross-machine comparision, the "ELM period" has been normalised«tora registive time

poa?
1.227nc0 (p=0.4) 1
proposed as a volume-averaged value.

defined as 7, = where the neoclassical resistivity, evaluated at p,, = 0.4, is
~

3.2. Cause of disruption for the IBL scenario

_—‘ Vertical Displacement Event

Vertical Displacement withllocked mode

4
Vertical Displacement with rotating mode

Non Disruptive

Locked Mode

Radiative Collapse

0 10 20 30 40 50
% of occurence

N
Figure 4. Probability distribution of the various causes of the disruptions for the IBL

scenario on TCV4

For most of the cases; plasmas disrupted when one tried to reach qg5 ~3 at full shaping
and therefore it seemed mecessary to look at the causes of these disruptions. For that
purpose, we analysed 113 shots with a machine agnostic object-oriented framework,
DEFUSE (18|, a major_upgrade of the previous code DIS tool [14]. This hybrid
framework leveraged physies-based scalings, statistical and machine learning approaches
to efficiently automate extremely time-consuming tasks, namely the detection and
annotation of plasma state sequences, transient events, disruption precursors and
conséquences:Figure 4 shows the statistics for the main disruption patterns affecting
the TCV IBL scenario. It is found that about 70% of the disruptions were due to issues
with wertical stability control. Indeed, for the majority of cases ( Vertical Displacement
with rotating mode in Fig. 4), large ELMs are exciting n=0 modes and once a rotating
NTM (n=1) was triggered, both modes coupled and led to vertical displacement events
(VDEs). Regarding the physics mechanisms, each ELM event causes a small vertical
displacement, which is essentially a magnetic perturbation with n=0 component, due to

Page 6 of 17
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a drop in poloidal beta. There are also several studies on the experimental demonstration
of ELM pacing through vertical kicks, which is based on the same principle.

3.3. Prevention of neoclassical tearing modes with ECR heating

We have tested the role of input power and electron heating in a serieshof otherwise
similar discharges with a first phase at high go5 ~ 4.2 (0.8<t<1.2 s)fand a second phase
with go5 ~ 3.2 ( 1.3<t<<1.7 s). In the first discharge, #64678, shown in black in Fig.
5, a 2/1 mode appeared in the first phase and degraded the confinement."On the other
hand, adding ECR X3 heating, as in shot #64770 shown in red, avoided this mode
onset, although a similar first large ELM occured, but only ‘an even n mode at ~40
kHz was triggered (small 3/2) which disappeared when 4 was increased at 1.2 s. The
2/1 mode could eventually lock (as for instance at 135ns m#64678) and usually led
to significant confinement degradation followed by an abrupt,H-L back transition and
most likely a disruption. The mode locking could also lead to a sufficient drop in 5 and
kinetic profiles to stabilize the NTM, after which the discharge recovered quickly. So it
should underlined that the 2/1 mode locking in‘itsgelf did not trigger a disruption.

One has to remember that the energy c¢enfinement time in TCV is 75 ~ 20-30 ms,
therefore TCV IBL were sustained for ~ 57y for go5 ~3.2 and > 107 for gg95 >3.6.
As seen for shot #64770 around 14ys, the low ¢o; phase had large Sy for a couple of
ELM periods, until a mode was triggered. Sinece the ELM period is 40-60 ms, about
2-3 7, this was the main limitation for the high performance duration. Nevertheless,
this duration is long when compared to the typical current redistribution time on TCV
(~100 ms). This might explain the large perturbation caused by the ELM crash and is
consistent with the occurrence Qf 2/1 modes after a few ELMs, as observed in [6].
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Figure 5. Time traces of two  TCV IBL discharges with (#64770, red) and without
(#64678, black) X3icentral EC heating. A 2/1 mode is triggered at 0.86s in #64678
at the first large ELM; while only a small n even mode at ~40 kHz appears in #64770.

Using the scenario of #64678, the ability of ECRH to prevent the NTM formation
has been further evaluated with a scan in the NB injected power, while the injected
ECRH X3 power remainedconstant at 0.8 MW. We focused on the early phase with
low shaping and reduced plasma current so all quantities have been averaged over the
period 0.9<t<1.1 8U(qgs—4.35 0= 0.43, k=1.72). The results are summarised in Fig. 6
where the absorbed ECRH power is plotted as a function of the time averaged By. It was
observed that at-larger injected NBI power (Pnppin;>0.6 MW) hence larger Sy, a 2/1
NTM developed évenif the coupled ECRH power was increased with respect to #64770
(#64684, #64686). The absorbed EC power was found to increase with Sy because at
larger 3y, the electron temperature profiles were more peaked and the EC coupling was
improved. In future experiments, one has to see if adding another 0.8 MW from the
second X3 gyrotron will be enough to stabilise the NTM for Sy>1.65 which is the value
at the NTM onset in #64684. While shots #64684 and #64682 have almost the same Sy
and theisame ECRH absorbed power, the former developed a NTM while the latter did
not.. Actually, one difference between both shots is the density peaking which is slightly
larger for #64684 compared to #64682. The increase in density peaking, probably due
to a larger beam fuelling, flattened the temperature profile thus the current profile was
broaden and consequently more prone to MHD instabilities. From these discharges and
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others not discussed here, it can be confirmed that it was the combination of large By,
peaked density profiles, high elongation and large ELMs which forced the triggering of
2/1 modes after a few ELM crashes and reduced the performance of the IBL in TGV«

For the early phase of these shots, it has to be noted that only abouts10-15% of the
NBI power goes to the electrons and about 25% to the ions. The rest of the power was
lost either from first orbits or from CX reactions. In order to be comservative, the CX
losses were not removed in the computation of the Hggyo factor. This led(typically to
a 10-20% underestimation. Finally, in the later phase of these shots when the plasma
current was increased to reach qg5 ~3, Sy remained large or even ificreased and it was
attributed to an increase in density together with a better NBI coupling (reduced first
orbit and CX losses).

0.35 I w/ 24 NTM T T 0.85
O wio 2/1 NTM
0.3t
08
4686
025 ~
B —
075
Z o =
684 2
e 64682 =
5 0157 1 7 =
o g
= | M
o 01 64770 Z.
QEJ 1065 QA
0.05 8
ol — 64678 | 06
1 1.1 1.2 1.3 1.4 15

Figure 6. Absorbed ECRH power as a function of the achieved Sy for otherwise
similar ‘conditions, except the NB injected power. Square symbols indicate the presence
of a 2/1 NTM while the absence of modes is shown with circle symbols. All quantiities
are averaged, between 0.9 and 1.1s.

4. Safe plasma termination for IBL scenario

As it hasbeen seen.dn the previous section, the disruptivity on the IBL scenario is very
large. Thereforeiit is crucial to optimize the strategy for the plasma ramp-down and the
H-L backtransition. Integrated modelling of AUG discharges including the ramp-down
phase has been performed using the RAPTOR code [15], and then an optimization
procedure for the termination phase has been conducted, also described in [16]. The
main ingredients for a safe yet rapid termination are a decrease of plasma current
together with a decrease of elongation, while controlling the heat sources during the
whole termination. The goal being to trigger a H-L transition at about 1/3 of the ramp-
down, the elongation should not decrease too fast, in order to avoid too low ¢g5 values,
and the H-L transition should not occur too late to avoid a too large Greenwald fraction.
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These key ingredients allow a control of the time evolution of the internal inductance
£;, the elongation x and the power balance. The simulation results were then used to
design the termination segment for IBL scenarios in TCV. A test case (#76775) is shown
in Fig. 7, where a high plasma current case (170 kA) safely ramped dewn te 70 kAj
with a controlled H-L transition about 1/3 into the NB ramp-down and an elongation
decreasing while decreasing [,,. In particular, the late H-L back transition forced a slow
increase of the internal inductance and a stable plasma, even though theé shape was
oscillating between limited and diverted as seen on the time evelution,of £ and 6. We
repeated the shot without the reduction in elongation (#76776) and Edisrupted with
a VDE right after the H-L transition, consistent with an increase of the n = 0 growth
rate with elongation. Nevertheless, the internal inductance evelved similarly in both
shots, and it was rather the critical £; for VDE which wasteduced for the same plasma
current, in this case. Both ramp-down phases have been simulated and optimised with
the RAPTOR code, suggesting, for instance, that4delaying the NBI ramp-down could
lead to a safer plasma termination [17]. These studies haye also been used to develop
the real-time termination algorithm used in JET baseline Scenarios [18].
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Figure 7. Time traces of #76775 for which the ramp-down was improved following
a strategy derived from RAPTOR simulations. a) plasma current, b) deuterium flow,
¢) line averaged density, d) injected NB power, e) stored energy, f) D,, g) elongation,
h) averaged triangularity, i) safety factor, j) normalised beta, k) Greenwald fraction,
1) internal inductance.
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5. Performance of the ITER baseline scenario on TCV
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Figure 8. TCV IBL database with £ > 1.65 andyd & 0.35. a) Hgg vs On; b) Pedestal
top electron temperature vs pedestal top electron density. Both plots are color coded
with the Greenwald fraction f4.

The main figures of merit are the Hgg,» scaling factor and normalized pressure Sy. The
TCV IBL results are reported in Fig: 8 including the pedestal top values for electron
temperature and density, following the definitions in [19] (Fig. 8 b). As discussed
in [3], AUG focussed on two IBL scenarios with gg5 ~3 and go5 ~3.6 indicated with
the red dashed lines in Fig. 8a) and TCV results are also compared to both pairs
of values. The black dashed lines represent constant Hogy,o/On values with similar
performance properties iffiqos BBy (constant Hog,eBn/q2s). They also reflect the
observed confinement improvement with Sy not included in Hggye. It is interesting
to note that the TCV data peints align relatively well with slightly better confinement
properties than the required ITER target, consistent with previous carbon wall studies.
Actually, AUG IBL with, carbon wall had better confinement properties and spanned
the region at and above the ITER point (Sy=1.8; Hgsyo=1.), and its alternative with
similar performance (Bx—2.2;Hos,2—1.2) [2], [4].

In Fig.| 8b); it can be seen that the TCV IBL database spans about a factor of
two in pedestal pressure, although most points are at about 2 kPa. The higher density
cases tend to follow the lower confinement dashed line, combined with lower g5, while
the highericonfinement points tend to have larger go5 and lower fgs. In addition, the
observed confinement improvement with Sy at large fs is consistent with an increase
of Nepeq aticonstant T, ,eq.

As reported in [2], a degradation of confinement at higher Greenwald fraction is
expected, which is usually alleviated by increasing the edge triangularity. The TCV
IBL data is consistent with this trend showing a maximum Hyg,s factor around 1.5 for
fc ~ 0.4 and about 1 for f; ~ 0.6. However, the points near this trend are not at
the highest 0 values, and have rather smaller elongation. This is consistent with the
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experimental strategy used in TCV: ELMy H-modes are much more reliable at lower
elongation and less perturbed by Type-I ELMs. It has to be noted also that the density:
limit in TCV is usually below fs ~ 1. In addition, higher elongation leads,to naturally
lower internal inductance £; and broader current density profiles [20], which ean explain
a lower density limit or higher sensitivity to density peaking for the triggering of 2/1
modes in particular. This is consistent with the important role of the slow time evolution
of the current density profile shown in DIII-D IBL [6] and consistent withithe role of
both the global ¢ profile and the increased magnetic shear near’q=2won tearing mode
stability observed on TCV and included in a varying tearing parame%r A" within the
modified Rutherford equation [21].

6. Transport modelling

The capability of a quasi-linear drift mode based transpert model to predict the
thermal and particle transport in TCV ITER baséline scenario is examined for #64770
(qos ~ 3.2). The evolution of electron (7,) and ion (7}) témperatures and main ion (np)
as well as the poloidal field diffusion equation are simulated in the whole plasma region
(py = 0—1) with ASTRA code starting in the ohmic phase (f = 0.5 s) and finishing at
the end of the high plasma current flat-top., The:INBI simulations are performed self-
consistently with plasma evolutiondaking,into account the shine-through, CX and orbit
losses, while the TORAY-GA code is used for the ECRH/ECCD modelling performed
with the measured plasma profiles. The transport model applied here combines the
GLF23 computed transport coefficients in the core region (0 < p, < 0.85) with ad-hoc
edge transport coefficients and NCLASS, used for the thermal and particle transport as
well as current conductivitysandsbootstrap current. The GLEF23 model is used here as
a numerically fast approximation o TGLF which allows to simulate the entire scenario
in a computationally zeasonable/time while providing important information on the
microturbulence stability and the effects potentially stabilising anomalous transport.
The impact of observed, sawtooth oscillations is taken into account by increasing the
transport coefficients within mixing radius simulated self-consistently with the g-profile
evolution assuming the /Kadomtsev reconnection model. In addition, the feedback
control of the volume averaged density via the neutral influx is applied. In the absence
of T; measurements the diamagnetic energy Wy, extracted from the diamagnetic flux
measuréments and consistent with the equilibrium reconstruction has been used for
comparisen with Wy, obtained in transport modelling.

The temperature and density evolution in #64770 gives an indication of strong
electron temperature stiffness - both simulated and experimental electron temperature
weakly @volve during the discharge in spite of the strong density increase and reduced
auxiliary electron heating from 0.25 MW at 1.2 s to 0.16 MW at 1.4 s - mainly due to
a reduced ECRH absorption at high density.

In addition, this discharge is characterised by a strong density peaking which
i$ reasonably predicted up to the central density values of (10 — 12) x 10m™3 and
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underpredicted at higher n, (#64770, 1.4 s). It should be mentioned that the drift
modes are stable within p, = 0.2 in performed simulations and the transpért in the
central region is determined by NCLASS enhanced by the sawteeth mixing.

Those self-consistent transport simulations show that ITG is ghe dominant
instability in a broad plasma region (0.3 < py < 0.8) during the quasi-stationary
phases achieved at the plasma current flat-top. These results are gomsistent with the
microturbulence stability analysis performed with local linear runs of the GENE code
for the same discharge and compared to #64678 featuring a NTM. Temparature and
density profiles together with frequencies w and growth rates ~, Both normalised to
the ion sound speed c; are plotted in Fig. 9. These simulations in¢luded collisions,
electromagnetic effects, two kinetic species and T; = T, whas used. The analysis was
done at two radial positions: in the plasma core (p, = 0i5) and at the pedestal top
(py = 0.9). For long wavelenghts (k,ps < 1), positive frequencies indicate that ITG sis
the dominant instability, and this is the case for both shots and both locations. In more

details:
&

e For both shots at t=1.1 s and p,, = 0.9, thenermalised grandients are very similar
and so the growth rates are almost identical.

e For #64678 at low shaping/large qo5 (t=1.1.8), even if the temperature profile is
flattened by the NTM at p, »0:65, the central temperature is close to the value
for #64770 without the NTM (T.(0) ~ 0.8keV). This indicates that R/ Ly, is larger
at py = 0.5 in #64678 and so both the growth rate and the frequency of the ITG
mode is larger for the shot featuring the NTM.

e During the high performance phase of #64770 (t=1.4 s), normalised gradient
lenghts for both density @d temperature are larger compared to the phase at
low shaping/large qog (t=4.1 s). In consequence, the normalized ITG mode growth
rate is almost doubled\from t=1.1 s to t=1.4 s at p, = 0.5.
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shot | time (s) | py | R/L, | R/Lre
64678 1.1 0.5 24 6.9
64770 1.1 0.5 25 4.1
64770 1.4 0.5 3.3 5.3
64770 1.1 09| 1.5 7.4
64678 1.1 09| 1.5 5.3
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° 400
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15 64678 (w NTM) t=1.1s
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Figure 9. Linear erokinetic analysis Microturbulence growth rates (dashed) and
frequencies (solid) at mid=radius and at pedestal top in TCV #64770 using GENE.
Positive frequenciés correspond to ITG modes.

7. Conclusions

The ITER baseline scenarios have been successfully developed in TCV and analysed.
The strategyconsistedrin entering in H-mode at large qg95 and reduced shaping in order
to get regular ELLMs not too large. Notably, this could be performed while both gg5
and the plasma shape were evolving. The final shape and plasma current were reached
in a second phase and good performance was obtained for durations of about 5 energy
confinement times. From there, the AUG IBL shape, the JET IBL shape and the exact
ITER shape were matched but at reduced plasma current (and Greenwald fraction).
Indeed, the level of disruptions for the IBL scenario is very hight and it has been
found that about 50% of the disruptions were caused by a vertical displacement in
presence of a rotating mode, which was triggered by large ELMs. It was shown that
broad current density profile, induced by density peaking, as well as elongation, high
On and low g5 combined to force more unstable plasma to classical and neoclassical
tearing modes. These modes could be avoided at medium [y and/or high gg5; with X3 EC
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heating, and also at lower elongation. We have used the benefit of controlled elongation
and power source during AUG IBL termination phases (in feedforward). Initial tests for
a safe ramp-down scenario, inspired by off-line optimization from RAPTOR simulatiens
have been performed but further optimisation remains possible. The TCV,IBlLidatabase
covered the ITER target values (Hggyo ~1, By ~1.8 at go5 ~3 and Hoggg 1.2, Sni~2.2
at qos ~3.6) and a slightly better confinement was reported and wasrconsistent with
previous findings with machines featuring carbon walls. Integrated modelling using
ASTRA-GLF23 quasi-linear drift mode based transport modelLpredicted the observed
heat and particle transport, with I'TG dominant regime across most.of the radial domain.
In particular, it was able to reproduce the mainly turbulentzdriven significant density
peaking observed in TCV IBL discharges.

The development of the IBL scenario on TCV will continue in the next experimental
campaigns with the use of the second X3 gyrotron and the seecond NBI together with
impurity seeding for detachment studies. The reesults obtained on both AUG and TCV

will continue to mutually feed the developments©n bothidevices.
- 4
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