UNIVERSITYW

This is a repository copy of Nitrogen-seeded divertor detachment in TCV L-mode plasmas.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/171335/

Version: Accepted Version

Article:

Février, O., Theiler, C., Harrison, J. R. et al. (10 more authors) (2020) Nitrogen-seeded
divertor detachment in TCV L-mode plasmas. Plasma Physics and Controlled Fusion.
035017. ISSN 1361-6587

https://doi.org/10.1088/1361-6587/ab6b00

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Plasma Physics and Controlled Fusion

PAPER

Nitrogen-seeded divertor detachment in TCV L-mode plasmas

To cite this article: O Février et al 2020 Plasma Phys. Control. Fusion 62 035017

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © © 2020 Ecole Polytechnique Federale de Lausanne.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 79.74.110.95 on 18/02/2021 at 11:42




Page 1 of 22 AUTHOR SUBMITTED MANUSCRIPT - PPCF-102543.R2

1
2
3
4
5
6
7
8
9 . . .
10 Nitrogen-seeded divertor detachment in TCV
1 L-mode plasmas
12
13
14 O. Février', C. Theiler', J. R. Harrison?, C. K. Tsui*!, K.
15 Verhaegh*!, C. Wiithrich', J.A. Boedo?, H. De Oliveiral,
16 B. P. Duval', B. Labit!, B. Lipschultz*, R. Maurizio', H.
17 Reimerdes', the TCV Team® and the EUROfusion MST1
18 Team®
1Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center
19 (SPC), CH-1015 L S land
s - ausanne, Switzerland.
20 2University of California-San Diego, La Jolla, California 92093, USA.
21 3CCFE, Culham Science Centre, Abingdon, OX14 3DB, Oxon UK.
22 4York Plasma, Institute, University of York, Heslington, York, YO10 5DQ, UK.
23 *See the author list of S. Coda et al 2019 Nucl. Fusion 59 112023.
24 bSee the author list of B. Labit et al 2019 Nucl. Fusion 59 086020.
25 E-mail: olivier.fevrier@epfl.ch
26
27 Abstract. Most of the detachment experiments done to date on the Tokamak
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geometries, focused on L-mode integrated core density ramps. In view of
29 extending these studies to high-power, high-confinement regimes, where impurity
30 seeding will be necessary for detachment, the properties of nitrogen seeded L-mode
p g
detachment in TCV are assessed here with the extensive set of edge and divertor
31
diagnostics and similarities and differences with integrated core densit Ne
32 y
ramp detachment experiments are elucidated. It is found that in high current,
33 reversed field plasmas, detachment at the outer target is achieved with Na-seedin
g g
34 and density ramps, with target heat flux reductions of up to 90%, while the inner
target only detaches with seeding. The Scrape-Off Layer radiation fraction reaches
35
36 values of 60-80% and in all situations, a stable radiator can form around the X-
point. The most striking difference between seeding and density ramp is the
37 behavior of the upstream quantities. During the (n¢)-ramp, a broadening of the
38 upstream density profile (density “shoulder”) occurs, concurrent with the outer
39 target ion flux roll-over, while no such behavior occurs during nitrogen seeded
detachment. Separatrix density, electron temperature and pressure also evolve
40 strongly with increasing density, and are largely unaffected by the injection of
41 nitrogen. Comparison of upstream and target pressures reveals that, in all cases,
42 the outer target ion flux reduction coincides with the development of a parallel
43 gradient of the total pressure. Common to all cases is also a reduction of energy
confinement time with detachment, although this effect is weak for seeding at
44 relatively high density. Studying the impact of the VB-drift direction in both
45 nitrogen seeding and core density ramps reveals that drifts mainly affect the
46 behavior at the inner strike point, highlighting the need to include drift in edge
transport simulations.
47
48
49
50
51
52
53
54
55
56
57
58
59



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PPCF-102543.R2

Nitrogen-seeded divertor detachment in TCV L-mode plasmas 2

1. Introduction

In a tokamak, a large proportion of the input power
leaves the confined plasma through perpendicular
transport and enters the Scrape-Off Layer (SOL),
where it is radiated or transported towards a narrow
region of the machine wall. Due to material limitations,
the operation of future devices such as ITER will
require that target heat fluxes be less than 10 MW/ m?
[1, 2] for steady-state conditions. However, if
unmitigated, target heat fluxes in ITER and DEMO
are expected to be well above this value [3]. Therefore,
it remains crucial to dissipate this incoming power
before it is deposited upon the targets. Operation
in a detached regime [4, 5, 6] is presently considered
necessary, where most of the exhaust heat is dissipated
as radiation, and where the plasma pressure along
the field lines in the SOL develops strong parallel
gradients. Detachment substantially reduces the target
heat and particle fluxes, and the target temperature,
which is important to reduce target erosion [7, 8].
The detachment process typically sets in at a target
temperature below 5 eV [9, 10, 11]. In these conditions,
the interaction of the plasma with neutrals becomes
important, reducing target heat flux, temperature,
and ion flux. This further reduction in temperature
promotes the onset of volumetric momentum losses [12,
11], resulting in the formation of a pressure difference
between the upstream location and the targets.

Often, the most convenient way to reach a
detached regime is to raise the separatrix density
Ne,sep, leading to lower target temperatures (as
predicted by the two-point model [4]) and increased
hydrogenic radiation. This is observed in experiments,
such as Alcator C-Mod [13], ASDEX-Upgrade [10],
DIII-D [14], JET [12], JT-60U [15] and TCV [16]
where, above a certain density threshold, the ion flux
to the target starts to decrease as ne sep increases.
For TCV in particular, such density ramps have
been the main point of focus of the experiments on
alternative divertor configurations [16, 17]. In these
experiments, as well as in carbon machines in general,
intrinsic carbon impurity ions play an important role.
Increasing the upstream density changes the carbon
source within the machine (resulting either from
chemical and physical sputtering) hence increasing the
power radiated by carbon, which can constitute up to
80% of the radiated power in detached plasmas, as seen
in DIII-D [18] and TCV [11].

The approach of raising the separatrix density
to reach detachment can, however, be detrimental to
core confinement [19] and is subject to the Greenwald
density limit in tokamaks [20]. Particularly in metal
wall protected machines, other means are therefore
explored to access detachment. One possible solution
is to inject impurities, leading to volumetric radiation
of the power in the edge region, the SOL and the
divertor, and thus a reduction in the power reaching
the divertor targets, which in turn facilitates access
to a detached regime. For ITER and DEMO, a
large fraction of the incoming power must be radiated
(approximately 60-75% in ITER[21, 3, 22], and more
than 95% of the heating power in DEMO[23, 3]).
The main candidates for this task are the noble gases
(Ne, Ar, Kr, Xe) or nitrogen (N, injected as Nj)
[8, 24]. The selection of the impurity mix is dictated
by their chemical and radiative properties together
with several operational constraints. In ITER, while
a high divertor radiation level will be necessary in
order to access a (partially) detached regime and
protect the divertor plates, operation with an available
auxiliary heating power close to the L-H threshold
imposes a radiator that does not lead to significant
core radiation[3]. Taken further, the power provided by
the a-heating in DEMO will require energy dissipation
through radiation inside the separatrix too[3].

To study the physics of impurity seeded detach-
ment on today’s tokamaks, nitrogen (N) is a suitable
choice. Its radiative properties are close to those of
carbon, with a high radiative efficiency for the range
of temperature typically encountered in the divertor re-
gion, yet remaining relatively low in the plasma core.
In this article, we report on recent L-Mode Ns-seeding
detachment experiments performed on the Tokamak a
Configuration Variable (TCV) [25] at EPFL and com-
pare the findings to a detailed, quantitative analysis
of line-averaged core density ({(n.)) ramps. The goal
of this article is to provide a detailed description of
the main observations achieved in such plasmas and a
critical assessment of the extensive set of edge/divertor
diagnostics at TCV and their reliability in the differ-
ent conditions. This work provides a comprehensive
set of data for the validation of detachment simula-
tions using 2D transport codes such as SOLPS-ITER
[26] and SOLEDGE2D [27], and critical support for
H-Mode experiments in conventional and alternative
divertor configurations [28, 29], where Na-seeding is
found to be necessary to achieve detachment. Most
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of the experiments reported here are performed with
reversed field (or “unfavorable VB”), where the VB
drift points away from the X-point, and high-current
conditions, allowing to operate at high-density, favor-
able for detachment, without transitioning to Ohmic
H-mode. However, in view of future H-mode detach-
ment studies, which will most likely focus on forward
field scenarios, the main changes with field direction in
lower current, L-mode plasmas are also presented.

This paper is organized as follows. In section 2,
we present the experimental setup, including the di-
agnostics used in this study, and describe the scenar-
ios that will be compared. In section 3, we investi-
gate the behavior of the target quantities, determined
by Langmuir Probes and Infrared thermography, as
we approach detachment by either increasing the line-
averaged density (n.) or injecting No. In section 4, we
focus on the power balance of these plasmas and show
where, and to what extent, the power is radiated. In
section 5, we study the behavior of the CIII and NII
radiation front movement, and their ability to monitor
the detachment state. In section 6, we discuss the evo-
lution of the upstream separatrix quantities and SOL
profiles, followed in section 7 by an assessment of the
effect of detachment on core performance. The depen-
dence of the detachment on field direction, in lower
current plasmas and both for seeded and (n.)-ramp
experiments, is discussed in section 8. Summary and
conclusion are presented in section 9.

2. Experimental setup

This work was performed on TCV [25], a medium
size tokamak (major radius Ry = 0.88 m, minor
radius ¢ = 0.25 m, By ~ 144 T), with unique
shaping capabilities. In figure 1, we plot the magnetic
geometry used in this study, together with the gas valve
locations and the spatial coverage of the diagnostics
most relevant for this work. The radial positions
of the two gas valves are indicated by the black
rectangles in the left panel of figure 1. These valves
employ a piezo-electric crystal with integrated flow
measurement, providing calibrated flow rates [30].
Both valves are toroidally localized on the TCV floor.
D5 is injected through the outermost valves at a
fueling rate controlled by a feedback loop based on
the line-averaged density (n.) measured by the central
chord of the FIR (Far-InfraRed interferometer), also
shown on the left panel of figure 1. For Nj-seeded
discharges, N5 is injected through the innermost valve,
following a prescribed ramp. The locations of the
wall-embedded Langmuir Probes (LPs) [31, 32, 33]
are indicated by red dots. They are operated with
a triangular voltage sweep, ranging from -120V to
+80 V, typically at a frequency of 330 Hz. Details

on the LP analysis can be found in Ref. [32]. The
black lines in the left panel of figure 1 correspond
to the lines of sight of a multi-chord spectrometer
called DSS (Divertor Spectroscopy System) [34]. The
blue dots indicate the locations of the Thomson
Scattering measurements [35], and the cyan areas
show the field-of-views of the two infrared cameras
[36]. The right panel of figure 1 plots the 64 lines
of sight of the gold foil bolometers, used to estimate
the radiated power. The resulting line integrated
chord intensities are tomographically inverted using
a minimum Fisher regularization method [37]. Not
shown on figure 1, but extensively used in this
paper, are two different tangential optical cameras,
MSI (Multi-Spectral Imaging) [38] and MANTIS
(Multispectral Advanced Narrowband Tokamak Imaging
System) [39, 40], used to gain further information
on line radiations and distributions in the divertor
region. These diagnostics have a polychromator layout
where the same image is sequentially spectrally filtered
and captured by a camera, with the remaining light
reflected to the next filter. The captured images are
inverted using the CalCam package [41, 42] to obtain
two-dimensional poloidal maps of the emissivity of the
selected radiation lines. In particular, in this paper, we
will focus on NII (457.9 nm) and CIII (465.8 nm) line
emissions, and determine the un-calibrated emissivity
profiles. It should be noted that only one of these
camera diagnostics is installed at a given time. Their
measurement location is displaced toroidally from the
operated gas valves by approximately 150°. A fast
reciprocating probe, RCP [43, 44], is used to measure
profiles of the electron temperature and density in the
SOL at the outer midplane, once or twice per discharge.
Its location is indicated by the orange rectangle in the
left panel of figure 1.

In this work, we focus on a single-null configu-
ration with a relatively large poloidal flux expansion
of f, = 10 at the outer strike-point. Such a configu-
ration is drawn in both panels of figure 1. In TCV,
this geometry leads to a significant drop of the outer
target ion flux as the line-averaged density (n.) is in-
creased beyond a certain level [16, 42]. In sections 2
to 7, we explore detachment in this configuration in
ohmic-heated discharges, with a relatively high plasma
current Ip ~ 340 kA, permitting us to attain a high
density regime. As in Ref. [16], the VB-drift is di-
rected away from the X-Point. The paper focuses on
the following three scenarios:

(i) A (n.)-ramp, where (n.) is approximately linearly
increased from 6 x 10! m™3 (Greenwald fraction
fo =30%) to 12 x 1019 m=3 (fo = 60%).

(ii) A “low”-density Na-seeding ramp, where the No
flux is linearly increased over time while (n.) is
kept approximately constant (=~ 4.6 x 109 m=3,



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PPCF-102543.R2

Nitrogen-seeded divertor detachment in TCV L-mode plasmas 4

0.6

0.4

0.2

-0.2

-0.4

-0.6

= 4

u.e N, .sRD[?n]m

Figure 1. Typical geometry used in this article. The coverage
of the main diagnostics used in this study is also indicated. In
the left panel, the Langmuir probes (LPs) are indicated by red
dots. The two cyan regions show the fields of view of the two
infrared cameras, a vertical one and a horizontal one. The black
rectangles at the bottom of the machine indicate the poloidal
location of the gas valves used for fueling or seeding. The
vertical red line is the interferometer chords used to evaluate
the line-averaged density (n.). The blue squares correspond
to the measurements points of the Thomson Scattering (TS)
system. The black lines correspond to the lines of sight of
the Divertor Spectroscopy System (DSS). The orange rectangle
indicates the location of the fast reciprocating probe (RCP).
The green rectangle on the floor shows the port onto which
the pressure gauge used to monitor divertor neutral pressure is
attached via an extension tube. In the right panel, the different
bolometry lines of sight are indicated. Four particular chords
used in section 4 are highlighted: in red, chords 7 and 8, in blue,
chords 50 and 52.

(iii) A “high”-density No-seeding ramp, where the No
flux is linearly increased over time while (n.) is

kept approximately constant (~ 9 x 109 m=3,

In both seeding cases, the N3 seeding starts at ¢ = 0.8s.
The temporal evolution of the line-averaged density as
well as the seeding and fueling fluxes for the different
cases are summarized in figure 2. Also plotted in figure
2 are the evolution of the ohmic heating power Popm,
the core radiated power P5° (estimated from the
tomographic reconstruction of the bolometry signals)
and Psor = Ponpm — P25, We note that the “low”-
density Na-seeding ramp disrupts at a later time (1.5s)
than the other cases. This case further shows a

slight increase of (n.) after 1.2s, coupled with a strong
increase of the ohmic heating and PS¢, which could be
explained by a penetration of Ny inside the separatrix.
This hypothesis is further supported by an increase
of Z.ys inferred from an increase of the loop voltage
Vioop- Using the expressions derived in Refs [45, 46],
we find Z.¢s ~ 1.35 before the introduction of Ny in
this discharge. Once the seeding starts at t=0.8s, Z. ¢
increases slightly up to Z.sr = 1.6 at t=1.1s. It then
increases strongly, up to approximately Z.r; ~ 3.5
just before the discharge disrupts. In the high-density
Ns-seeding ramp, we observe no increase or possibly
even a small decrease of (n.) towards the end of the
discharge, associated with only a weak increase of P 2%¢
and a decrease of Psor. In this case, the increase
of Z.sr remains modest, from about 1.3 before Nj-
seeding to about 1.45 when the discharge disrupts.
While the behavior of the Z.¢¢ could be attributed to
a dilution effect, ongoing SOLPS-ITER, simulations of
these plasmas however confirm that the penetration of
Ns into the core is lower at high-(n.). At high density,
the core plasma thus appears to be better screened
from Ny injection into the divertor.

In section 8, where we investigate the effect of field
direction, a different plasma scenario is used. While
the geometry remains the same, the plasma current
is reduced to Ip ~ 245 kA to avoid an Ohmic L-H
transition in the favorable VB direction (ion V B-drift
directed towards the X-Point). We examine four cases,
divided into two scenarios, repeated with both field
directions:

(i) A (ne)-ramp, where (n.) is linearly increased from
4% 10" m™3 (fo ~ 25%) to 1 x 102 m~3
(fa = 65%).

(ii) A Ny-seeding ramp, where the No flux is linearly
increased over time. Ns seeding starts at t = 0.8 s.
Due to a poor stability of the density, (n.) linearly
increases from 3.5 x 10 m=3 (fo ~ 22%) to
approximately 4.5 x 10Y° m~3 (fg ~ 30%).

A summary of the plasma discharges used in this work
is presented in table 1, as well as the main quantities
characterizing their scenarios.

3. Evolution of target quantities

3.1. Outer strike point

In figure 3, we plot the evolution of the total ion
flux reaching the outer target, hereafter denoted I'?,
as a function of time for the three cases described in
section 2. In all cases, we observe a decrease of I'?
at some point in time. In the (n.)-ramp experiment,
the roll-over occurs when a critical (n.) ((n.) =
1 x 102 m~3) is reached, consistent with previous
observations [16, 42]. However, it should be noted
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Figure 2. Time traces of the line-averaged density (ne) (top), the evolution of the total ohmic heating, the core radiated power
Pcone (estimated from the bolometry reconstruction) and the power Psor going into the SOL (middle), and the evolution of the
molecules fluxes (D2 and N2) for the different scenarios studied in this paper (bottom).

Discharge number Density n, Ny seeding Ip VB direction
59411, 60417 Ramp No No 340 kA | Unfavourable
59422 ~ 4.6 x 1019 m~3 N, ramp | 340 kA | Unfavourable
59425, 60015 ~9x 10" m™3 Ny ramp | 340 kA | Unfavourable
57999 Ramp No N, 250 kA | Unfavourable
58001 Ramp No N, 250 kA Favourable

61870 3.5x 10 m™3 = 4.6 x 10! m™3 | Ny ramp | 250 kA | Unfavourable
61872 3.5x 10 m™3 = 4.6 x 10! m™3 | Ny ramp | 250 kA | Favourable

Table 1. Summary of the main plasma discharges used in this work, with main parameters.

that in these previous discharges, higher core densities
and thus a more pronounced roll-over was achieved,
likely related to different wall conditions. Such a roll-
over is generally considered as an indicator for the
onset of detachment [12]. In the case of the Na-seeded
discharges, a reduction of I'{ is also observed. While

I'¢ starts to decrease as soon as Ny is injected in the
high-density Ns-seeded scenario, for the low-density
case, the reduction of I'{ is observed ~0.2 s after the
start of seeding. This may be explained by the fact
that the high-density case being close to detachment
already before Ns, thus requiring low seeding levels
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Figure 3. (top) Time evolution of the integrated outer
target ion flux as a function of time for the three different cases
discussed in this paper. The vertical dashed line indicates the
start of the Na-seeding for the two cases where Ny is injected.
In each case, a reduction of the outer target ion flux is seen.
(b, ¢, and d) Integrated power flux towards the outer target
as measured by an infrared thermography system (solid lines)
and deduced from the Langmuir probes measurements (dotted
lines) for the different cases considered in this paper. We used
equation 1, assuming v = 10. The heat fluxes are normalized
to the Ohmic power. The square markers indicate the heat flux
measured by the Langmuir probes, computed using equation 1
and assuming a uniform target temperature T, = 2 eV.

before the onset of detachment. In panels b), ¢) and
d) of figure 3, we plot the evolution of the integrated
power reaching the outer target as a function of time for
all cases, determined from an infrared thermography
(IR) system (solid curve). In the (n.)-ramp, and before
the onset of detachment, we observe a continuous
decrease of the power reaching the target as time (and
therefore (n.)) is increased. However, after t = 1.0 s,
i.e. after the onset of detachment, we observe an
increase of the power, contrary to expectations. This
is also in contrast with the observed reduction of
both the target ion flux and the target temperature

inferred by the Langmuir probes, and may result from
surface reflections, bremsstrahlung emission [12, 47]
or an inaccurate removal of the background radiation
that invalidate the thermal analysis. In the case of
Ns-seeding, the situation appears even more complex.
In the low-density case, a constant reduction of
the power reaching the target is seen following the
seeding, consistent with our expectations. In the
high-density case, however, no such clear reduction
of the power is seen from the infrared thermography
measurement. Instead, the heat flux remains at a
rather constant level (= 50 kW). This observed
behavior is reproducible, and this indicates that with
our set-up, the use of the infrared thermography in
detached conditions is not straightforward. To provide
another estimate of the heat flux reaching the floor in
detached conditions, we also plotted in panels b), ¢)
and d) of figure 3 the heat flux evaluated from the
Langmuir probes measurements (dashed curves). The
heat flux perpendicular to the floor is evaluated as

q1 = Jsat (VTe + Epot) sin () (1)

where jsq: is the ion saturation current density along B,
E,ot the potential energy carried by the incident ions
(Epot = 13.64+2.2 = 15.8 ¢V, following Ref. [48]), 7y the
sheath heat transmission coefficient and « the grazing
angle of the magnetic field with respect to the floor tiles
or target tiles. The heat flux is then integrated across
the floor, assuming toroidal symmetry, leading to the
dotted lines presented in figure 3. We have chosen v =
10, which gives a fair agreement between the infrared
measurements and the Langmuir ones in the low-(n.),
No-seeded case, as well as in the low-(n.) phase of the
(ne)-ramp. Furthermore, due to the difficulty to derive
reliable T, in detached regime (below 5 eV) with the
probes (see ref. [32] and reference therein), we have
also plotted the estimated target heat flux at the time
of highest density/seeding level, assuming a uniform
target temperature T, = 2 eV (square markers).

From these LP measurements, we infer outer
target heat flux reductions of up to 55% in the
density ramp case (70% if T, = 2 eV is assumed).
For Nj-seeding at low density, we read 80% (85%)
and 65% (75%) for Na-seeding at high density. In
previous density-ramp discharges [16], where higher
core densities and a more pronounced roll-over were
achieved, we find a reduction of the target heat flux of
up to 89% (91% if T, = 2 eV is assumed). Both density
ramps and Ns-seeding discharges reveal main features
of outer target detachment - a significant drop in both
heat and particle flux.

For more insight on the evolution of target profiles,
we plot in figure 4 ion saturation current density jsqt,
target electron density n!, temperature 7' and target
electron pressure p’ as measured by the LPs. In
the left panels of figure 4 the profiles are measured

Page 6 of 22
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at t = 0.75 s, while in the right panels, the same
quantities are shown immediately before the disruption
that terminated the discharge. The radial coordinate
py in these plots is the normalized poloidal magnetic
flux, defined as py = /(¢ — o)/ (¢¥1 — 1) where
1 is the poloidal magnetic flux with ¢ and 7 the
flux at the magnetic axis and at the primary X-point,
respectively. In all cases, we clearly observe a reduction
of the peak jsq:. A similar behavior is observed in
the density profiles. As for the temperature profiles,
a flattening can be observed in all three cases, with
temperature dropping below 5 eV.

In the density ramp, the temperature profile
obtained after detachment shows a high temperature
peak near py, = 1, leading to a similar peak on the
pressure profile. As evidenced in Ref. [32], this is likely
an artifact of the analysis. An Asymmetric Double
Probe (ADP) fit [49, 32] suppresses this artificial peak
near the strike point, as shown by the cyan curves in
the right column of figure 4. We further note that the
effect of impurity seeding on the density inferred by
the LPs should remain limited, as shown in [50].

In all cases, the target pressure is reduced. In
particular, the peak wvalue of the target pressure
decreased by a factor 2-3 in the density-ramp and at
high-density with Ns-seeding, while the reduction is
even stronger at low-density with No-seeding, where
the peak is reduced by a factor ~ 10. In section 6,
where we study the evolution of the upstream pressure,
we will see that a pressure gradient indeed develops
along the magnetic field in these cases, demonstrating
the detached regime of the divertor.

3.2. Inner strike point

We now focus on the inner strike point. In Ref. [16],
it was shown that, in the (n.)-ramp experiments in
TCYV, the inner strike point does not appear to detach,
which is in contrast to SOLPS-ITER [26] simulations
of similar plasmas in the absence of drifts [51]. In
the top panel of figure 5, we show the evolution of
the integrated inner target ion flux T for all cases
considered. The (n.)-ramp does not exhibit a roll-over
of T} as (n.) is increased, an indication of continued
divertor attachment. We observe however a reduction
of the rate at which I increases, a possible indication
that it is approaching a roll-over (and hence the
detachment) threshold. With Na-seeding, the situation
changes. In both cases (low- and high-density), we
observe a reduction of the target ion flux following the
seeding. While the decrease of I'% is clear in the high-
density case (a 50% reduction), it is less obvious at low-
density. The lower panel of figure 5 plots the dynamics
of the integrated power reaching the inner strike point
inferred from infrared thermography. Unlike the outer
strike point, the same tendency can be seen in all

#59411,
#59422, #59425

NoN ,, 59411
No N, 59411 - ADP fit

N,,<n >=46 x 109 m™3
2 e

Ny, <n >=9 x 10" m3
e

«104 Before seeding Highest detachment

e,
o 10
0
1.00 1.05 1.10 1.00 1.05 1.10
Py Py

Figure 4. Outer target ion saturation current density jsat,
electron target density nl, temperature T outer target electron
pressure p! profiles measured by the LPs. Left column: Profiles
measured at t=0.75s (before the Na-seeding starts) for the Na-
seeded cases, and at (ne) ~ 9 x 10 m~2 for the density
ramp case. Right column: Profiles measured just before the
disruptions in the three different cases. The cyan profiles on the
right plots correspond to quantities derived using another I-V
fitting approach, the Asymmetric Double Probe Fit, described
in [32].

three cases, that is, a progressive decrease of the power
reaching the inner target. These results indicate that
detachment of the inner strike point is achieved with
No-seeding, while in the (n.)-ramp, we only approach
the onset of detachment but do not achieve a reduction
of the target ion flux.
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Figure 5. (top) Evolution of the integrated inner target ion

flux as a function of time for the three different cases discussed
in this paper. The vertical dashed line indicates the start of
the Na-seeding for the two cases where Ng is injected. (bottom)
Integrated power flux towards the inner target as measured by
an infrared thermography system for the different cases.

4. Power balance and radiation distribution

We now focus on the power balance and the spatial
distribution of the radiation, as estimated by the
bolometry. Figure 6 plots the SOL power (Psor =
Py — PS27°) sharing between the targets (measured
by the IR diagnostic for the inner one and the LP
for the outer one), the radiation in the SOL, and the
radiation around the X-Point. The definition of the
core and X-Point region is indicated in cyan and red
in the left panel of figure 6. In all cases, between 5%
and 25% of the input power remains unaccounted, even
after accounting for a systematic underestimation of
the bolometry signal of approximately 15% [52], due
to the reflection of some of the incident photons. An
additional uncertainty in the present analysis is related
to the accuracy of the tomographic reconstruction
of the plasma emissivity.  Such a reconstruction
uncertainty is difficult to evaluate but is expected to
be lower than the 15% uncertainty related to partial
reflections on the bolometer foils. We then find that,
initially, about 30% of the incoming power is radiated
(in the SOL or near the X-Point) in the (n.)-ramp,
about 30% at low-(n.) (without Ny, yet), and around
60% at high-(n.)(without N3). As (n.) is increased or
N5 puffed in the machine, all cases exhibit an increase
in the radiated fraction while the power reaching both
targets, Piarget, decreases. At high-density, without
Ny, up to about 65% of Pso; is radiated in the
SOL and X-Point region. At high density with No-
seeding, about 80% of Psoy is radiated, whereas at
the low density with Na-seeding, about 60% of Psoy, is
radiated. TCV being a carbon machine, we note that a

considerable fraction of the radiation likely comes from
carbon impurities [18, 11].

The first four left columns of figure 7 plot the
full emissivity profile, tomographically reconstructed
from the bolometry signal. The outmost left column
shows the emissivity profiles at t=0.8s for all cases.
For the (n.)-ramp, three main radiation regions can be
identified. Two are in the vicinity of the strike-points,
and one near the X-Point. The low-density, No-seeded
case (although at t=0.8s, N3 has not been injected)
shows a similar radiation structure. The high-density
Ns-seeded case, however, shows no radiation blob at
the outer strike point. This indicates a proximity
already to detachment. In the other columns, the
emissivity is shown at later times. Overall, a similar
behavior of radiation level and distribution is observed
both for density ramps and Ns seeding, with an
increase in the radiation near the X-point and a
decrease along the divertor leg. Total radiation levels,
including the core, reach =~ 80%. Some increase in
core radiation is observed in all cases, although it is
weak in the high-(n.) seeding case. Ultimately, in
all cases, the radiation strongly peaks around the X-
Point, reminiscent of an X-Point radiator as observed
in experiments in ASDEX-Upgrade [24, 53], or in
previous TCV experiments with Neon-seeding [54].
Since the tomographic reconstruction of the bolometry
data is subject to uncertainty, we further estimate the
location of the radiation by using ratios of different
bolometer chords. This is shown in the right column
of figure 7, where the evolution of chords ratios are
plotted for all three cases. The solid lines plot the
evolution of the signal observed by chord 50 (as defined
in figure 1) divided by the signal on chord 52. A
decrease of this ratio indicates that the location of
the radiation in the vicinity of the X-Point shifts
above the X-Point. This is indeed what is observed in
all three cases, hinting at the presence of a radiator
region within the confined plasma. We also plot
the ratio between chords 7 and 8 (see again figure
1 for definition). A decrease of this ratio indicates
that the radiation region moves away from the ISP
towards the X-point. This is found to happen in all
cases. It should be noted that in the cases considered
here, these X-Point radiators are not stable as we
keep increasing either the fueling or the seeding rate.
However, similar scenarios where (n.) is kept at high
value (~ 11.5 x 10' m~3) show that such X-Point
radiators can remain stable through the discharge,
accounting for about 20% of the total radiated power.
Although this value is lower than what is typically
observed in H-Mode in JET or ASDEX-Upgrade (&
40% [24]), these experiments show that stable X-point
radiator can also occur in carbon machines, at least in
L-Mode.
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Figure 6. (left) Defintion of the SOL region (green) and the X-Point region (red) and the core region (cyan). (right) Sharing of the
power entering the SOL (Psor) between the targets (blue), the radiated power near the X-Point (red), and the radiated power in
the rest of the SOL (green). The power reaching the target is computed using the infrared thermography measurements at the inner
target, and the Langmuir probes measurement at the outer target (assuming v = 10, see section 3). The gray areas correspond to
the fraction of Psoy, that is unaccounted for when adding the radiated power to the infrared and Langmuir probe measured powers.
It results from the uncertainties and limited coverage of the diagnostics, and varies here between 5% and 20%. (left) (n.)-ramp,
(center) Na-seeding ramp at (ne)= 4.6 x 1012 m—3, (right) Na-seeding ramp at (ne)=2 9.0 x 101 m—3. The white lines correspond
to the absolute value of Psoy, (in MW), whose axis is located on the right of the figure.

5. Impurity front movement

In this section, we focus on the behavior of the impurity
(carbon and nitrogen) radiation, and in particular on
the CIII (465 nm) emissivity front location. As in
previous studies [42, 16], we use it as a proxy for the
location of the relatively cold (=~ 3 — 8 eV) radiative
region, useful to assess the proximity to detachment,
the sensitivity of the cold front position on density or
seeding level, or for detachment control [55]. However,
in nitrogen seeded plasmas, the proximity of the NII
lines (in the region ranging from 461 nm to 464 nm)
to the CIII lines complicates the interpretation of the
multi-spectra imaging data. Due to the spectral widths
of the NII and the CIII filters installed on the cameras
in these experiments, some NII lines will be picked-
up by the CIII filter (and vice versa). Therefore, the
resulting images are then a combination of CIII and NII
radiations. This problem is discussed in more details
in Ref. [29], which shows that mutual contamination
of the two emissions are not substantially affecting the
measurements.

In figure 8, the behavior of the CIII front
movement is displayed for the three different cases.
This front is determined as the location where
the emissivity along the outer leg, estimated from
tomographic inversion, has dropped by 50% [42]. All
cases show a clear movement of the CIII front towards
the X-Point. At high-density with Ns-seeding, the
front is initially already separated from the target. We
also note that in all three cases, the movement of the

front is well correlated with the evolution of the (outer)
target ion flux, plotted in figure 3, which motivates the
use of the CIII front position along the divertor leg as
a proxy to evaluate the detached state of the plasma in
all these plasmas. Figure 8 also plots the behavior of
the NII front movement. We observe a strong similarity
to the CIII front behavior, which is not surprising since
the radiative properties of nitrogen are similar to those
of carbon. This proximity in the behavior could be
used, for instance, to increase the robustness of control
systems relying on the movement of an impurity to
track the detached status of the divertor [56].

6. Evolution of upstream profiles and
comparison to downstream profiles

After focusing mainly on the behavior at the target
and in the divertor volume during density ramps and
Nsy-seeding in the previous sections, we focus next
on the evolution of the upstream quantities, which
serve as “boundary conditions” for the core plasma.
The separatrix quantities will be evaluated using the
Thomson Scattering system and measurement from the
fast reciprocating probe RCP. Due to the uncertainties
in the magnetic equilibrium reconstruction, the py-
mapping used to interpret the measurements appear to
have a random uncertainty of several mm as discussed
in Ref. [57]. To circumvent this issue, we shift
the profiles so that the temperature at the separatrix
matches the one computed using a method relying on
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Figure 7. (first four columns) Tomographic reconstruction of the bolometry signals at given times for the three cases presented in
this paper. (ne)-ramp (top row), Na-seeding ramp at (ne)~ 4.6 x 1012 m™3, (middle row) Na-seeding ramp at (ne)= 9.0 x 101% m—3
(bottom row). Note that the color scales differ between the different rows. The last column shows the evolution of chord ratios. The
chords used to plot these ratios are defined in figure 1.
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Figure 8. Poloidal distance between the CIII and NII fronts
and the X-Point. The solid lines indicate the position of the
CIII front, while the dashed lines indicate the position of the
NII front, which is plotted only in case where Ny is puffed in the
machine.

power balance. This method, based on Refs. [58, 59], is
discussed in detail in Appendix A. While this method
has uncertainties of its own, they are systematic
uncertainties. When using this method, we find that
the pressure profile is more consistently balanced in
low density conditions when comparing upstream and
target conditions, as shown in the following section.

6.1. Evolution of upstream quantities

In figure 9, we plot the evolution of the upstream
separatrix electron temperature 7;°, density n2°” and
pressure p5°? in the (n.)-ramp and the No-seeded cases.
The separatrix temperature and hence the separatrix
position has been evaluated using equation A.9. In the
Ns-seeding cases, upstream quantities are found to be
largely constant during the discharge. In the (n.)-ramp
instead, the rise of nZ’ resulting from the increase
of (n.) results in a monotonic decrease of TP. The
upstream pressure p;°? is seen to increase, which could
be explained by the increase of the ohmic heating. In
previous discharges, where higher (n.) was reached, a
roll-over of p3°? was observed [60, 11].

We find that in all cases, the separatrix density
nsP equals approximately 0.3x(n.), as shown in
figure 9. In refs. [61, 62], it was found that the
divertor neutral pressure p,, is the leading parameter in
determining this quantity. In particular, it was found
that ns? o« p23! for AUG H-Mode seeded and un-
seeded discharges, while a scaling n3°? « p9-° was found
based on a two-point model argument. Figure 10 plots
the variation of the upstream electron density n°’ as
a function of the divertor neutral pressure, measured
by a baratron gauge installed on an extension tube
connected to the floor of the machine (see figure 1).
While an increase of n2°? with p,, is indeed observed in
the density ramp, n°” remains approximately constant
during No seeding. This discrepancy is currently not
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Figure 9. Evolution of upstream electron temperature Tp P
(top), density ni” (middle) and pressure pe” as a function
of time for the (n.)-ramp and the Ng-seeded cases. In the
middle panel, 0.3%x(n.) is also plotted in dashed lines.The points
correspond to the values computed using equation A.9, while the

solid lines correspond to fits of these data points.
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Figure 10. Evolution of the upstream electron density ns“? as

a function of the divertor neutral pressure p, for the (n.)-ramp
and the Na-seeded cases. The points correspond to the values
computed using equation A.9, while the solid lines correspond
to fits of these data points.

understood but may be related to the open TCV
divertor.

Let us now compare the upstream and down-
stream pressure profiles, before and after the outer tar-



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PPCF-102543.R2

Nitrogen-seeded divertor detachment in TCV L-mode plasmas 12

get ion flux drop in the different scenarios. In the fluid
framework, from the momentum balance equation, one
expects, in the absence of momentum losses and ne-
glecting the variations of the magnetic field along the
flux tube, and further assuming that T; = T, [4]

n“TY = 2n'T! (2)
where the superscript u (resp. t) indicates upstream
(resp. target) location. To further quantify the drop
between the upstream and target total pressures, we
define firop as follows

_ Jpedp
fdrop - fpgdp (3)

where the integration range for [ pldp extends across
the whole LP profile, and from p = 1 up to the
furthest available point for [p¥dp. It was checked
that changing these ranges, for instance by taking a
common range for the two integrals, does not impact
the presented results. Using an integral definition for
farop, instead of defining it for a particular p, allows
alleviating possible effect of profiles misalignment
or perpendicular momentum transport. In essence,
farop is similar to the fr,0m parameter introduced
in the extended two-point model [4] and the integral
momentum loss factor defined in [63]. In the following,
we evaluate p¥ using RCP, while p! is measured by
the floor Langmuir probes. Since the number of RCP
plunges is limited to two within a single discharge, we
performed a set of repeated, identical discharges where
the RCP plunges at different times. In the case of the
density ramp, this translates to plunges at different
line-averaged densities. As for the Ny-seeding, the
different plunges translate to different seeding rates.
In all cases, the RCP profiles are then shifted using
equation A.9, while the target profiles are not shifted.
Figure 11 shows the evolution of fgop, for the (n.)-
ramp case (blue squares, top panel) and the No-seeding
at high-density (blue squares, bottom panel). In both
cases, a decrease of fgrop is observed, indicating that
a parallel total pressure gradient between the outer
midplane and the outer target has developed. farop
drops to about 20% in the (n.)-ramp, while for the
Ny-seeding, it drops to about 40%. In the (n.)-ramp
case, the value is consistent with estimates of f,om
presented in Ref [11], where fp,om is evaluated using
the Self-Ewald model [64, 11]. In figure 11, we also
plotted the evolution of the (normalized) integrated
ion flux to the outer target. In both cases, the target
ion flux reduction coincides with the development
of a parallel total pressure gradient. It therefore
appears that the target ion flux evolution, which is
experimentally easier to measure than fg,..p, is a good
proxy to assess the onset of a parallel pressure gradient,
both in case of fueling and seeding. Finally, we note
that while we used equation A.9 to shift the RCP
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Figure 11. (blue squares and curves) Evolution of fg,, defined
in equation 3 as a function of time in a (ne)-ramp (top) and
in a Na-seeding case at high-density (bottom). In the bottom
plot, the vertical dashed line indicates the start of the Na-
seeding. The evolution of the integrated ion flux to the outer
target, normalized to its maximum value, is also plotted in red
(associated to the right y-axis). In both cases, the development
of a parallel pressure gradient represented by fgrop is well
correlated with a reduction of the integrated ion flux to the
outer target. The numbers in the lower left corners of the figures
indicate the various discharges used to produce this plot.

profiles in figure 11, the observations and conclusions
drawn from these remain the same if equation A.7 is
used instead. We further note that in the absence of
any profile shifting, we also observe a decrease of fg,op
coincidentally with the roll-over of the outer target ion
flux.

6.2. Observation of density shoulders

The observation of the upstream density profiles
further reveals the onset of a density shoulder during
(ne) ramps in TCV, as discussed previously in [65, 42,
66, 67], as well as on other devices such as Alcator
C-Mod [68, 69], Asdex-Upgrade [70, 71], DIII-D [72],
JET [73] and JT-60U [74]. This shoulder formation
is apparent in the middle panel of figure 12, showing
a distinct broadening of the upstream density profile
when increasing density and moving from attached to
detached conditions. The top panel of figure 12 reveals
that no such broadening is observed if detachment is
instead accessed via Ny seeding, as shown here for the
high density seeding case. Focusing on the density
ramp case in more detail, we show here that the onset
of a density shoulder in the (n.)-ramp case coincides
with the roll-over of I'¢, although a causality relation
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between the two cannot be inferred. The top panel of
figure 12 shows the evolution of the SOL density profile
during this (n.)-ramp. A broadening of the profiles is
clearly visible as (n.) is increased. In the bottom plot
of figure 12, we quantify the evolution of the density
profile width as a function of (n.). To do so, we define
a broadening parameter n. as follows

e = np /0 nedR (4)
where AR = 3.5 cm. In the case of a flat density
profile (n. = ni), n, = 1, while for a very steep

density profile, n, — 0. We note that other definitions
exist for the amplitude of the shoulder, such as the one
presented in Ref. [73]. The blue squares in the lower
panel of figure 12 clearly show an increase of 1. as (n.)
is increased. Comparison with the target ion flux, also
shown in the figure, reveals that the onset of the density
shoulder coincides with the roll-over of the target ion
flux. The shoulder formation then correlates with the
negative slope in the target ion flux. Note that in figure
12, we do not shift the profile, unlike in section 6.1. For
simplicity, we instead simply assume a possible 5 mm
error, leading to error bars around the computed values
of Ne. Again, in the nitrogen seeding case, also plotted
in figure 12, no clear modification of 7. is seen as Ny
is injected. This indicates that the density shoulder
formation is mainly affected by (n.), and not by
the divertor regime (attached/detached). Due to the
broadening of the density profile, the shoulder could
potentially modify the plasma-wall interaction at the
outer-midplane, resulting for instance in a lower outer
target ion flux after shoulder formation or enhanced
power losses due to additional carbon erosion at the
main wall.

7. Impact on confinement time

In this section, we explore the impact of accessing
detachment on the stored energy and the confinement
time. In the top panel of figure 13, we have plotted
the stored energy Wyigp, deduced from a diamagnetic
loop [75], for the different cases considered in this
paper. In the density ramp case, we note a strong
increase of Wymp over time as (n.) is increased, until
t = 1.0 s, which coincides with the target ion flux
rollover. Beyond this point, Wyp starts to decrease,
indicating a degradation of the confinement. In the
low-density and high-density Ns-seeded discharges, the
stored energy slightly increases (despite approximately
constant core conditions) before the decrease of target
ion flux, and slightly drops afterwards. In the lower
panel of figure 13, we have plotted the evolution of 75,
the global energy confinement time, as a function of
time for the different cases considered. We define 7
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Figure 12. (top) Evolution of the outer midplane SOL density
profile during a Nga-seeding experiments at high-(n.), before
Ny is introduced in the machine (black solid lines) and after
(magenta solid lines). (middle) Evolution of the outer midplane
SOL density profile during a (ne)-ramp. The profiles are taken
with the RCP [43, 44] at different times during well-reproducible
discharges. The density profiles as a function of the distance
to the separatrix. The color code indicates three different
phases: (blue) (ne)< 9.0 x 101%m~3, (green) 9.0 x 102°m~3 <
(ne)< 1.1 x 10*°°m=3 and (red) (ne)> 1.1 x 102°m™3. In the
bottom plot, we show an estimate of the width of the profile
using equation 4. The light blue curves indicate the normalized
integrated ion flux to the outer target. The red points correspond
to the width of the density profile evaluated for Na-seeded
discharges, before and after Ng is puffed. The numbers in the
lower left corners of the top and middle panels indicate the
various discharges used to produce this plot.
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% 14T i the behavior of the detachment onset, be it the
= 1o P | detachment threshold or the dynamics of the transition
| MWW to detachment[76, 10, 77]. It was for instance shown on

1 . . . . DIIT-D[78] that in H-Mode with the V B-drift oriented

30 . . . . towards the X-Point, the detachment manifested itself
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Figure 13. (top) Time evolution of Wy, p for the different
cases considered in this paper. (bottom) Evolution of the global
energy confinement time 7, defined in equation 5. We note
that in all cases, the decrease of the target ion flux (as shown,
for instance, in figure 3) appears to be well correlated with a
decrease of 7.

as

o — WaaD (5)

P;

where P;,, the input power, which in the present cases
is the ohmic power only. We note that in all cases, the
decrease of the target ion flux (as shown, for instance,
in figure 3) appears to be well correlated to a decrease
of 7. However, the amplitude of the 75 drop depends
on the scenario. It is relatively large in the case of
the (n.)-ramp and the low-density, No-seeded case, but
remains marginal in the case of high-density, N3-seeded
scenario, despite a large reduction of the outer target
ion flux (as shown in figure 3). This smaller effect on
TE at high-densities is consistent with lower levels of No
core penetration inferred in section 2. Thus, it is found
that Ny seeding provides a better compatibility with
core confinement, but only if density is high enough to
limit nitrogen influx into the core.

8. Influence of field direction

The cases discussed so far were performed in reversed
field, which allowed us to operate at high current (340
kA) and thus high densities favorable for detachment,
while avoiding transitions to H-mode. In view of
H-mode detachment studies, which will mainly be
performed in forward fields, we now explore the impact
of field direction, and hence the direction of drifts,

as an abrupt bifurcation towards a cold divertor state.

Ns-seeding and density ramp experiments have
been performed both in “forward fields” (‘favorable
VB’ direction) and “reversed fields” (“unfavorable
VB” direction). Except for the lower Ip, these
scenarios are similar to those in the previous chapters,
including the geometry. In the No-seeded experiment,
the requested line-averaged density was approximately
4.6 x 10'® m~3. This was not very well achieved in the
experiments, where the density slowly rises during the
discharges from 3.5 x 10'® m™3 up to 4.75 x 10*° m~3,
corresponding to a Greenwald fraction increase from
0.2 to about 0.3. However, since the discrepancy with
the density reference was similar in both discharges
(forward and reverse fields), a comparison remains
meaningful. These discharges are compared to (n.)-
ramps in the same configuration, where the line-
averaged density linearly increased from 3.5x10'° m—3
up to 8 x 10 m~3 and no N is injected.

8.1. Ewolution of target quantities

In the top panel of figure 14, we have plotted the
evolution of the outer target ion flux I'Y in forward
and reverse field cases, in both the (n.)-ramp and
No-seeding experiments. Let us first discuss the (n.)
ramps. As time (and therefore (n.)) increases, a
roll-over of I'? is seen in both field directions, at
approximately similar times (¢t ~ 1.4 — 1.5 s), although
in the forward-field case, a long “saturated” period
can be seen before I'? starts to decrease. Furthermore,
we observe that the roll-over in the reverse fields case
is not a smooth decrease of I'Y as seen in the higher
current case (as plotted, for instance, in figure 3).
It is rather a sudden drop of I'Y. This behavior
has been observed in several TCV discharges and
seems to be typical in reverse-field with moderate
Ip. We note also, in the forward field direction, the
existence of large amplitude oscillations of I'¢ and T
after the roll-over. These oscillations appear to be
in phase between the two targets. Initially, those
were suspected to be due to variations in the plasma
shape. Indeed, the top triangularity in these discharges
is quite high (6:0p ~ 0.35), such that perturbations
can lead to oscillations between a Lower-Single-Null
(LSN) and a configuration closer to a Double-Null.
However, a repetition of this discharge with a much
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lower top triangularity (0s0p ~ 0.16, #62356) also led
to oscillations of the target ion flux (albeit of smaller
amplitudes) and IR measurements. This could indicate
the presence of oscillations in the detachment state,
similar to those observed in JET [79] or ASDEX-
Upgrade [10], even though we do not investigate
further these observations here. As for the Nao-seeding
discharges, we observe a similar response of I'{ in both
forward and reverse-fields. I'Y decreases as soon as
Ny is injected, although the decrease rate is somewhat
higher in the forward field case.

More pronounced differences between forward and
reversed fields are seen for the inner target ion flux
I'l, as seen in the bottom panel of figure 14. In
the (n.)-ramps, I'? is seen to roll over for both field
directions. However, the roll-over threshold is much
lower in the forward field case, where, again, large
scales oscillations are seen after 1.4 s. This indicates
that detachment of the ISP is “easier” (i.e. at lower
density) to achieve than in the reverse-field case, as
know from other machines, such as JET [80]. In the
Na-seeded experiments, 'l decreases right after the
injection of Ng in the forward fields case, whereas in
the reverse fields, it only starts to clearly decrease 0.2
s after the injection of Ny, and this decrease remains of
modest amplitude. Operating in forward field direction
therefore facilitates the access to detachment of the
ISP, independent of whether it is achieved with fueling
or seeding.

In terms of absolute levels of particles flux, field
direction shows a strong effect at the inner strike
point, with substantially larger values in forward
field. At the outer target, this effect is much weaker.
These observations are consistent with previous TCV
experiments and in parts with associated UEDGE
simulations (including drift terms), where it was shown
that changing the field direction in attached conditions
affects the inner target more strongly than the outer
one [81]. As in these simulations, the target density
and temperature profiles at the ISP in our discharges
show a higher density and a lower temperature in
the forward field case than in the reverse field case.
This is shown in figure 15, where we have plotted the
target profiles of n. and 7T, determined by Langmuir
probes at the inner strike point (ISP) and at the
outer strike point (OSP) for reverse and forward field
direction. All the profiles are plotted at the same line-
averaged density (n.)~ 3.6 x 10'® m~3, in attached
conditions. One can see that while the outer target
profiles are relatively weakly affected by the change of
field direction, a large difference can be seen at the
ISP. While the pressure remains of similar order of
magnitude (not shown), the density at the ISP is higher
by a factor 2 in the forward field direction compared to
the reverse field direction and the temperature is lower.

. #57999 #58001 Reverse Fields - <n,> ramp
6.0 & 10 . r #61%72 Forward Fields - <n > ramp
1IN, seeding starts Reverse Fields - N,
50 F : Forward Fields - N,
1
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Figure 14. Dynamics of (top) outer target ion flux I'Y (bottom)
inner target ion flux I'} in forward and reverse field cases, in (nc)-
ramp and Na-seeding experiments.

A similar trend can be observed after detachment, with
the density at the ISP still being higher in the forward
field direction than in the reverse field direction (not
shown).

Recent detachment modeling of TCV reverse-field
plasmas with SOLPS have generally revealed a better
agreement with experiments at the outer target as
compared to the inner one [82, 11]. These simulations
did not include drifts. Our observations presented here
(that field direction primarily affects the inner target)
indicate that drifts could be the main missing element
for a better match with simulations. They were for
instance shown to be critical in matching experiment
observations in ASDEX-Upgrade [83, 84|, Alcator C-
Mod [85] and JET [84].

8.2. Impact of field direction on radiation distribution

Due to the different orientation of the fields and hence
of the drifts, one can expect a different radiation
distribution pattern between forward and reverse
fields. This is indeed the case, as shown in figure 15,
where the two-dimensional emissivity maps, computed
from bolometric measurements, are plotted at different
times for both field directions and different Ny seeding
levels. We observe that in the reverse field case,
two radiation blobs can be seen, one near the X-
point and the other one near the inner strike-point.
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Figure 15. a) Target profiles of ne (top) and Te (bottom)
determined by Langmuir probes at the inner strike point (ISP)
(left) and at the outer strike point (OSP) (right) for reverse
field (blue) and forward field (red). All the profiles are plotted
at the same line-averaged density (n¢)=3.6 x 10 m~3 (fg =~
0.25), where the plasma is attached b) Radiation distribution in
presence of Na-seeding in (top line) reverse fields and (bottom
line) forward fields. The color scale is common to all the plots..

As more Ny is injected, the radiation concentrates
around the X-point. In the forward field case, only one
radiation blob can be seen, between the inner strike-
point and the X-point. Its amplitude is substantially
higher (approximately 2x) than the levels observed in
reversed field. This increased level of radiation could
originate from the higher density measured at the inner
target in the forward-field case. This observation is
compatible with observations on other devices [86],
where strong radiation at the inner strike point are
seen in the forward field direction.

A crude interpretation can be made using the total
loss power function L, (see Ref. [8] and references
therein), defined such that the local emissivity €;m,
from an impurity of concentration ¢, is given by
€imp = cimpngLZ. In the range of n. measured near
the divertor targets, and assuming constant pressure
Pe = nel. = 25 Pa, computation of €;,, shows
that increasing n. indeed leads to an increase of
the radiation, even though the temperature decreases.
This is consistent with the observation reported in
figures 15, where higher radiation near the ISP are
observed in forward field, associated with higher
density and lower temperature. The higher radiation
levels and lower T, at the ISP in forward field are
therefore likely the reason for the easier detachment
of the ISP in such field direction. We insist however on
the fact that this remains only a crude interpretation,
which largely ignores the effect of transport, which has
a tremendous impact on the radiative properties of the
different species.

9. Summary and conclusion

In this paper, we presented the main observations of
the No detachment experiments in TCV LSN L-Mode
plasmas. At both low- and high-(n.), a drop of the
ion flux and heat flux to the inner and outer strike-
points is observed after the injection of Ny, whereas
in (n)-ramp, only the outer strike-point appears to
detach. The low temperature measured at the outer
strike-point, as well as the onset of a pressure drop
between the outer mid-plane and the outer target,
confirm the detached nature of the outer divertor in
all cases. In the density ramp, a degradation of
the confinement time 7g is observed at the onset of
detachment, whereas in the Ns-seeding experiments,
the confinement time is affected only at later times.
In these cases, confinement degradation likely occurs
because of the penetration of nitrogen into the core,
as evidenced by the increased radiated power in the
core, as well as the increase of Z.s; inferred from the
increase of the loop voltage Vjpop. In the Na-seeding
case at high-(n.), the degradation of 7z remains,
however, small, which makes this a promising scenario
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for divertor-core compatibility. Radiation levels of
up to approximately 80% of the Scrape-Off Layer
(SOL) input power are achieved and outer target heat
fluxes are reduced by up to 90% compared to attached
conditions. Depending on the plasma density, the
location of the radiation changes. At low density, the
radiation in the outer leg peaks close to the target. As
density is increased or Ny seeded, instead, a radiation
peak around the X-Point forms, which accounts for
~20% of the total radiated power and is reminiscent of
X-Point radiators on AUG and JET. For both seeding
and fueling, the observation of the CIII emission shows
a “front” receding from the target towards the X-
Point, this movement being well correlated with the
evolution of the target ion flux. This confirms the good
experimental proxy that constitutes the monitoring
of the CIII front location for detachment evolution
on TCV. Measurements of the upstream and target
pressure profiles revel that the I,,; roll-over and the
parallel pressure drop occur simultaneously, both for
the (n.)-ramp and Ny-seeding at high density, showing
that the roll-over of the target ion flux is indeed a
good indicator for the detachment onset. During the
(ne)-ramp, we further observe that the roll-over of the
outer target ion flux coincides with the broadening of
the upstream density profile, which forms a “shoulder”.
No such broadening is seen in No-seeding experiments,
where the upstream quantities (temperature, density)
also remain approximately constant. The impact of
the VB-drift direction on the detachment properties
has also been explored. For both density ramps and
nitrogen seeding, field direction is found to mainly
affect the behavior of the inner strikepoint, with an
easier detachment in forward fields. This seems to be
associated with higher densities and lower temperature
at the ISP in forward field as compared to reverse field,
as well as increased levels of radiation near the ISP.
As shown in Ref. [81], the E x B-drift can explain
the higher density and lower temperature observed
at the ISP in forward field. The higher radiation
level is expected for an increase in density, when
pressure and impurity content are unchanged. These
experiments therefore show that the inclusion of drifts
is of paramount importance to reproduce correctly the
behavior of the inner strike point in simulations.

The detailed analysis and diagnostics interpreta-
tion of nitrogen seeded TCV detachment experiments
presented in this work will provide a basis for ongo-
ing studies in H-Mode and alternative geometries and
associated modeling.
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Appendix A. Estimate of separatrix quantities

Due to uncertainties in the LIUQE equilibrium
reconstruction, the py-mapping and in particular the
determination of the separatrix position (py, = 1)
is subject to uncertainties. In this section, we use
the two-point model predictions coupled to a power
balance argument to estimate the upstream separatrix
temperature. Combined with a measurement of the
upstream SOL temperature profile, e.g. from Thomson
Scattering or fast reciprocating probe diagnostics, this
then provides an estimate of the separatrix position.
The method that we use is based on Refs. [58, 59].
From power balance, the peak value of the
upstream parallel electron heat flux, qf eHuk, can be
estimated as
peak: 1 fPemr Btot
ell 2mRsep Ag Bpol

where R, is the radial position of the separatrix,
Aq the characteristic decay length of the parallel heat
ﬂux and B“’t the ratio of the total magnetic field to

(A.1)

the p0101da1 magnetic field. These three quantities
are all defined at the outer midplane. P!" is the
power entering the SOL and being carried towards
both targets by the electrons, and f the fraction of
this power that goes into the outer leg. Evaluation of
equation A.l requires in particular the knowledge of
Aq- In this study, we infer A, from IR thermography.
The target heat flux profile is mapped to the upstream
location, and the Eich fit is then applied to determine
Aq- It is observed in this set of discharges that A,
depends on (n.) as shown in figure Al. We find that
Aq is well fitted by a second-order polynomial

Ay =an)*+b (A.2)

with a = 7.934 x 1073 m", b = 6.891 x 10~* m. The
values of )\, that we estimated here in well-attached
plasmas (ie at low-(n.), without Ny) are compatible
with the values presented in Ref. [36]. To evaluate
A, for (n.) higher than 10%° m™3, we extrapolate
the values using equation A.2. Assuming that the
electron heat flux is carried from the outer midplane
towards the outer target only by conduction following
the Spitzer-Hérm thermal conductivity, one can write

7/2
= %OTE,/QaTe 2 UaT/
el = 8s 7 8s

(A.3)
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Figure Al. )\, inferred from IR thermography. The green curve
corresponds to a fit of all the IR data points, given by equation
A.2. The red curve presents the extrapolation of this fit to higher
densities.

where kY ~ 2300 W.m 1.eV~2 is the Spitzer-Harm
heat conductivity coefficient for the electrons and s
is a curvilinear coordinate along a field line. We
now evaluate equation A.3 at the separatrix location.
Neglecting the changes of the magnetic field along the
flux tube and assuming q.| constant along B (no
volumetric power losses or cross-field transport), one
can integrate equation A.3 to find:

sep\T 7/2
2 (@ @™
= cK
Qe 7' L

where T7°P is the electron temperature at the upstream
separatrix, T is the electron temperature at the target
and L the parallel connection length. Equating this
expression with equation A.1, we obtain

o (@)@

7'e L -

leading to

7 L fPtar B 2/7
Tser — Tt7/2 v I e tot A.
¢ < e T 2k0 2 Rsep Ag  Bpol (A.6)

To evaluate equation A.6, we now need to estimate
Pt the power going to the target that is carried
by the electrons. We assume that the electrons carry
half of the total power reaching the target, P*", such
that P! = 0.5P"". This assumption implies that
T; > T, in the SOL, which is consistent with the
charge-exchange data for these shots (not shown here)
and with the value used in [59]. As for the value of
Pta" | we explore two possible assumptions:

(i) No power is radiated in the SOL, so that the total
power entering the SOL is transported towards the

(A4)

fPemT Btot
2T Rscp Ag  Bhpoi

(A.5)

targets. Therefore, P**" = Pgor. Equation A.6 can
then be rewritten as

7 LH f (POhm - Pfg;e) Btot

Page 18 of 22

TSeP — Tt 7/2 .
o= (7 |,

Within our model, this case is equivalent to assuming
that there is power being radiated in the SOL, but that
all of this radiation occurs just in front of the target
plates.

(ii) All the power radiated in the SOL is assumed to
be radiated at the outer midplane, and therefore the
total power actually flowing to the target is
P = Psor, — P39F (A.8)
where PS9L is the power radiated in the SOL,
measured by the bolometry. It is further assumed that
the radiated power is equally lost between the ion and
electrons. Following a similar reasoning as for equation
A.7, one then gets

])2/7(A.7)

7 Ly f(Ponm — P°) Bt |\ /"
Tsep — Tt 7/2 o I m rad o A9
¢ <( e) + 2k 47 Ry Aq Bpot (A-9)
where P, = PSGE 4 Peoye

These two equations (A.7 and A.9) provide a
quantitative estimate of the separatrix temperature
depending on the plasma magnetic configuration (L,
Rsep, Biot and Bypg), power into the SOL (Psor) and
transport properties (f, A;). Possible errors on the
evaluation of these parameters will be attenuated by
the 2/7 exponent, leading, in principle, to a robust
estimate of T7°P. In figure A2, we have plotted the
evolution of the upstream separatrix temperature as
predicted by equations A.7 and A.9, and compare it to
the measurements provided by the Thomson Scattering
system, assuming accurate knowledge of the separatrix
location from the equilibrium reconstruction. To do so,
we assumed T =~ 0, which can be neglected within our
conduction-limited model if [4]

> 15 (A.10)

where n2°P is the upstream separatrix electron density.
In our case, we find this criterion to be well satisfied
during the (n.)-ramp and the high-density Na-seeding
discharges. In the low density Ns-seeded discharge,
we find that v* ~ 10 — 15 and the criterion is only
marginally satisfied. Overall, a satisfactory agreement
with the Thomson Scattering is found, even so it
appears that the Two-Point Model method tends to
yield slightly higher temperatures than the un-shifted
TS measurements, which could indicate that the
magnetic equilibrium reconstruction tends to position
the separatrix too far out. The top panel of figure A2
also plots equation A.7 evaluated with a constant A, =
5 mm. This results in a different trend in upstream
temperature, highlighting the need to account for the
dependence of Ay on (n.).
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