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Abstract. Research towards a plasma exhaust solution for a fusion power plant aims at validating edge physics
models, strengthening predictive capabilities and improving the divertor configuration. The TCV tokamak is
extensively used to investigate the extent that geometric configuration modifications can affect plasma exhaust
performance. Recent TCV experiments continue previous detachment studies of Ohmically heated L-mode
plasmas in standard single-null configurations, benefitting from a range of improved diagnostic capabilities.
Studies were extended to nitrogen seeding and an entire suite of alternative magnetic configurations, including
flux flaring towards the target (X divertor), increasing the outer target radius (Super-X) and movement of a
secondary x-point inside the vessel (X-point target) as well as the entire range of snowflake configurations.
Nitrogen seeding into a snowflake minus configuration demonstrated a regime with strong radiation in the large
region between the two x-points, confirming EMC3-Eirene simulations, and opening a promising path towards
highly radiating regimes with limited adverse effects on core performance.

1. Introduction

A plasma exhaust solution for a fusion power plant must ensure acceptable conditions at the
walls while maintaining sufficient core performance. Fusion power plants based on the tokamak
concept will therefore likely require the expulsion of a high fraction of the plasma heating
power as radiation and the establishment of a pressure gradient along the scrape-off layer (SOL)
field lines, characteristic of operation in a detached divertor regime [1]. Since it is uncertain
whether such operation in the elementary single null divertor can meet all requirements of a
power plant, present research aims at validating physics models to strengthen predictive
capabilities and at improving the operating regime and the magnetic configuration [2]. The
TCV tokamak is used to investigate the extent to which geometric modifications of the magnetic
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configuration can affect the plasma exhaust performance, focusing, in particular, on the access
to a detached operating regime.

Detachment is obtained when the plasma temperature in front of the target is sufficiently low
that neutral friction can sustain a gradient in the plasma pressure along the magnetic field lines
in the divertor [3]. The fundamental dependencies are described by the 2-point model [4], which
relates the plasma temperature 7" and density # at the divertor targets (‘t’) to the conditions in
the vicinity of the closed field lines usually referred to as upstream (‘u’). In its extended form,
the 2-point model relates the plasma temperature at the target T, to the upstream density n,,
the parallel heat flux as well as geometric parameters such as connection length L and target
radius R;[5,6],
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The upstream parallel heat flux, which is here evaluated at the separatrix,
_ Btot,u CdiVPSep (2)

q =
v ™ B, 21RAqu

depends on the power crossing the separatrix, P, the fraction of this power that is directed
towards the investigated divertor target, cqiv, and the characteristic width of the SOL heat flux,
Aqu. While increasing the plasma density and thereby n, is an efficient means to lower T, its
maximum value is limited by core confinement degradation and ultimately the plasma stability.
Therefore, other means to lower 7; must be found. A commonly used technique to lower the
temperature is impurity seeding, which increases the radiation fraction in the divertor, f..q =
P /P.ep. Novel magnetic configurations seek to facilitate the decrease of T; and thereby access
to detachment by increasing the achievable fr.q, increasing L, increasing R, increasing A, or
by a combination of several of these aspects.

Recent TCV experiments continue previous detachment studies in conventional single null [7]
and snowflake configurations [8]. They use the unique shaping capabilities of TCV and benefit
from diagnostic enhancements, described in section 2. Detachment in Ohmically heated
plasmas is characterised with unprecedented detail in section 3. These studies include variations
of flux expansion and divertor leg length. The detachment studies are then extended to an entire
set of proposed alternative configurations, including the X divertor [9], Super-X divertor [10],
snowflake divertor [11] and X-point target divertor [12] in section 4. A summary is presented
in section 5.

2. The TCYV tokamak as a facility to investigate plasma exhaust

TCV is a medium size tokamak (major radius R, = 0.88 m, aspect ratio A = 3.6) with a toroidal
field B,<1.45 T. TCV has a highly-elongated vessel and 16 independently powered poloidal
field coils providing unique shaping capabilities that can generate a wide variety of divertor
configurations. The near-complete coverage of TCV surfaces with graphite tiles imposes few
constraints on the placement of power and particle loads and TCV is extensively used to study
divertor physics and alternative divertor concepts. Fuelling and impurity seeding is carried out
using valves on the floor.

Recent SOL transport and detachment experiments have benefited from a range of improved
diagnostic capabilities.

e A new 32-chord divertor spectroscopy system (DSS), designed to diagnose a wide range
of divertor configurations, and track the characteristics and extent of the detachment



region [13]. The Stark broadening of the n = 6,7 Balmer series lines yields an estimate
of the electron density. In addition, a new method has been developed to utilise Balmer
line ratios to separate the recombination and excitation contributions to the emission of
individual lines, and use the recombination contribution to estimate the recombination
rate Ry [13].

The infrared thermography diagnostic has been upgraded with an additional view of the
lower inner wall and the addition of a second fast-framing MWIR camera for
simultaneous heat flux measurements at the inner and outer divertor targets of a wide
range of diverted configurations [14].

The wall-mounted Langmuir probe array on the inner wall was extended to lower
positions. A subset of probes now uses roof-top tips for more reliable measurements
when the grazing angle of the incident magnetic field lines is small [6].

A fast reciprocating probe, previously mounted on NSTX [15], was installed on an
outboard mid-lane port and yields SOL temperature and density measurements.
Baratron pressure gauges, on the floor and outboard mid-plane, provide absolutely
calibrated neutral pressure measurements [6].

3. Detachment in TCV

Recent TCV detachment experiments were conducted in L-mode plasmas in the standard TCV
lower single-null (SN) divertor configuration, characterised by a short inner and longer outer
divertor leg, FIG. 1(a). The angle of the SOL flux surfaces with respect to the divertor targets
is usually ~90 degrees. For these experiments the toroidal field is directed in the ‘reverse’
direction, i.e. corresponding to an ion VB drift direction away from the x-point, similar to
previous studies [7]. This choice increases the L-H power threshold permitting L-mode
experiments at high plasma current and heating power.
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FIG. 1. (a) Standard TCV divertor configuration (By= 142 T, I, = 340 kA, qos = 2.5) and evolution of

(b) the line averaged density <n,>, (c) total ion fluxes I, to the inner and outer targets and (d)

Ohmic heating power Py, power crossing the separatrix P ,,~P o3,,—P .4 0re and power at the wall
P, AP 0i—P0q in an Ohmically heated density ramp experiment. Also shown are the (e) ion current

Jsars and (f) heat flux profiles q, measured with Langmuir probes at the outer target.



3.1. Density ramp experiments

The detachment behaviour is probed in density ramp experiments, where the electron density
is measured along a central interferometer chord to yield the line averaged density <n>,
FIG. 1(b) [6,16]. Swept Langmuir probes estimate the ion current to the target, I'; ,, FIG. 1(c),
the electron density at the target, n,,, and the electron temperature at the target, 7, ,. At low
density, T, increases with <n>, but the increase is slower than the oc <n >’ dependence
predicted by the 2-point model in the high recycling regime, assuming that n,, oc <n>. At
sufficiently high density, I'; , at the outer target ceases to increase and ‘rolls over’ at t = 1.0s,
FIG. 1(c), when <n> ~ 1.0x10”m™. This deviation from the expected dependence correlates
with a pressure loss along the field line, which in this work is referred to as the onset of
detachment. Systematic changes in the SOL width, with reciprocating probe measurements at
the outboard mid-plane actually indicating a gradual broadening of the SOL with density [17],
together with possible changes of the ratio of <n> and n., add some uncertainty to the
determination of the detachment onset. In the reference configuration, only the ion current to
the outer divertor rolls over before a disruptive density limit is encountered at ~70% of the
Greenwald density. The inner divertor generally remains attached. The ion current density and
heat flux at the outer target decrease most near the separatrix, FIG. 1(e,f). The profiles for the
highest density values are characteristic of 'partial detachment' [18].

While increasing <n.> increases the radiated power, which in un-seeded discharges is expected
to arise mainly from the ubiquitous carbon impurities, it also increases the Ohmic heating
power, Pg,.., FIG. 1(d). The radiated power and its poloidal distribution is obtained through a
tomographic inversion of foil bolometer measurements. The increase of the radiated power P,
with <n> typically cancels the increase in P, leaving the power that must be exhausted at
the targets P, approximately constant, FIG. 1(d). Since a significant fraction of the radiation
originates from outside the last closed flux surface (LCFS), the power crossing the separatrix
in the plasma channel, P, actually increases with <n.>, FIG. 1(d). At low <n> the radiation
emissivity is highest close to both targets. As <n> increases, the total emissivity peak moves
from the outer target towards the x-point. This movement is also seen in the line-integrated
measurements along chords that intersect the outer divertor leg, FIG. 2(a). At the inner target
the total emissivity increases and the emitting region extends towards and eventually past the
X-point.

A tangential camera system simultaneously images the divertor at four wavelengths, including
ClII, D,, D, and C II. Tomographic inversion yields the poloidal emissivity distribution
[16]. The region of C III emissivity starts to recede from the strike point somewhat before the
roll over in the ion current. The cut-off towards the target is expected for electron temperatures
in the range of 3-8eV with a cross-comparison with target Langmuir probes indicating a
temperature of 7-8eV [6]. This C III front moves approximately linearly with density up the
divertor leg towards the x-point, FIG. 2(b). The movement is quasi-static and appears stable.
At detachment onset the C III emissivity is peaked at the x-point and extends half-way down
the leg. Once the C III front reaches the x-point it stops and the density can be further increased
until a disruptive density limit occurs. Line integrated radiation measurements along bolometer
chords, FIG. 2(a), show that the C III moves together with the high radiation region. A
comparison with the evolution of the D, distribution indicates that the ionisation region
follows the C III front and the radiation region up the divertor leg.
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FIG. 2: Density dependence of (a) radiation emission along the chords shown in FIG. I(a), (b) the
poloidal distance of the C III cut-off from the x-point and (c) the line integrated recombination rate R,
along chords similar to the bolometer chords estimated from DSS measurements of the Balmer
spectrum.

Spectroscopy indicates that recombination first increases at the target. At higher <n>, the
emission near the target develops a tail that extends towards the x-point. However, the
recombination rate, inferred from DSS measurements of the Balmer spectrum, always remain
highest on the chord closest to the target (similar geometry as the blue bolometer chord in
FIG. 1(a), 5 cm above the target), FIG. 2(c) [13]. The density determined by Stark broadening
does, in particular, not show the roll-over observed by Langmuir probes at the target. This
suggests that the recombination front never moves more than a few cm above the target, which
differs from observations in other, higher density tokamaks, where the recombination front
moves towards the x-point. This difference may be due to a longer mean free path for ionisation,
typically longer than the width of the TCV divertor leg. Neutrals are not well-confined leading
to less ionisation and, potentially, a slower rise of the divertor density and, hence, a slower rise
in charge exchange and recombination processes [13].

Experiments at lower plasma current (/, = 250 kA) reach detachment onset at somewhat lower
density than the described high current scenarios. The role over in I, , is immediately followed
by a disruption before a substantial reduction of I, ,, indicative of a larger pressure reduction,
i.e. deeper detachment, can be obtained.

3.2 Flux expansion effect on detachment

The magnetic geometry in the divertor can be modified by changing the flux expansion at the
target, f, = dr/dr,, where dr is the distance between flux surfaces. Flaring of the flux surfaces
near the target is avoided to distinguish the configuration from X divertor configurations,
discussed in section 4.1. TCV experiments achieved such variations of the flux expansion
ranging from f, = 2.0 to f,, = 8.5. Increasing f, , increases the wetted area and, hence, decreases
the peak heat load on the targets. In addition to a geometric reduction of the heat flux onto the
target, a greater wetted area is predicted to increase the interaction with neutrals [9]. The
realised increase in f,, also increases the connection length, L, and hence the SOL volume,



VsoL, by approximately 60%°, FIG. 3(a) (insert). The resulting increased divertor leg width may
also improve the confinement of neutrals being less transparent to neutrals for the same local
parameters.
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FIG. 3. Density dependence of the ion current to the outer target for (a) several flux expansions
(Zanis = 0.05m) and (b) several vertical positions (f., = 4). Inserts show the connection lengths.

The density required for the onset of detachment, i.e. when the total ion current to the outer
target reaches a maximum, decreases only weakly with increasing f, ,, FIG. 3(a). As the onset
of detachment is expected to depend strongly on the plasma temperature at the target, the
observed decrease of the density at the onset of detachment can be compared with the
expectation based on the 2-point model, Eq. (1),

Q|5|,/u7(1_frad)
L2/7R . (3)

It

n, (T, = const.) «

The increase of L, in the flux expansion scan by 60% alone is, therefore, expected to decrease
<n> at the onset of detachment by approximately 15%, which is within the uncertainty of the
observed dependence, FIG. 3(a). The effect of the flux expansion becomes more significant
when the density is further increased, where the drop in I, , is considerably stronger at high
flux expansion, FIG. 3(a).

¢ The values of L, are evaluated for the flux surfaces with an outboard mid-plane distance from the LCFS of 5 mm,
which corresponds to a typical power fall-off length.



3.3 Divertor leg length effect on detachment

Alternatively, connection length and divertor volume can be changed by vertically shifting the
plasma. TCV experiments realised variations of the vertical axis positions, z,,;, from -0.11 m
to +0.29 m corresponding to poloidal divertor leg lengths from 0.23 m to 0.63 m, respectively.
With the flux expansion fixed at f,, = 4.0, this variation of z,,; led to an increase of L, of 50%,

FIG. 3(b) (insert), which is comparable to the variation of L, in the flux expansions scan, section
3.2.

Conversely to f, , the divertor leg length has a stronger effect on the onset of detachment. The
increase of the divertor leg length by a factor of 2.7 leads to a decrease of the density at the roll-
over of I',, by ~30%. This decrease is significantly larger than the decreases expected according
to Eq. (3) due to the increase of L, alone. The difference in the dependence of the onset of
detachment on flux expansion and divertor leg length may be explained by their effect on the
power fall off length A, . Experiments in Ohmically heated, low density TCV plasmas with
attached divertor conditions have shown that flux expansion does not affect 2,., whereas an
increase of the divertor leg length increases A, [14,19]. An increase of the divertor leg length
from of 0.23 m to 0.63 m may increase A, by as much as 40%. Assuming that this increase in
A,. leads to a proportional decrease of g, ,, Eq. (2), and occurs equally at higher densities, it
would be sufficient to explain the entire observed decrease of <n> at the onset of detachment
by ~30%. Similar to higher flux expansion a longer leg also allows for a much deeper

detachment and a higher maximum core density, FIG. 3(b).

4. Alternative configurations

As the flux expansion is limited by the grazing angle of the field line at the target and the
divertor leg length by the increased cost of the required toroidal field coils, the potential of these
basic geometric modifications to improve the power exhaust performance in a fusion power
plant is limited. The potential of alternative configurations is therefore assessed.

4.1. The X divertor

The X-divertor concept [9] is characterised by a flaring of the flux surfaces towards the target
and large values of f, ;. The resulting large interaction area of the plasma with neutrals at the
target should facilitate detachment. Flaring decreases that area towards the x-point and should
diminish the movement of the detachment region up the divertor leg [9]. In contrast to the
standard TCV divertor configurations investigated in section 3, the flaring of the flux surfaces
at the target also leads to a ‘closed’ divertor geometry at the separatrix.

TCV examined divertor configurations ranging from f,, =2 and concentrating flux surfaces
towards the target up to f, , = 21 with strong flux surface flaring [6], FIG. 4. Density ramps were
performed (I, = 340 kA). Similar to the flux expansion scan (section 3.2), there is no clear
indication that flaring reduces the detachment threshold density. However, once the C III
emission cut-off front, which coincides with plasma temperatures at which the interaction with
neutrals is expected to become important, leaves the floor, the flux flaring starts to affect the
detachment behaviour with a larger f, , leading to a slower movement of the C III emission cut-
off front towards the x-point, FIG. 4. This effective delay is limited to the lower third of the
divertor leg, which corresponds approximately to the region with a flux surface flaring towards
the target. Such a behaviour is consistent with the alleged advantage of the X divertor as well
as previous TCV experiments [7] and more recent DIII-D experiments [20]. It, however,
remains to be seen to what extent the slower displacement of the CIII front in the highly flared
divertor can be explained by a geometrical projection of the parallel dynamics into the poloidal
plane.
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FIG. 4. Movement of the C III cut-off front in density ramps (By= 142 T, I, = 340 kA) with different
flux flaring at the outer target [6].

4.2 The Super-X divertor

The Super-X concept [10] extends the flaring to total flux expansion by increasing the target
major radius R,. The decrease in magnetic field with R introduces a gradient in g, along the field
lines. This reduction of g,, should lead to a strong increase of the target density, n, R’ and a
corresponding decrease in the target temperature, 7., R, Eq. (1), thereby lowering the de-
tachment density threshold, Eq. (3) [21]. The decrease in g, towards the target is also thought
to have a stabilising effect on the radiation front location and should facilitate its control. A
greater distance between the radiation front and the closed flux surfaces should also reduce
detrimental effects on core performance.

TCV examined divertor configurations ranging from an outer target radius, R’ of 0.62 m to
1.06 m [6], FIG. 5. Density ramps (I, = 340 kA) were performed. For R from 0.69 m to
0.91 m Langmuir probe measurements resolve the outer target profiles and support the expected
1/R, dependence of g,. However, both the observed R, dependence of the target density and
target temperature, are weaker than expected and, contrary to expectation, the threshold density
remained similar or slightly increased. Furthermore, the movement of the C III cut-off front
shows no dependence on R,, FIG. 5. Dedicated experiments [6] showed that neither differences
in the fuelling location nor flux expansion explain this unexpected detachment behaviour.
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4.3. The Snowflake divertor

The snowflake (SF) divertor [11] introduces a second order null-point. Practically, SF
configurations have two nearby x-points and can be parameterised by a flux coordinate of the
secondary x-point [22], such as the corresponding upstream distance to the separatrix, dr, ..
The snowflake plus (SF+) or minus (SF-) depend on whether the secondary x-point is located
in the private or common flux region. The SF configuration increases L, and Vg, near the
separatrix. The increase in Vg, is thought to enhance volume power losses and thereby facilitate
access to detachment. The relatively large region of low poloidal field in the vicinity of the null
points may drive instabilities and enhance turbulent cross-field transport, which should widen
the SOL, reducing peak heat fluxes [23]. There is, however, nothing to prevent the radiation or
detachment front moving into the null-region.

TCV has examined the entire range of SF configurations, FIG. 6(a-c), albeit at a reduced plasma
current (I, =250 kA). Contrary to the first radiative SF experiments [8], recent experiments
were carried out in reversed field. In TCV’s geometry, only the HFS and LFS SF-
configurations can increase L, across a significant fraction of one side of the SOL, FIG. 6(e.f).
This is a consequence of the relatively large width of the TCV SOL with respect to TCV’s
linear dimensions and will change in a reactor-sized device, where the SF+ will increase L, on
both sides of the divertor [24]. The strike points (SP) are labelled from 1 to 4 starting at the
highest strike point on the inner wall and counting counter-clockwise.
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TCYV has realised LFS SF- configurations with x-point separations dr, x, ranging from 3 mm to
28 mm. In the high recycling regime, the particle flux to SP2 increases with increasing dr, x,,
as a higher fraction of the SOL is directed to this strike point, FIG. 7(a). Simultaneously, the
particle flux to SP4 decreases, qualitatively consistent with expectations and previous TCV
findings [25], FIG. 7(b). It is, however surprising that even when dr, y, exceeds the typical
characteristic power fall off length of ~7 mm in these plasmas, the majority of the particles are
still directed to SP4. Density ramp experiments indicate that the onset of detachment at SP2 is
independent of dr, y, and obtained at <n> ~ 8x10”m™, i.e. similar to SN configurations at this
plasma current. The decrease of I',,, sp, 1S, however, much faster in all SF- configurations and
<n>> can be further increased up to full detachment of SP2, FIG. 7(a). The onset of detachment
at SP4 occurs at similar densities, but deeper detachment is only obtained at the smallest dr x,,
FIG. 7(b).
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FIG. 7. Density dependence of the ion currents to (a) SP2 and (b) SP4 in LFS SF- configurations with
various separations of the x-points.

Motivated by recent EMC3-Eirene predictions of the formation of an impurity radiation zone
in the region between the x-points in SF- configurations [22], nitrogen (N,) was seeded into a
SF-, FIG. 8. At sufficiently low plasma density (<n> ~ 4x10'°m™), a radiating region indeed
develops at the secondary x-point. With continued N, seeding this region extends towards the
primary x-point, FIG. 8(d). The radiative region does not move with a continuous seeding rate.
For the same conditions, a comparable SN configuration displays a strongly radiating region in
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front of the inner target that may extend beyond the x-point into the confined plasma, FIG. 8(e).
The tendency of the radiating region to remain near an x-point is also seen on the X-divertor
and may be a general feature of poloidal flux flaring. A radiative region in the vicinity of the
secondary x-point is only obtained for the SF-, if the plasma density is sufficiently low. At
higher densities, it also develops a radiating region at the inner strike point, which eventually
extends beyond the primary x-point into the core plasma.
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FIG. 8: Evolution of (a) the average density, (b) the N, seeding rate and (c) the total radiated power in
N, seeding experiments in the SF- (red) and SN (blue) configurations and comparison of the radiated

power density in (d) the SF- and (e) the SN configurations for the same seeding rate (Iy,=2.8x10%
molecules/s).

4.4. The x-point target divertor

The X-point target divertor [12] is closely related to the SF- configuration. It has the same
topology and similar values of dr, x,, but a significantly larger x-point separation. This should
also separate the radiation region from the confined plasma limiting detrimental effects on
performance. A clear distinction between SF- and x-point target only arises, if the distance
between the plasma and the targets is large enough. X-point target configurations have been
realised in TCV. Density ramps show no indication of a decreased detachment threshold,
despite a 2 to 3-fold connection length increase. This configuration does, however, appear to
exert a stabilising effect on radiation location in the vicinity of the secondary x-point [6].

5. Summary

The recent TCV experiments continue previous detachment studies [7] with improved
diagnostic coverage and strongly extend the range of geometric variations with an entire suite
of alternative magnetic divertor configurations. In Ohmically heated L-mode plasmas, in the
standard single-null configuration, the outer divertor leg only detaches at high densities
(n/ngw > 0.5). The onset of detachment, as indicated by the roll-over of the ion flux to the target,
is preceded by a cooling of the divertor leg with the C III cut-off front and ionisation regions
moving towards the x-point. The ion flux first decreases in the vicinity of the separatrix before
affecting an increasing fraction of the profile. Spectroscopic measurements, however, show that
the densities remain highest a few centimetres in front of the target and that the recombination
region, unlike in other higher density tokamaks, remains at the target.
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Flux expansion and divertor leg length can both vary the connection length, but affect
detachment behaviour in different ways. Increasing the flux eannsion has only a weak effect
the detachment onset, consistent with n,(T; = const.) « Lﬁz/ predicted by the extended 2-
point model. Conversely, increasing the leg length, which primarily changes L,, has a strong
facilitating effect on detachment. The difference may be explained by an increase of 4,
observed in low density attached plasmas [14]. A corresponding decrease of g, together with
n,(T, = const.) « qﬁ ¢ predicted by the extended 2-point model is sufficient to explain the
observed decrease of the density at the onset of detachment. The insensitivity of the detachment
threshold to flux expansion is also seen in the investigation of the X divertor. While the effect
of flux expansion and leg length on the onset density is different, they both allow for a deeper
detachment. The flux flaring of the X divertor is, however seen to impede the movement of the
cold front away from the target towards the x-point. Surprising results are obtained in the scan
of the target radius, a key element of the Super-X divertor concept. While the expected
reduction in g, is observed, it again does not translate into an earlier detachment. An increased
connection length, obtained through a decrease of the poloidal field in the null region of a
snowflake minus configuration, again does not lower the detachment density threshold, but
allows for deeper detachment.

In addition to density ramps, TCV has performed N, seeding experiments to reduce the heat
flux and cool the plasma. Nitrogen seeding experiments have, in particular, confirmed
predictions of a radiating region between the x-points of a snowflake minus configuration. Its
location is stable with the scenario maintained for many energy confinement times. This is
similar to x-point radiation scenarios in the single null configuration [26], but with a distance
between the radiating region and the core plasma.

TCV’s extreme variations of the divertor geometry test and probe our understanding of divertor
and scrape off layer physics. This includes key physical and engineering aspects over a wide
range of proposed alternative divertor configurations and, thereby, uniquely contributes in the
development of a reliable plasma exhaust solution. Next steps will include increasing the power
that can be dissipated in the divertor, extending the studies to H-mode scenarios and extending
the comparison between experiments and more sophisticated divertor modelling.
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