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Abstract

Tokamak a configuration variable (TCV), recently celebrating 30 years of near-continual
operation, continues in its missions to advance outstanding key physics and operational scenario
issues for ITER and the design of future power plants such as DEMO. The main machine
heating systems and operational changes are first described. Then follow five sections: plasma
scenarios. ITER Base-Line (IBL) discharges, triangularity studies together with X3 heating and
N2 seeding. Edge localised mode suppression, with a high radiation region near the X-point is
reported with N, injection with and without divertor baffles in a snowflake configuration.
Negative triangularity (NT) discharges attained record, albeit transient, Sy ~ 3 with lower
turbulence, higher low-Z impurity transport, vertical stability and density limits and core
transport better than the IBL. Positive triangularity L-Mode linear and saturated ohmic
confinement confinement saturation, often-correlated with intrinsic toroidal rotation reversals,
was probed for D, H and He working gases. H-mode confinement and pedestal studies were
extended to low collisionality with electron cyclotron heating obtaining steady state electron
iternal transport barrier with neutral beam heating (NBH), and NBH driven H-mode
configurations with off-axis co-electron cyclotron current drive. Fast particle physics. The
physics of disruptions, runaway electrons and fast ions (FIs) was developed using near-full
current conversion at disruption with recombination thresholds characterised for impurity
species (Ne, Ar, Kr). Different flushing gases (D2, H2) and pathways to trigger a benign
disruption were explored. The 55 kV NBH II generated a rich Alfvénic spectrum modulating the
FI fas ion loss detector signal. NT configurations showed less toroidal Alfvén excitation activity
preferentially affecting higher FI pitch angles. Scrape-off layer and edge physics. gas puff
imaging systems characterised turbulent plasma ejection for several advanced divertor
configurations, including NT. Combined diagnostic array divertor state analysis in detachment
conditions was compared to modelling revealing an importance for molecular processes.
Divertor physics. Internal gas baffles diversified to include shorter/longer structures on the high
and/or low field side to probe compressive efficiency. Divertor studies concentrated upon
mitigating target power, facilitating detachment and increasing the radiated power fraction
employing alternative divertor geometries, optimised X-point radiator regimes and long-legged
configurations. Smaller-than-expected improvements with total flux expansion were better
modelled when including parallel flows. Peak outer target heat flux reduction was achieved
(>50%) for high flux-expansion geometries, maintaining core performance (Hog > 1). A
reduction in target heat loads and facilitated detachment access at lower core densities is
reported. Real-time control. TCV’s real-time control upgrades employed MIMO gas injector
control of stable, robust, partial detachment and plasma 3 feedback control avoiding
neoclassical tearing modes with plasma confinement changes. Machine-learning enhancements
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include trajectory tracking disruption proximity and avoidance as well as a first-of-its-kind
reinforcement learning-based controller for the plasma equilibrium trained entirely on a
free-boundary simulator. Finally, a short description of TCV’s immediate future plans will be

given.
Keywords: TCV, review, plasma, SPC, EPFL

(Some figures may appear in colour only in the online journal)

1. Introduction

Tokamak a configuration variable (TCV), is a conventional
aspect ratio (R/a = 0.88 m/0.25 m ~ 3.5, Ip < 1 MA,
B¢ < 1.5 T, inductive pulse length <~2.5 s) medium-sized
Tokamak selected for operation within the EUROfusion group
[1]. It features strong poloidal shaping options, powerful aux-
iliary heating sources, a complex control system and an ever-
widening range of modern core and divertor diagnostics. The
open vacuum vessel walls, protected (>85%) by carbon tiles,
have been augmented by a range of interchangeable, internal,
gas-flow restriction tiles, called baffles, that are designed such
that both the toroidal magnetic field and plasma current direc-
tions may still be selected independently for each plasma dis-
charge. Vacuum ports, in the lower machine where most diver-
tor leg configurations are directed, are further protected by tiles
that shadow those ports from those divertor legs. This permits
nearly all plasma core and divertor configurations to be oper-
ated, including high power auxiliary heating, without restric-
tion. TCV’s mission is to use its flexibility to help solve out-
standing plasma physics and operational issues on the road to
Fusion capable devices such as ITER and reactor designs such
as DEMO [2]. Over the 2021-2022 campaigns, electron cyclo-
tron heating (ECH) auxiliary heating now includes 1.4 MW
2x83GHz (X2) and 0.9 MW 2x118GHz gyrotrons (X3) and
2xIMW dual frequency (84/126 GHZ) gyrotrons for X2/X3
heating through 6 independent, RT-controlled, launchers. A
second, RT-steering capable, vertical launcher and new, valid-
ated, in-vessel focusing mirrors, ~180° toroidally apart (X3),
complement legacy lateral launchers. A further dual frequency
unit is being procured for increased core heating at higher
plasma densities. TCV’s, 26 kV 1.3 MW, tangential, positive-
ion neutral beam was complemented by a 60 kV, 1 MW,
counter-tangential beam that delivered up to 1 MJ through a
redesigned beam-duct with both injectors H and D compat-
ible. The increase in beam-plasma, fusion resultant, neutron
and gamma rates necessitated a complete revision of TCV’s
radiation shielding. A combination of ~0.5 m of polyethylene
and 0.5—-1 m of Baryted concrete walls, together with a 0.5 m
polyethylene roof over TCV was installed in the first half of
2023, following extensive modelling of neutron and gamma
radiation propagation, that has resulted in nearly undetectable
external radiation levels now achievable for all TCV opera-
tional scenarios [3]. Recently, the celebration of 30 years of
near continuous TCV operations was accompanied by a thor-
ough revision of the poloidal coil support systems and the
motor generator that powers TCV’s discharges and its auxili-
ary heating systems.

The TCV experimental programmes are executed by top-
ical teams, under the auspices of the EUROfusion Tokamak
Exploitation Work Package programme, complemented and
often enhanced by local programme teams at the Swiss
Plasma Center together with international collaborators. TCV
is designed and maintained to operated full discharges (up to
2.5 s inductively) every 10—15 min for many days a week and
many days a year. Its signature shaping capabilities, abundant
auxiliary heating combinations and rich diagnostic set result
in a widely varying range of experimental goals that this, of
necessity, relatively short résumé cannot hope to cover in great
detail. Care is taken, where possible, to cite the more recent
publications where many more of TCV’s long publication his-
tory can be easily located. Five main experimental thrusts
are reported herein with references provided to more detailed
publications. In the first, section 2 Plasma Scenarios, mostly
related to the plasma core are reported with section 3 describ-
ing Fast Particle Physics. Moving outwards to one of TCV’s
strongest research roles, scrape-off layer and Edge Physics,
section 4, and then specifically Divertor Physics, section 5 are
treated. Section 6 describes advances and uses in Real-Time
control that include feedback on RT-diagnosed plasma scen-
arios, Al-assisted discharge operation and disruption avoid-
ance with section 7 providing a short introduction to some of
TCV’s near-future plans.

2. Plasma scenarios

TCV’s shape control can match ITER Base-Line (IBL)
strongly shaped configuration (K ~ 1.8 § ~ 0.5) as used on
JET and AUG. ELMy discharges, limited using Ohmic heat-
ing alone, to go5 < 3 were extended with additional NBH
for g9s > 3.5. Discharges often terminated violently follow-
ing NTM activity triggered by edge localised mode (ELM)
events [4]. By entering H-mode at lower Ip, and/or lower trian-
gularity, generating smaller ELMs with reduced MHD activ-
ity, the accessible IBL discharges were extended with higher
Greenwald fractions (f) obtained with N, seeding. Lowering
the upper triangularity (0.45 —> 0.35) resulted in smaller
ELMs with reduced AW, consequently reduced NTMs, but
also a reduction in Sy. The addition of X3 heating clearly
helped stabilise the NTMs with record reaching IBL triangu-
larity (6 ~ 0.5) with Hog > 1 and f,; ~ 0.6 The operational
range was greatly expanded (e.g. for collisionality, *(0.8):
0.23-5) together with X3 heating and N, seeding, although a
high f,, and consequent lower electron temperature (Te), made
X3 coupling poor. A future development path will experiment
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Figure 1. LHS: Bolometer inversion image of XPR radiator in an H-mode snowflake configuration. RHS: Plasma traces show ELM-free

period is maintained from 1.2 to 1.6 s over a mild NBH power ramp.

with impurity gas quantity and efforts to couple more X3-
powered NTM stabilisation.

Reducing the impact of ELMs remains vital to H-mode
operations. X-point radiators, with an impurity seeded region
in the vicinity of the X-point, have long been studied on TCV
[5]. Although an X-point radiator (XPR) was not predicted
possible in H-mode [6], such an H-mode XPR was found
using N, seeding [7] albeit with a certain tendency towards a
MAREFE and/or an H —> L mode induced discharge termina-
tion. Some periods of full ELM mitigation were thus obtained
over a limited operational range. Access to this regime was
widened for an XPR in snowflake configurations (SF) and fur-
ther still by placing the X-point beyond the throat of a baffled
TCV divertor (see below), figure 1. This configuration was
stable to changes in auxiliary heating and plasma shape and
will be the subject of further investigation. The XPR did not
affect the H-mode confinement, although some increase in Z
was observed.

H-mode, and thus ELMs, were avoided completely in neg-
ative triangularity (NT) discharges attaining record, albeit
transient, Sy ~ 3 [8]. NT configurations have been explored
on TCV since 1993, as TCV can naturally operate over a
wide (—0.6 < § < 0.6) range of triangularity. This is fur-
ther enhanced by TCV’s shaping control allowing separate
variations of the upper and lower triangularities. Both HFS-
limited and diverted NT configurations were explored with
both NBH and ECH heating and discharges over a wide para-
meter range that included Ti > Te [8, 9]. In TCV, NT dis-
charges can achieve equal, or sometimes better than, H-mode
performance unlike classic positive triangularity (PT) config-
urations, but appear more vertically unstable than PT, although
it should be noted that TCV’s vacuum chamber shape is not
optimised for NT, figure 2. Although a pedestal formation is
supressed, they can attain higher confinement and lower core

transport than TCV IBLs with less heating and, of course, no
ELMs. Edge turbulence with NT appears reduced, and an inde-
pendent scan of upper and lower (X-point) J indicated improv-
ing confinement primarily for upper negative §. Low Z impur-
ity and momentum transport showed steeper gradients when
increasing NT in contrast to PT indicating a possible onset
of TEM over ITG turbulent nature [10]. Vertical stability and
density limits are described in another paper at this conference
[9]. Obtaining a reliable detachment with NT is hampered by
vertical stability issues, a tendency to exceed S limits and a
narrower divertor target than for an equivalent PT configura-
tion (see below).

Core confinement studies addressed for PT L-Mode. Linear
and saturated ohmic confinement (LOC/SOC) confinement
saturation, often seen correlated with intrinsic toroidal rotation
reversals and a change in turbulence regime, was probed for D,
H and He working gases [11]. Correlation of these phenomena,
often only reported with D working gas, was not obtained with
H and He bulk plasmas although clear LOC/SOC transitions
were observed implying these phenomena do not have the
same cause. This was further supported with NT/PT comparis-
ons where, although, again, a LOC/SOC transition was always
located, NT discharges did not display a rotation reversal
where, here, such a reversal is more easily associated with a
change in the rotation profile’s slope than its absolute value
[11].

H-mode confinement and pedestal studies were extended
to low collisionality using strong ECH and long-pulse, high
O discharges. High bootstrap avenues emulated on TCV for
machines like JT60SA and DEMO progressed where, sus-
tained using electron cyclotron current drive (ECCD), steady
state electron iternal transport barrier with NBH and NBH
driven H-mode configurations with off-axis co-ECCD were
obtained. A transient Sy ~ 2H-mode was achieved with the
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ramp that far exceeds the threshold power for PT H-mode transition.

first stationary, fully non-inductive, ITB and NBH reaching
BN ~ 1.8 [12] suggesting further possible improvements may
yet be found by merging these approaches, using the increased
available ECH and NBH power, to operate with a double-
confinement barrier.

A theory-based re-assessment of the ‘Greenwald’ density
limit in Tokamaks [13], here based on turbulent transport, was
performed [14]. A multimachine database of density limits
showed that the increase of the boundary turbulent transport
with the plasma collisionality sets the maximum density in
tokamaks that would imply a strong dependence on heating
power. This would predict a significantly higher safety margin
on the attainable core density than the Greenwald empirical
scaling in most reactor scenarios that are currently modelled
to have to operate close to, or even above, that limit.

3. Fast particle physics

With a view to reactor operation, research into the physics of
disruptions, runaway electrons (REs) and fast ions (FIs) was
addressed. Dependable RE scenarios were found that featured
near-full plasma current pre-disruption conversion, at disrup-
tion, to long duration RE beams characterised for impurity
species massive gas injection (MGI) of (Ne, Ar, Kr) with a
200 kA RE beam was maintained for over 1 s [15, 16]. This
beam was stable enough to undergo a position-controlled ramp
down until ~20 kA when vertical stability control was finally
lost. The central solenoid Ohmic drive was employed to main-
tain, examine the natural decay time of, and even ramp down
the post-disruption RE current until the vertical-control lim-
iting final disruption. A second, larger, MGI pulse during the
RE beam phase, that is being considered as an option to mitig-
ate the potentially dangerous RE beam, increased the RE ramp
down rate, but only roughly proportionally to the increase in
measured electron density rather than the injected gas quant-
ity. RE beam formation was found harder after increasing the
pre-MGTI elongation and lower pre-MGI plasma currents and

a seemingly hard limit of K < 1.5 for a RE beam, related
to the stability and control of elongated plasmas, was iden-
tified. RE beam formation was dependent upon a sufficient
pre-MGI RE seed, large enough to sufficiently increase the
plasma conductivity created by operating at low plasma dens-
ities (neo < 1 x 10" m=3) [16].

With a reliable recipe for RE beam formation, the prob-
lem of benign termination, to avoid post disruption damage
in future machines, was addressed [17, 18]. By injecting deu-
terium gas, the RE-beam companion plasma recombines (the
measured plasma density decreases drastically) until an MHD
instability is triggered that then expels the beam over a large
range of angles/inner vessel surfaces, avoiding the feared dam-
age of a localised beam termination. This MHD instability
was engendered using ‘compression’ with the RE beam dis-
placed onto and then into the central column, (here, gegge 1S
the safety factor at the limiting central column), by increasing
the RE current or by decreasing the toroidal magnetic field. A
Geage descending to near g = 2 was often required to obtain
this MHD although a value of gegge Of 3 was also sometimes
seen. The injected pressure was varied over a 0.05—1 Pa range
but no inter-machine (JET, AUG and TCV) clear scaling for
the optimal pressure was found although higher plasma dens-
ities were found to increase the wetted target areas, reducing
the resultant target temperatures. A non-linear neutral pres-
sure increase for recombination was found to depend upon RE
current, impurity quantity and main plasma species. Excessive
deuterium injection reversed this trend, figure 3, ascribed, to a
decrease in the companion plasma temperature, and increased
plasma resistivity, from increased collisions of the injected gas
with the RE. The test for successful RE mitigation is taken
during the final current quench where the stored kinetic and
magnetic energy must be dissipated. Ideally, the RE beam dis-
sipates by heating the companion plasma, reflected by longer
quench times and a higher radiated power fraction. Over an
order of magnitude reduction in the non-mitigated wall heat
fluxes have already been reported that scale well with higher
RE currents. Companion experiments have also shown that
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ECH during, or even following, RE beam formation can also
strongly mitigate the RE beam, offering another possible path
to RE beam mitigation [16].

Alfvén modes, stimulated by the 25 kV NBH, were quali-
fied using changes in beam energy and/or toroidal magnetic
field together with linear kinetic stability code calculations
[19], with an estimation of the fast particle distribution
function modelled using the TRANSP/NUBEAM code. The
recently commissioned 55kV 1 MW tangential neutral beam
also generated a rich Alfvénic spectral response on magnetic
probes and on an upgraded FILD head, now equipped with
a 128-channel imaging avalanche photodiode detector (APD)
FILD-target imaging camera. Comparisons of neutron emis-
sion rate deficits, compared to ASTRA simulations, correl-
ate with the Alfvén signal measured by a fast magnetic probe
[20]. Centrally deposited X2 ECH (with or without an ECCD
component) was able to stabilise this Alfvénic activity with
a corresponding recovery of the measured neutron rate. The
FILD detector only registered a signal when, with a clear
Alfvén mode present from high power NBH heating, a low
power (100 kW) 48kV radially injected diagnostic beam was
also present, (essentially a ‘probe’ beam), particularly for high
pitch angles. To date, NT configurations show considerably
less toroidal Alfvén excitation activity, but it should be noted
that, with tangential injection, the NBH deposition profile
is radically altered. Toroidal field and upper triangularity in
NT configurations scans showed changes in the FILD signal
amplitudes varying nearly linearly with the edge measured
magnetic perturbation amplitude, again preferentially affect-
ing higher measured FI pitch angles. FILD signals, already
reported to be modulated by sawteeth instabilities, NTM and
most probably other MHD activity, is being modelled with
ASCOT and the measured FILD entrance slit geometry in an

attempt to model the orbit-origin of the strong features (clear
stripes) observed on TCV FILD systems and in publications
from other machines.

4. Sol and edge physics

Advances in SOL and edge physics over this period were, in
particular, due to a diagnostic array augmented to monitor
the, still relatively spatially open, divertor region within the
TCV vessel. These can probe standard SND (e.g.: IBL) dis-
charge shapes and the vast array of TCV’s divertor configur-
ation research targets. TCV’s Langmuir probe array has been
extended to cover most of the vessel’s poloidal section and the
new baffle surfaces were equipped with additional Langmuir
probes and bulk-embedded thermocouples. Understanding the
machine power balance has also progressed with a reworked,
single poloidal position RADCAM multiple line-of-site cam-
era array (AXUYV, Soft-X and Bolometers) [21] and the diver-
tor probed by a novel reciprocating Langmuir probe array
(RDPA [22],) and a multi-tipped legacy reciprocating probe
able to, briefly, cross the last closed flux surface (LCFS) [23].
Spectroscopy diagnostics for TCV’s divertor have evolved
drastically. The multi-spectral 2" bore MANTIS 10-camera
divertor system was augmented by 2x 6-channel MANTIS II
1” bore compact optical versions [24]. Divertor spectroscopy
(DSS) now includes high resolution multi-chord observation
fans that can measure radiating-ion temperatures to well below
1 eV. Finally, tomographic inversions of the video images
sped up over 100x using GPU software that can now, for
instance, use all 3 MANTIS camera images of the same spec-
tral feature to be tomographically inverted self-consistently,
that greatly reduced the strength of inversion artefacts. In turn,
work on mathematically improving these inversions, using
external information, such as the poloidal field reconstructed
geometry or other spectral information, promises to improve
both the quality and reliability of these tools. This meth-
odology will also propagate estimates of the likelihood of
the deduced inversions to provide uncertainty estimates for
deduced plasma parameters [25].

Itis, however, in bringing these diagnostics together that the
biggest advantage is seen. Experiments that scanned the diver-
tor Thomson-scattering chords (able to measure Te < 1 eV) in
small steps across the divertor leg [26—28] were compared with
values of Te and Ne from MANTIS Balmer series intensities
and Helium spectral line ratios taken from one spectral line,
or, together. Uniting these interpretations, MANTIS images
were validated against Thomson measurements with sufficient
quality to both challenge existing collisional radiative and
divertor modelling and identify validated plasma parameter
ranges for this spectroscopic 2D-plasma parameter estimator,
figure 4.

The main detachment physical processes were probed by
performing these comparisons across the range of core dens-
ity ramps associated with detachment research. This method
can now be reliably applied to the wide range of TCV’s diver-
tor configurations even where Thomson measurement access
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deduced parameter uncertainties decrease strongly.

is not available [29]. Line emission profiles across the diver-
tor obtain spatial resolution along and across the divertor are
used to interpret the line integrated spectroscopy of TCV’s
DSS, figure 5. Differences, and similarities, between a range
of impurities’ ion temperatures and electron temperatures with
and without Thomson add a whole new dimension to model
comparison, generating a more complete picture of the diver-
tor state, including estimations of particle/impurity transport,
of the divertor processes as the divertor evolves towards a
detached state. Clear differences between present models and
experiment are seen, in particular with respect to molecu-
lar recombination processes that can enhance plasma cooling
at higher temperatures than volumetric recombination would
allow. A Coherent Imaging System is being constructed to
augment this picture with divertor flow measurements for a
range of neutral and charged emitting species [30].

TCV’s gas puff imaging (GPI) system that measures the
light emitted from the edge plasma reaction to injected neutral
deuterium or helium gas at TCV’s midplane was augmented by
a second system puffing orifice built into the tip of the diver-
tor baffles [31, 32]. Using the outer midplane GPI system and
a RDPA in the divertor region, the size, radial velocity and
parallel extension of SOL filaments in TCV were measured
[33-36] for discharges both in attached and detached condi-
tions for a LSN L-mode configuration. Increasing core dens-
ity generated filaments of increased size (~60%) and radial
velocity (~100%) with no significant change in the filament
detection frequency. Cross-correlation between the GPI and
the RDPA was used to diagnose the parallel extension of fil-
aments. Filaments in discharges with lower core densities in
the near SOL did not extend into the divertor region, whereas
filaments at higher densities always connected to the diver-
tor region, figure 6. GPI systems were used to characterise
the turbulent ejection of plasma at the midplane and towards
the divertor region. By relating the measured filament bright-
ness fluctuations as functions of the locally fluctuating electron
temperature and density, the ejected feature strengths could

be tracked from ejection at the midplane to regions beyond
the LSN X-point. The GPI was mounted on MANTIS’s lower
divertor view and using TCV’s position control to displace the
LSN configuration across the GPI field of view allowed a full
2D picture to be built. This picture remains complex. At the
midplane, a low fluctuation level radially just outside the LCFS
is followed by a growing fluctuation level moving outwards.
This trend, remarkably, is seen in regions above and below the
X-point through to the divertor leg region although the ratio
of intensity fluctuation standard deviation to mean intensity is
higher above the X-point. Around the X-point, filaments that
follow the field lines and others that move far to the LFS are
observed. Furthermore, the small-scale turbulence seen in the
divertor leg is not found to be correlated to structures above
the X-point implying further cause-effect complexity.
Preliminary estimations indicate that these divertor ‘blobs’
can contribute considerably to the profile broadening at the
divertor targets. Elongated filaments just above the X-point
and in the far divertor SOL were observed whose shape and
motion matched field line tracing from the outboard midplane.
Their reduced occurrence in the divertor indicates that not all
these far-SOL filaments reach deep into the divertor, and that
these contribute only to the outermost part of the target profile.

5. Divertor physics

TCV continues to vigorously pursue outstanding issues in
plasma exhaust physics. The central element of recent TCV
upgrades, within the EUROfusion exhaust (PEX) mandate,
is the installation of physical, carbon protection material,
gas baffles inside the TCV vessel to impede the passage of
neutrals between the region encompassing the core plasma
from that containing the divertor’s strike points [37, 38]. This
was accompanied by the installation and/or upgrade of many
state-of-the-art diagnostics to probe the exhaust from the core
plasma to the strike points with the goal of mitigating the strike
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detachment. Reproduced with permission from [32].

point power density to tolerable physical levels [37-39]. The
initial baffle dimension choice, guided by SOLPS modelling,
was augmented by new, longer and shorter, inner and outer
baffles. Combinations of these results, including a legacy ‘no-
baffle’ configuration, were compared to models with particular
emphasis on their ability to establish a high neutral compres-
sion between the core and divertor regions with the simultan-
eous goal of remaining compatible with a high-performance
core plasma, yet radiatively dissipating an increasing, con-
siderable, fraction of the exhaust power from the X-point,
across the divertor region(s), up to the strike points, termed
detachment.

Due to the extraordinary wealth of information generated
during these experiments, only some main results of divertor
baffling can be reported here [37]. Increasing the divertor clos-
ure, together with placing the X-point such as to best bene-
fit neutral divertor compression, successfully led to a cooler
divertor with a reduction in target power fluxes. Using repeat

plasma exhaust (PEX) discharges in all baffle configurations,
neutral pressure gauges reported an, up to, 5x increase of
the divertor neutral pressure (for the longest inner and outer
baffles) and reduced fuelling through the divertor to the core
plasma, that facilitated access to detachment at lower core
plasma densities. These experiments employed a programmed
core density ramp, often until the discharge density limit,
to parameterise any changes in the divertor. Figure 7 shows
the divertor density measured by a floor positioned Baratron
for unbaffled, short inner/outer and longer inner/outer baffles
as a function of a core density ramp of the working D gas.
Reducing gas conductivity from the divertor resulted a lower
core density peaking for the L-mode discharges. Increased
divertor baffling lead to higher divertor pressures that, in turn,
decreased the core density required for divertor detachment
monitored by floor IR images and the position of the CIII radi-
ation front [39]. Studies were extended to H-mode configura-
tions and the addition of radiating impurity gasses (N, Ne) into
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the divertor region to further enhance divertor cooling where,
even with only a shorter inner baffle, a 40% decrease in power
to the strike points was obtained. These ongoing experiments
also benefitted from four additional poloidally, and three tor-
oidally, distributed gas valves to probe differences between
working gas and/or impurity injection into the main, divertor
common and divertor private zones.

Divertor studies examined how alternative divertor config-
urations mitigate target power, facilitate detachment together
with a wider detachment operational window and increase the
radiated power whilst retaining a high-performance plasma
core compatibility. Two main configuration approaches were
studied: geometries to optimise X-point radiator access and
operation and long-legged divertors that seek to generate a
strongly radiating zone between the divertor target and the X-
point. The former will have cost issues relating to the more
complex magnetic configuration and the latter may not make
the best use of the costly main toroidal field volume. SF con-
figurations, with two nearby X-points, found up to a 2/3 reduc-
tion in the target heat loads [40]. Strangely, this improvement
was strongly reduced with N, seeding and no advantage in
the core for the SF, over a SND configuration, was obtained
with increased N; seeding, even though the SF’s radiating zone
was farther from the LCFS. Initial EMC3-EIRENE model-
ling had indicated a higher required cross-field transport to
match experiment [38]. A 20% reduction in target power for
a baffled over unbaffled SF, with a little more divertor radi-
ation, was countered by an increased N core pollution that,
however, diminished with decreasing inter X-point separa-
tion. Access to a stable XPR regime was, however, facilitated
with a SF configuration, that was ascribed to the higher flux
expansion around the X-point. Some of these plasma shapes,
also accessed a completely ELM-free operation, even across a
power ramp, figure 1.

Other observations that were noteworthy in this research
are reported for completeness. Using the MANTIS CIII front

position as a detachment proxy, a smaller than predicted reduc-
tion in the detachment threshold [33, 41] was found, from
increasing flux expansion alone, that was partially explained
by including parallel flows [42].

Small (SN) and high (XD) flux expansion H-modes were
compared with an X-point divertor (XPT). Here, the H-mode
core performance (Hog ~ 1) was similar in all cases with a
50% decrease in the inter-ELM flux for the XPT observed,
albeit with a strong dependence on the XPT’s X-point separa-
tion. Together, Baffles, XPT and N2 assisted detachment res-
ulted in over 95% decrease in the inter-ELM peak heat flux
when compared to an attached SN case [43]. Finally reported
in this shortened list, a study of detachment in conventional
SN discharges was extended to include double-null (DN)
configurations [44] where a 30% improvement was found in
the peak heat load and a substantial reduction (20%—-25%) in
the detachment threshold together with a 50% higher radiation
fraction. This came with a modest (10%—20%) reduction in the
density limit. Even the modest effect of increasing poloidal
flux expansion on detachment for the SN configurations was
absent for the DN configurations.

Two further studies are briefly described. Detailed 2D
Langmuir probe measurements, using the RDPA, over a large
part of the TCV divertor region measured plasma density,
temperature, potential and parallel Mach number distributions
[22, 45]. Estimations of vertical particle flux densities associ-
ated both with parallel flows and E x B flows were used to
assess the divertor particle balance for Ohmic L-mode plas-
mas in both baffled and non-baffled divertor configurations. A
range of divertor regimes were accessed by varying the plasma
line-averaged density. The study reveals that £ x B drift con-
tributions to the poloidal ion flux can be comparable, and
sometimes larger, than the ion flux along the magnetic field
lines. A detailed divertor particle balance, with and without
baffles, indicated that the outer target flux originates from ion-
isation along the divertor leg. In the second, a comparison of
self-consistent full-size turbulent-transport simulations of the
divertor and SOL was undertaken on the so-called TCV-X21
series of L-mode discharges that featured both toroidal mag-
netic field directions and data from TCV’s diagnostic array
including the RDPA [22] and the fast-reciprocating probe [46].
The discharges were operated at lower-than-normal toroidal
field (0.95 T) to decrease modelling computational cost and
at low density, in sheath-limited conditions. Simulations were
performed on the same data set with the GBS, GRILLIX and
TOKAM3X 3D two-fluid drift-reduced Braginskii turbulence
codes [47], references within]| and validated whilst consider-
ing each diagnostic’s uncertainty together with each simula-
tion’s uncertainty [48]. A table of code and simulation results
was analysed with significant matches to experiment encour-
agingly found at the outer midplane. It is to be noted, how-
ever, that simulation results were often outside experimental
uncertainties at the targets and across the divertor volume.
Although many qualitative tendencies were reproduced, many
compromises in boundary conditions and scale lengths were
chosen to run the simulations. It is expected that additional
physics will be required before these models obtain quantitat-
ive matches to the TCV-X21 data set.
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6. Real-time control

TCV’s real-time control system structure has been reworked
within the MARTE2 framework using a reflective-memory
backbone [49]. The addition within this real-time frame-
work of complex diagnostics, such as Thomson Scattering
and Video (MANTIS) information was complemented by
an EtherCat field bus extensions that control the ECH mir-
ror orientations, NBH injection energy/power and the full
tokamak magnetic coil control set. Controllers are built in a
modular fashion under Matlab/Simulink using a new open-
source framework that are now strongly parameterised such
that coefficient changes no longer require controller re-
compilation. This abstraction has encouraged external scient-
ists to develop algorithms offline then install/exploit/compare
them directly on TCV with little additional on-site adapta-
tion required. Basic modules include RT-LIUQE [50] sub-
millisecond fast magnetic reconstruction, the RAPTOR and
RAPDENS plasma simulator together with diagnostic observ-
ers that run routinely upon which other controllers can rely.
Three strong, but overlapping, usages for this system are repor-
ted. TCV’s legacy plasma control is based upon a fixed bound-
ary calculation of coil current references and observers in
multiple PID feedback loops. RT-LIUQE has previously been
reported as an improved observer of the actual shape and
plasma position and a rigid, linearised, plasma response model
for the TCV tokamak has successfully guided the machine
control parameters to improve shape and position control
fidelity [51]. This was extended to SF configurations, where
the X-point separation control is paramount to improve the
SF configuration stability [52]. In view of TCV’s high vessel
aspect ratio and frequently requested access to highly shaped
plasma configurations, vertical plasma control, particularly for
higher elongation, has always been one of TCV’s challenges
[53]. Fast coils, inside the TCV vessel, are used in combina-
tion with the external poloidal coil set to stabilise the higher
growth rates associated with high elongation. The legacy con-
trol approaches, that only used subsets of the full poloidal coil
set for vertical control, were improved to include all coils after
a control-theory analysis of high frequency vertical position
excursions with an optimised coil combination employed for
derivative control and a different coil combination for pro-
portional control [54]. The resulting controller both improved
the vertical control and reduced the work required from the
poloidal coil array. For the future, better general vertical con-
trollers will be designed together with controllers optimised
for specific needs that will include plasma shape and position
together with the dynamics resulting from auxiliary heating
systems and their own dynamics.

Control of the CIII radiation front in TCV through deu-
terium and/or nitrogen divertor gas injection was developed
for TCV’s detachment experiments [56]. This work modelled
the reaction of the plasma CIII front position, deduced from
the MANTIS cameras, to the gas valve actuator(s) to gener-
ate, offline, a reliable and efficient controller, then implemen-
ted on TCV. The technique was extended to NII-radiation front
control whose position varies similarly to CIII but is situated
closer to the divertor target representative of a colder plasma

[57]. Here nitrogen was used as the only injection gas or only
as a trace gas for comparison with deuterium injection to con-
trol the NII front position to track a requested temporal evolu-
tion of the NII front position and the plasma core density. With
NII it was possible to track deeper into detachment where the
CIII front had already reached the X-point and contrast the
effect of the more strongly radiating N, injection from deu-
terium injection on the power to the inner and outer strike
points. These system identification techniques were applied to
a multiple in, multiple out (MIMO) control problem where the
plasma core density and NII radiation front condition, (the new
detachment proxy), were controlled together by separate N,
and deuterium gas injection actuators that affected both sought
parameters [55]. Linear combinations of deuterium and N,
injection were found, from system identification of each injec-
tion’s response, to linearise the controller response in the range
of interest such that these ‘virtual’ actuators were now, effect-
ively, decoupled. In the resulting TCV experimental demon-
stration, the MIMO injection was provided by a combination
of two PI controllers on the virtual actuators that controlled
both the NII front position and core plasma density through
a strong density ramp, figure 8. This is the kind of separate
divertor and core plasma control that will be necessary to oper-
ate fusion reactors. Using the same digital control approach,
direct plasma control on RT-LIUQE magnetic reconstructions
was used to effect in NT discharges where NBH injection,
that also fuels the plasma efficiently, increases the plasma
B towards NTM triggered disruptions [8]. With feedback on
the NBH power, long periods of controlled, and high, 8 were
explored whilst compensating for the direct fuelling changes
engendered from the evolving NBH power.

Machine learning has been applied to TCV research in
several ways. Disruption avoidance, necessary in any reactor
grade machine, is complex and relies upon estimating, through
combinations of observable and RT-modelled parameters, a
‘proximity’ to disruption. A combination of machine-learning
(ML)-based and physics-based algorithms has been developed
to estimate the proximity of the plasma discharge to events
in real-time [58]. Control algorithms, such as changes in the
power and/or orientation of auxiliary heating, plasma density
or position and shape control are triggered depending upon the
plasma state by a supervisory control framework. Often the
very regions where disruptions are more likely are those that
research wishes to attain, making the plasma discharge traject-
ory choice even harder. Off-normal (unpredicted) events are
not uncommon and, finally, choosing the optimal mitigation
scenario for each disruption occurrence is the only solution
[59]. With a limited number of actuators available, a super-
visory framework [60] was developed with a customisable
decision logic that can switch between different control scen-
arios, with multiple choices of actuator usage, depending upon
the nature of the situation. In the same vein, after demonstrat-
ing NTM stabilisation by precise X2 ECH and ECCD depos-
ition near rational g surfaces [4], robust application to a range
of possibly moving plasma configurations, with insufficiently
reliable RT magnetic reconstruction, was addressed. A simple
solution, with a small sinusoidal radial sweep of the EC power,
alleviated some of the high beam alignment requirements [61].
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A new NTM prevention strategy, that only required transient
EC power near the relevant rational surface, proved effect-
ive for preventing ST-seeded NTMs. A study of the physics
of this stabilisation indicated that its success resulted from
local effects of the EC beams rather than global current profile
changes. Clearly, combinations of engineering-like solutions
to render physics-based plasma control sufficiently robust for
reactor operations will require further work.

In another direction, deep reinforcement learning was
applied to generate a magnetic controller based only on trial-
and-error interaction with a free-boundary tokamak simulator
[49, 62]. A plasma discharge designer first specifies exper-
imental, with the possible inclusion of time-varying, con-
trol goals. The deep reinforced-learning (RL) algorithm then
uses the simulator to locate an efficient policy to meet these
goals. Finally, this control policy, cast as a running neural net-
work, is constructed that runs in real-time on relatively mod-
est hardware through the available observers. A diverse set
of plasma configurations was thus generated and operated on
TCV, including elongated and conventional shapes, as well
as advanced configurations such as NT, SF and even droplet
configurations. The neutral network, in effect, replaced TCV’s
legacy ‘multiple-PID’ control systems to provide direct mag-
netic coil signals to the machine, figure 9. Experimental track-
ing of the location, plasma current and shape was demon-
strated for these configurations indicating that, at the least, the
Tokamak simulator had captured the necessary plasma dynam-
ics and TCV machine specificities. For the ML community,
this represents one of the most challenging real-world systems
addressed by reinforcement learning and, since this technique
employs no experimentally obtained data, it also demonstrates
a path for initiating new experimental devices such as ITER
and reactors such as DEMO.

This DeepMind approach has also been used to extend
TCV’s multiple X-point research to help identify an operat-
ing regime that extends the two nearby X-points of the so
named ‘snow-flake’ configurations to three nearby X-points
named a ‘Jellyfish’ [63], figure 10. Following initial attempts
to identify an operational space within TCV for this, the novel
deep RL architecture located such an initial space from where
that configuration was further refined using this together with
TCV’s legacy control development strategies. This configur-
ation is a new addition to TCV’s research in changing con-
nection lengths, flux expansion and power spreading further
testing the limits of current divertor models.

7. Outlook

For 2024 and beyond, TCV will address new and legacy
issues. TCV has been fitted with robust neutron and gamma-
radiation shielding removing all restrictions on auxiliary NBH
usage. Further auxiliary heating (an additional dual frequency
(84/126 GHZ) Gyrotron, top/lateral launch) is under consid-
eration; NBH, injecting over 4 MJ within a discharge, will
advance NT scenarios, QCE and other reduced ELM regimes
including zero applied torque or zero plasma rotation using
spectroscopic Doppler feedback upon the opposed tangential
neutral-beam geometry. All the subjects described herein will
benefit from these augmentations in particular when managed
by TCV’s increasingly complete and wide seeing control sys-
tem. Divertor modelling has indicated that further increasing
the baffling of long-legged divertors would generate a much
cooler target plasma than for present baffles, with a poten-
tial 3x increase in the tolerable exhaust power, figure 11
[37, 39, 64].
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Figure 10. Example of a Jellyfish poloidal configuration with three
X-points in the lower divertor region. LFS parallel connection
length peaks ~120 m. A strong reduction in peak heat flux
compared to the reference single-null reference configuration.
Adapted from [63]. CC BY 4.0.

Such a tight baffle could be installed by replacing current
internal protection tiles, similarly to the technique used in
the present baffle experiments, with a further option installing
upper and lower tight baffling to equip a DN, highly baffled,
configuration. By nature, these solutions will be less accessible
to current diagnostic arrangements, for instance radiation front
detachment control using MANTIS, probably necessitating
more in-vessel diagnostic installations. Successful compatib-
ility of these high power divertor exhaust compatible solutions
will depend upon maintaining high core performance that will
target both PT, H-mode or NT, L-mode, configurations.
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