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Abstract

WEST database analysis shows a correlation of the recycled neutral source around the
separatrix with core performances. This observation questions the causality chain between
particle source and turbulent transport up to the core in L-mode, high recycling plasmas, an
unavoidable phase of all scenarios. The best core performances correlate with the lowest values
of the density at the separatrix, nsep, similarly to ASDEX Upgrade (AUG) tokamak and Joint
European Torus (JET) tokamak in H-mode (Verdoolaege et al 2021 Nucl. Fusion 61 076006).
Reflectometry in the midplane provides nsep, while the temperature at the separatrix, Tsep iS
inferred by the ‘two-point model’ using Langmuir probe data on divertor targets. Lower
separatrix resistivity does not correlate with better core performances, unlike H-mode
observations (Eich et al 2020 Nucl. Fusion 60 056016). As expected in the presence of an
efficient neutral source due to recycling fluxes, ns, correlates with the D recycled particle flux
at the divertor measured by visible spectroscopy. Coherently, at a given controlled central line
integrated density n, lower nsep correlates with a larger density gradient around the separatrix as
well as a larger global density peaking, n/(ny, measured by interferometry. The latter correlates
as well with lower collisionality in the core, similarly to JET and AUG H-modes (Angioni et al
2007 Nucl. Fusion 47 1326). The correlations reported allow phrasing the subsequent causality
question: what is the interplay chain between low neutral recycling at the divertor plates, low
density at the separatrix, high density peaking at the separatrix, high global density peaking,
higher central temperature and better core energy confinement quality? Understanding the
causality chain is essential to prepare ITER operation and design DEMO scenarios where the
ratio of the divertor leg to the ionization length will be larger and where the pumped flux with
respect to the plasma volume will be lower than presently operating tokamaks.

a see http://west.cea.fr/WESTteam.
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1 Introduction

WEST is a full W environment tokamak (main chamber
including antenna limiters and baffle, as well as both upper
and lower divertors). It operates at 3.7 T, up to 1 MA, with a
plasma volume of 15 m® and an aspect ratio between 5 and 6.
Continuous wave RF power is installed: up to 9 MW of ion
cyclotron resonant heating (ICRH) power and 7 MW of low
hybrid current drive (LHCD).

During its first phase of operation, up to 9.2 MW of com-
bined ICRH and LHCD power has been reached and pulses
lasting up to 55 s have been routinely achieved [1]. In L-
mode, the stored energy, Wwmwp, increases according to the
ITER96 L-mode scaling law confirming its weak aspect ratio
dependence [2]. Some L—H transitions have been observed [3]
for a power crossing the separatrix of the order of the ‘Martin
2008’ scaling law [4].

WEST experimental data is natively in the Integrated and
Modelling Analysis Suite (IMAS) format [5]. The data treat-
ment chain provides systematic temperature and density fitted
profiles from the core to the separatrix, the magnetic equilib-
rium is rerun between pulses including polarimetry constrains
and the Langmuir probes data treatment is automated, etc. This
approach allows automatic production of a very large L-mode
database accessible to the whole WEST team. The database of
1249 D pulses resulting from two campaigns is exhaustively
analyzed here.

In WEST L-mode high recycling plasmas, two regimes of
operation are encountered [6]. Either the central electron tem-
perature, Te (0), increases with larger ratio of the total power
to the volume averaged density, Pwy/An), or it remains frozen
below 2 keV. The extensive and exhaustive database analysis
allows us to show that the so-called ‘cold branch’ is associated
with larger density at the separatrix, Nsep.

Such results echo recent H-mode database stud-ies
on both Joint European Torus (JET) [7-9] 4 and ASDEX
Upgrade (AUG) tokamak [10-13] where larger nsp are
associated with degraded plasma core performances. The
density at the separatrix is determined by the interplay between
transport, MHD and source (ionization of neutrals) [14].

In H-mode, higher pressure in the separatrix area leads
to a critical ideal MHD limit encountered at larger normal-
ized radius, leading to lower pressure at the pedestal top and
hence lower global confinement [12]. In some of the JET H-
modes, with a pedestal pressure below the ideal limit, the res-
istive modes onset might play a role [8]. The key role of the
collisionality at the separatrix, driving resistive modes, was
proposed in AUG H-mode database analysis [11]. And actu-
ally it traces back from the late 1990s, when Scott [15-17] and
Rogers et al [18] fluid models were compared to experimental

4 Note that in the JET metal wall the strong impact of higher triangularity, &,
allowing to reach Greenwald density for Hegy» = 1 [86] was not recovered.

scrape-off layer plasma (SOL) data in L- and H-modes, see
for example [19]. It actively continues today by comparing
experimental trends to state-of-the-art edge simulations using
gyrokinetic codes [20-23] and fluid nonlinear simulations
[24-30]. Following the path of Scott and Rogers—Drake—
Zeiler, fluid-based turbulent models are capturing qualitatively
and quantitatively the density limit and/or the L—H transition
[27, 28, 30, 31].

Concerning the role of neutral penetration, earlier stud-
ies stipulated that it strongly influenced separatrix paramet-
ers such as density and temperature. For example, a multi-
machine International Tokamak Physics Activity (ITPA) work
showed that Tsep IS Sensitive to details of the neutral recycling
process [14]. And indeed, the widely used pedestal fit based
on a modified hyperbolic tangent is inferred from a neutral
penetration model [32-34]. Neutrals are also thought to play
a role in density shoulder formation in the SOL, see [35] and
older references therein. Concerning the impact on temperat-
ure, thanks to turbulence gyrokinetic simulations using XGC1,
the charge-exchange by neutrals has been shown to steepen the
ion temperature profile, hence enhancing the drive for ion tem-
perature gradient modes [36]. Additionally, removing neut-
rals, thanks to a pumping lithium environment in the Lithium
Tokamak Experiment (LTX), has been demonstrated experi-
mentally to produce a flat temperature with a hot separatrix
temperature [37].

Disentangling the role of neutrals, turbulence and MHD
on separatrix, pedestal and core parameters remains an open
issue. A way of addressing this challenge is to perform
exhaustive experimental database analysis, where correlations
between SOL, separatrix and core parameters are extensively
explored.

Indeed, it is crucial to understand the potential impact of
separatrix conditions on core confinement in both L and H-
modes in today’s tokamaks in order to extrapolate towards
ITER and DEMO, where simultaneous high core confine-
ment and large nsp are expected. ITER scenarios are pro-
jected to reach Hggy,» = 1 [38] while DEMO design is aim- ing
at Hogy» = 1.1-1.4 [39]. High density at the separatrixis
required for multiple reasons in these foreseen high recyc- ling
W environments: to reduce the W sputtering by reducingthe
divertor target temperature and to maximize the pressure in
the vicinity of the pumps. As a side effect, large recyc-ling
regimes might also be beneficial to maximize the tri- tium
global recycling coefficient at the separatrix and hence its burn
up [40].

Extrapolating empirically today’s observation towards
ITER or DEMO is not possible. Indeed, only for the role of
neutrals in the pedestal-forming region, the conditions in ITER
and DEMO are anticipated to be very different due to (a) larger
divertor legs and wall clearance with respect to the ionization
length [41] and (b) a lower pumping/fueling versus plasma
volume: for example DEMO pumping efficiency is foreseen
to be 8 times larger than AUG’s, while DEMO plasma volume



Nucl. Fusion 63 (2023) 056021

C. Bourdelle et al

is foreseen to be more than 100 times larger than AUG’s [42].
It is therefore mandatory to take advantage of the great vari-
ety in today’s tokamaks in terms of pumping/fueling®, diver-
tor geometry® and divertor material” to challenge our ability to
predict the density at the separatrix and its correlation with
core performances.

Studying L-modes, which have a similar correlation as H-
modes, namely a lower confinement with larger nsep, will help
disentangle the role of turbulent transport versus neutral
particle source, while avoiding the additional interplay with
pedestal stability/transport. Moreover, L-mode plasmas are of
interest as these phases are first encountered when character-
izing a new machine’s operational domain and the L-mode
pedestal-forming region physics is likely key to understand-
ing H-mode access [43].

L-mode interplay between neutral penetration and turbulent
transport remains a topic to be further explored. At present,
gas puff modulations on AUG show that larger nsep is associ-
ated with poorer T (0) and even a cold pulse. Resistive modes
could be at play to explain the enhanced heat transport [44].
On JET, particle transport in a normalized collisionality scan
has been modeled, but not for a normalized minor radius,
p, larger than 0.8 [45]. On TEXTOR tokamak (TEXTOR),
during the radiative improved mode investigation, the density
profile steepening just inside the separatrix was hypothesized
as a key stabilizing parameter of lon Temperature Gradient
(ITG) allowing H-mode-like core performances in an L-mode
plasma [46, 47].

In this context, we are exploring the WEST L-mode data-
base. Similarly to what is foreseen in ITER, electron heating
dominates (ICRH and LHCD-heated plasmas) and there is no
central particle or torque source (no Neutral Beam Injection
(NBI1)). The counterpart of ICRH and LHCD heating is that
it is important to disentangle the impact of nsp on the core
confinement from its impact on modified coupling and hence
modified core heating sources.

In the present paper, we analyze exhaustively two cam-
paigns of WEST phase 1 (prior to the completion of the act-
ively cooled ITER-like lower divertor): C4 and C5. Itisa D
plasma database, in L-mode at 3.7 T. By manipulating a large
database of more than 1200 pulses, we explore exhaustively
the operational domain of the machine, avoiding as much as
possible bias induced by a cherry-picking approach. Data aver-
aged on more than 3600 plateaus are collected.

In section 2, the database building is explained, while
in section 3 the co-existence of a cold and a hot branch
for a given ratio of the total power to the volume averaged
density is presented. In section 4, the correlation between
density (line average, at the separatrix, global peaking) and
core confinement is presented. The possible role of modified
turbulence around the separatrix is reported in section 5 where

5eg. a few Pam®s-! on WEST turbomolecular pumps and up to

20 Pam’s-! on AUG crryogumps for a similar plasma volume of 15 m?®,
e.g. vertical versus horizontal targets on JET, closed AUG divertor versus

open DIII-D or WEST divertors, etc.
7 e.g. Cdivertorsin DINI-D, W divertorsin AUG, JET, WEST as well as boron-
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the correlation between the separatrix collisionality and global
confinement is described. Finally, in section 6, the role of
neutral fueling/recycling on nsp and the density gradient is
presented. The results are summarized and discussed in the
last section, section 7.

2. Database building

All WEST experimental data are natively archived in IMAS
data structures such as core_profile, equilibrium, etc [5]. The
data treatment chain runs systematically on each pulse, from
breakdown to termination. The philosophy is to automate as
many data treatments as possible and make them available
to all in a systematic manner. For example, automated fits
of the temperature and density profiles are provided for each
pulse every 10 ms. The treated Langmuir probes data (parallel
heat fluxes, density and temperature along the divertor targets)
are systematically and automatically generated, a polarimetry-
constrained equilibrium is performed between pulses using
NICE [48, 49], etc.

Moreover, there is an IMAS data structure named ‘sum-
mary’ which is used to store 0D quantities. These quantities are
time averaged over plateaus of total power intersecting plasma
current plateaus whose duration exceeds 0.3 s.

The database contains time-averaged quantities over 3685
plateaus coming from 1249 D pulses. They exhaustively cover
the C4 and C5 campaigns, at the exclusion of the He part of
the C4 campaign [50]. The pulses are mostly ohmic- or RF-
heated L-mode plasmas, and eight pulses have transitions in
H-mode [3]. All the plateaus are at 3.7 T with the plasma cur-
rent, Iy, in the range 0.2-0.8 MA, the auxilary power, Paux,
varying from 0.5 to 9 MW and the electron volume averaged
density, ne, between 1and 9 0% m-3. Of these plateaus, 43%
have a total absorbed power above 1 MW and 60% of these
externally heated plateaus have more than 80% of the RF
power from LHCD.

Eight hundred plateaus with characteristics of total power
(Pwr) above 2 MW, plasma current 0.5 MA, in lower single
null (LSN), and using D gas puff only (excluding four pellet-
fueled plasmas) are the main focus of the database analysis
presented in the following. Note that 88% of the plateaus at
Pt > 2 MW are at 0.5 MA. We therefore limit our analysis
to this unique plasma current. By choosing Pwt > 2 MW, we
exclude all chmic phases (the ohmic power varies between 0.3
and 0.8 MW for I, = 0.5 MA) and focus on L-mode plat- eaus
only. Eighty-eight percent of the LSN L-mode plateaus are at
0.5 MA,; we therefore select plateaus at 0.5 MA only toease
our scaling law discussion. The LSN pulses are chosen as the
connection of the Langmuir probes acquisition system was
optimized for this magnetic configuration during the C4 and
C5 campaigns, moreover, in the database more than 9 plateaus
out of 10 are in LSN. Table 1 illustrates the rangeof
parameters of this sub-database. Moreover, histograms of this
sub-database, figure 1, show that: (1a) LHCD is the dom-

inant heating; (1b) P, averaged over the plateau time duration

or lithium-based coatings.



reaches up to 8 MW with a mean value over the database of
8ue!. MMiLn (Eolpdbe Greenwald fraction ranges mostly between C. Bourdelle et al
40% and 60% around a mean value of 50%; (1d) radiated
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Table 1. Range of plateau-averaged quantities of some of the key parameters of the C4 and C5 database such that: I = 0.5 MA, D plasmas
only, Lower Single Null (LSN), Pwt > 2 MW. The parameters are the geometrical major radius Rgeo, the minor radius a, the toroidal

magnetic field B, the elongation «, the triangularity &, the line average density n, the LHCD power PLncp, the ICRH power Picrn and

finally Prwt the total power (%hmic and auxiliary).

mainion Rgo(m) a(m)  Br(M I (MA) K 5§  710°m2" PLuco(MW) Picri(MW) Prot (MW)
D 2.33-2.59 0.39-0.47 3.67-3.78 0.48-0.55 1.29-1.58 0.38-0.55 2.51-6.20 0-5.31 0-3.15 2.00-8.01
600F3 100tb
400
50F
200F
0 ] M s —_—l O
0 20 40 60 80 100 2 4 6 8
Piuco/PLucotPicry) in % Piot IN MW
150 —r : : : : ; : ; ;
c 100d
100F
501 50t
0l— 0 : '
30 40 50 60 70 80 0 20 40 60 80 100
fGreenwald in % frad,bulk in %
100 300
e f
200F
50F
100 F
0 — 0
0 50 100 0 7 4 6
PP in % ny(0)/n (0) 1074

sep’ Martin08

Figure 1. Histograms of the 800 plateaus from the C4 and C5 database such that: I,= 0.5 MA, D plasmas only, LSN, Pwt > 2 MW. In (c),
foreenwald is the Greenwald fraction: n/(Ip/ra?). In (d), fradbuik = Prad buik/Prot is the fraction of the radiative power in the plasma bulk, inside

the seperatrix, Pradbul, t0 the total power Pwt. In (€), Psep is the power crossing the separatrix, i.e. Psep = Ptot Prad,ouic W the radiative power
in the plasma bulk, inside the seperatrix. Psep is normalized to the power threshold to enter in H mode predicted by the ‘Martin scaling law’

[4], Pwmartinos. frad,oulk = Prad,pulk/Prot In (), the W concentration in the core with respect to the electron density is plotted: nw(0)/ne(0).

power in the confined plasma is on average 42% of the total
power; (1€e) the power crossing the separatrix is above the Mar-
tin scaling law [4] only for 24 plateaus but actually only 5
plateaus are effectively in H-mode in LSN, see [3] for more
details on the H-mode phases; (1f) the core W concentra- tion,
nw (0) /ne (0), ranges from3 10-5 te 7 10-*, withx

amean value of 2x 10-4.

In the following, various sub-ensembles of this database
will be studied. For example, when the density at the separat-
rix by reflectometry is required, the data set is restricted to the
pulses in which reflectometry reconstructed profiles are avail-
able (603 plateaus out of 800). The smallest sub-ensemble
of plateaus used in the work presented here is made of 595
plateaus.

3. Coexistence of a cold branch with a hot one in
the WEST database

There is an operational domain for WEST L-mode dominantly
heated by LHCD. This operational domain is such that, at a

given power, if the density is too low, the power is not coupled
(the empty triangle at low density, high power in the figure 2),
and if the density is too large, the electron temperature remains
below 2 keV (the blue points in figure 2). This Te clamping
is due to the presence of W. Indeed below 2 keV, a vicious
circle takes place where the W cooling factor increases with
lower temperature, leading to hollow T, profiles and MHD
instability. Therefore there is a narrow range of (Piwt, <n>)
over which Te in the core reaches more that 2 keV, in red in
figure 2.

By plotting the central electron temperature, T (0), against
the ratio of the total power divided by the volume-averaged
density, we observed the existence of two branches [2] at
lp = 0.5 MA, Br = 3.7 T. The ‘hot branch’ exhibits a Te (0)
which increases with increasing ratio of the total power to the
volume-averaged density, Pwy/1), and a ‘cold branch’ where
Te (0) does not increase with larger Pyy/ n and yremains below
2 keV, as illustrated in figure 3(a).

As expected, the hot branch is characterized by a higher
energy content, see figure 3(b). Additionally, the measured DD
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Figure 2. WEST C4 and C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, Piwt > 2 MW. Time-averaged total power, Ptot, over
the plateaus plotted against the volume-averaged electron density, nvoi in figure legend and <n> in the text. In red time-averaged Te(0) over
the plateaus above 2 keV and in blue below 2 keV.
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Figure 3. WEST C4 and C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, Pwt > 2 MW. In this series of plots, Te(0) is plotted
against the ratio Pwt/nvol. All the quantities are time avergaed over the plateaus. In (a) the error bars on Te(0) are from the standard deviation
obtained on the plateaus over which Te(0) is time averaged. For figures (b) to (h), the colour code corresponds to a physics quantity: (b) the
plasma energy content produced by the MHD equilibrium code NICE, Wwrb; (c) the core Hard X Ray signal in the energy range from 60 to
80 keV normalized to the ratio of PLrcp/nvor; (d) the internal inductance,li, from the MHD equilibrium code NICE; (e) fradouik = Prad,bulk/Ptot

the radiative power in the plasma bulk; (f) the core W density peaking represented by the ratio of W density at normalized poloidal flux, V¥,
between 0 to 0.05 normalized to the W density slightly more outward, at normalized poloidal flux 0.05-0.2; (g) density peaking given by the

ratio between the line avergaed density nbar to the volume averaged density nvol; (h) the density at the separatrix, nsep, obtained by
reflectometry (the database is reduced to the plateaus on which the reflectometry was available) and using the magnetic equilibrium
reconstruction by NICE constrained by polarimetry angles.
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neutron rate is higher on the hot branch (not shown here) as a
signature of hotter ions as well as hotter electrons.

Our database is predominantly LHCD heated (see figure 1).
The LHCD absorption signature on the inversed of hard x-ray
signal peaks inside p = 0.3 (for 83% of the 678 plateaus
on which the hard x-ray diagnostic is available). Due tocentral
LHCD, the majority of the plasmas analyzed here are
sawtooth-free. Since LHCD absorption is more central in hot-
ter plasmas [51], we cannot disentangle precisely the causal-
ity between more central LH heating and larger Te (0). This
strong correlation is illustrated in figure 3(c), where core fast
electrons due to LHCD absorption are diagnosed by hard x-
ray signal along the central horizontal chord normalized to
Pirco/ € )in the 60-80 keV range [52].

As expected, the current profiles are more peaked on the
hot branch due to more centrally absorded LHCD and lower
resistivity, leading to higher internal inductance (figure 3(d)).

In terms of fraction of radiative power, there is no clear
distinction between the hot and the cold branches as illus-
trated by figure 3(e). The fraction of radiated power in the
confined plasma measured by bolometry [53] is around 42%
(figure 1), independent of the RF power level or whether oper-
ating LHCD or ICRH [1, 2, 54].

Regarding the W profile in the core, over the whole data-
base the core W concentration, nw (0) /ne (0), ranges from %
10-% to 7 x 10-% with a mean value of 2 x 10-*(see
figure 1). The core W peaking is similar and rather flat on both
branches as illustrated in figure 3(f). The W content, in the
full W environment of WEST, is obtained assuming that for
Te(0)>1 keV, the radiated power measured by bolometry is
only due to W radiation—more details are given in [6].

Concerning the electron density profiles, interestingly, the
global density peaking parameter is larger on the hot branch.
This peaking factor is based on eight interfero- metry line-
averaged density chords [55] inverted to produce the line-
averaged and volume-averaged densities, respectively n
(ornpar)and R Xorny), the ratio of which is a proxy for
the global density profile peaking: n/n). Finally, lower nsep
is observed on the hot branch with respect to the cold branch,
figure 3(h). The density at the separatrix is measured by reflec-
tometry in the outboard midplane [56], remapped on the mag-
netic equilibrium reconstructed by NICE constrained by eight
polarimetry Faraday angles [55].

In the following, we set a pragmatic criterion to define the
hot branch: T, (0) > 2keV. Sixty-four percent of the plateaus
are on the hot branch. The time traces of the pulses enter-
ing the hot or cold branches are illustrated in [6]. Thanks
to the database analysis, we have found an operational min-
imum ratio of P_ucp/n necessary to avoid the cold branch
and above which we will systematically operate in the future
[57]. We have also understood the mechanisms leading to
the collapse of 1/4th of the pulses from the hot to the cold
branch thanks to an integrated modeling of two collapsing
plasmas [6]. The LHCD absorption moving more off axis as
the temperature drops, combined with a more centrally peaked
W density due to reduced neoclassical temperature screen-
ing, have been identified as key players. The trigger leading
to the initial temperature dropping remains to be identified.

The importance of density control is likely key, as we observe
lower density at the separatrix on the hot branch (note that no
correlation between nse, and LHCD coupling is found in the
database, see appendix A).

In the following section, the impact of density in various
forms: n, nep and nAM on the overall confinement time is
explored on the whole database, including the cold and hot
branches, i.e. plateaus on which the time-averaged Te (0) is
lower or higher, respectively, than 2 keV.

4. Density impact on energy confinement time

In this section, we will review the density impact on the energy
confinement time through three quantities:

« The line-averaged density, n, traditionally used in global
multi-machine scaling laws.

o The density at the separatrix, nsp, shown to anticorrelate
with normalized confinement time in JET and AUG H-
modes [10, 13] and to be lower on the hot branch in WEST
L-mode, figure 3(h).

« The global density peaking, n/(n), found to be higher on the
hot branch, see figure 3(g).

41 Impact of the line-averaged density on the confinement
time

In both the L-mode and H-mode reference scaling laws for
ITER, Lo and Hgsy,2, the confinement increases with higher
line-averaged density values [58, 59], respectively: t% o
n%24and t28ELMY o n°44, Such scalings have been revised fol-
lowing the metallic devices (JET and AUG) results [9] and the
new ITPA 2020 scaling law [13] for ELMy H-mode reports a
weaker trend with respect to density: TLTPA20 - 1L o¢ n0-147£0.097,

The WEST L-mode database has been added to the exist-
ing ITER L-mode databases used to derive the ITER89-P [60]
and ITER96-L scaling laws [58]. This exercise is presented in
detail in chapter 3 of Ostuni’s PhD [61] as well as more suc-
cinctly in [2].

The confinement time is defined using Wwmrp, the energy
content given by the MHD equilibrium calculation constrained
by polarimetry by NICE [48, 49]. Wwmp is favored instead of
Wi, the thermal energy content, due to the absence of system-
atic temperature profile measurements during the first phase
of WEST operation (the electron temperature is measured by
Electron Cyclotron Emission (ECE), hence, in the presence of
LHCD fast electrons, data is available up to mid-radius and
the ion temperature measured by a 2D X spectrometer was not
systematically available). The suprathermal electron contribu-
tion to the total energy content is expected to be below 5%
[62] in the present database, where 90% of the total RF power
above 2 MW is from LHCD (see figure 1). Hence, under such
conditions Wwup is expected to be a good approximation for
Wih.

The WEST L-mode database of more than 1000 entries
(Wmnp) is added to the ITER96-L W, database of 1312 entries
coming from 12 different tokamaks. In the ITER96-L
database the radiated power has not been subtracted from the
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Figure 4. WEST C4-C5 L-mode database, B=3.7T, I, =

0.5 MA, D only, LSN, Pwt > 2 MW. The error bars represent the
standard deviation measured during the plateaus over which the
quantities are time averaged. The confinement time is normalized to

the power dependence of the WEST scaling law [2, 61]: P-973,

total power. For WEST, the radiated power in the bulk is, on
average, 42% of the total power (see figure 1). Therefore, the
impact on the scaling law of subtracting Pragpuik from Piot is
explored and shown to weakly affect the scaling law coeffi-
cients, in particular the power degradation exponent changes
from Peot®" t0 (Prot  —Praapux) %78, see appendix 1 of [2] and
chapter 3 of [61]. The weak aspect ratio dependence of the
ITER96-L scaling law is confirmed [2]. A linear regression on
WEST-only data reduces the rms down to 12.7%, the main
difference with ITER96-L is a strongly reduced impact of n,
while the power degradation remains identical to ITER96-L,
namely scaling as P-%7, see table 1 of [2].

Based on the work on WEST scaling laws published in [2,
61], in our reduced D L-mode database in LSN, atl, = 0.5 MA
and Py > 2 MW, the confinement time, tvnp, is estimated
using Wmnp normalized to Py, the total power. The database
being at a unique Ip, Tmup is normalized only to the power
degradation reported for WEST: P-%7 [2, 61] with P = Pyt

The impact of the line-averaged density,n, traditionally
used in global multi-machine scaling laws, is explored in this
reduced database, before exploring other forms of the density.
In figure 4, on the cold branch, where T¢(0) < 2 keV, the con-
finement time is mostly insensitive to n: Tymup,/P—%7 o« no-08
while on the hot branch, for T¢(0) > 2 keV, it even degrades
with larger density: tmup/P—%73 o« n—0-14,

4 Impact of the density at the separatrix on the
confinement time

Concerning the impact of the density at the separatrix, simil-
arly to H-mode databases [9, 10, 13], in our L-mode database,
a degradation of the confinement with higher nsp is reported.
Note that the Greenwald density, at 0.5 MA, ranges between

7and 10 »0%°m-3, hence, nsp normalized to the Green- wald
density is below 50%.

The density at the separatrix is measured by reflectometry
in the outboard midplane [56], remapped on the magnetic
equilibrium reconstructed by NICE constrained by eight polar-
imetry Faraday angles [48, 49] and averaged over the plateaus.
In figure 5, the confinement times normalized to, on the left,
the Hgg scaling law and on the right to the power degradation,
P-73 are plotted against Nsep.

The impact of nsp on the confinement time normalized to
the Hagy,2 scaling law in our L-mode database is very similar
to the one reported in H-mode on AUG [10].

The fact that Hesy,» values in the WEST L-mode database
are similar to those in the AUG H-mode database reported in
[10] is due to the unfavorable aspect ratio dependence of the
Hogy,» scaling law, while the Los scaling law has a weak A
dependence confirmed by WEST L-mode data [2]. This leads,
at A = 5-6, to similar confinement time prediction using the
ITER96-L or the Hgsy,» scaling laws [1, 63].

The issue, when using the Hogy,» scaling law for normaliz-
ing the confinement time, is that tmup is normalized to n®4,
which is not what we observe in our database, see figure 4.
Since n and nsp are correlated, see figure 1 below, keeping
the unrealistic n°# scaling in the normalization of tmup arti-
ficially exacerbates the detrimental impact of larger nsep. TO
remove this bias, we normalize tmup only to its power degrad-
ation. As expected, the destabilizing impact of ns is weaker,
from neep22% for Te(0) > 2 keV when using Hggy,, down to
Nsep~®12 with the power degradation normalization only. Non-
etheless, the trend remains especially for Te(0) > 2 keV.

4 Relation between density peaking and confinement time

We now compare the impact of n, nep and the global dens-
ity peaking n/(ny on the normalized confinement to its power
degradation tmup/P-%73, in figures 6(a)—(c), respectively.
The correlation coefficient r is computed in each case across
the whole database including all pulses, >2 keV and <2 keV.
The clearest correlation of twmhp/P-%" is against the global
density peaking, r = 0.70, while we report r =0.53 with
Nsep and a yet weaker correlation with n, r = —0.39. There-
fore, a more peaked density profile correlates both with lar-
ger Te¢(0) (figure 3(g)) and with better confinement time
(figure 6(c)).

5. Role of the collisionality at the separatrix on
confinement

As proposed in the 1990s by [18] and [15, 17, 64], resist-
ive modes are likely at play near the separatrix of confined L-
mode plasmas. These proposed theories were compared to
experimental SOL data in L- and H-modes, see for example
[19]. It actively continues today by comparing experimental
trends to state-of-the-art edge simulations using gyrokinetic
codes [20-23] and fluid nonlinear simulations [24-30]. Fol-
lowing the path of Scott and Rogers—Drake—Zeiler, fluid-based
turbulent models are capturing qualitatively and quantitatively
the density limit and/or the L—H transition [27, 28, 30, 31].
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Figure 5. WEST C4-C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, Pwt > 2 MW. The confinement time is normalized to the
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correlation 1s considered significant.

Hence, throughout the experimental database, one can
expect to find some correlation between a normalized para-
meter characterizing the drive of resistive modes (typically
scaling with the separatrix collisionality) and the overall
plasma performances. Such a correlation is reported on AUG
[11] where Thomson scattering allows estimation of the elec-
tron collisionality at the separatrix in both L- and H-modes. In
JET, a Thomson scattering database in H-mode also showsthat
possibly resistive modes are at play when the pedestal con-
finement degrades before reaching the ideal MHD limit, at the
highest densities [8].

On WEST, the Thomson scattering diagnostic allow- ing
simultaneous measurement of the upstream density and
temperature will be available from 2023 [65]. In the present

database, the density is measured by fast sweep reflectometry
[56] around the separatrix. Concerning the temperature at the
separatrix, the ECE signal is polluted by LHCD fast electrons
for p > 0.5, and even in the absence of LHCD fast electrons,
the optical depth when approaching the separatrix makes this
measurement inappropriate in the separatrix region. On the
other hand, on WEST, the downstream T, and n. on the diver-
tor target are very well diagnosed by two arrays of 29 Lang-
muir probes covering the inner and outer divertor targets [66].
We have therefore applied the so called ‘two-point model” on
the parallel heat flux conservation to infer from the measured
target Ty and parallel heat flux, o, the upstream temperature,
Teu = Tsep, as follows. From the energy conservation applied
on the inner and outer divertor targets, one gets two equations
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with two unknowns T, and Ly,ou, the latter being the connec-
tion length from upstream to the outer target:

e=e

q fcond fin (1)
e,tin 2 Kio Il Il,out Il,e,u
7/2 — T71/2 —7 1
Te,u - Te,t,out"’ 2 Ko L q fcond fout (2)
IlLout I,eu

where feong is the fraction of conducted power entering the
SOL which is conducted towards the targets. fin and fou) are
the fractions conducted towards the inner and outer target,
respectively.

Assuming T; = Te along the flux tube from upstream to the
target, one can replace the upstream parallel heat flux, qu,e.u,
by the target fluxes on the inner and outer targets (respectively,
Uietin aNd Gerow) SUch that: gy eyfoondfin = Gy erin(1 -
fcooling,in) and qll,e,ufcondfout = clll,e,t,out/(:L —fcooling,out)- fcooling,in
and feooling,0ue are the fractions of the conducted power towards
the inner and outer target, respectively, which are lost by

sat
radiation before reaching the target. qyet = yeTyj * /& is the

electron heat flux on target measured by the probes, using
for the electron channel y.=5 as the sheath electron heat

transmission coefficient. The inner and outer target quantities,
Tetinand Teoutas Well as qie,in @nd quetout, are respectively

taken as the maximum measured over the inner (resp. outer)
target array made of 17 (resp. 12) Langmuir probes

The electron heat conductivity is«jo == 2000/Zet, With Zess
the effective charge; here, we assume Zess = 1.

Ly = 2m RgeoQcy1 Where the cylindrical qcy is defined as in
[31].

As shown in [7], (1 —fcooling) *1as long as Te: is above5
~eV or so.

The strength of our estimate of Tsp is that, by using the
probe measurements, we do not require assumptions on feong
nor of the energy decay length Aq.2 Assumptions are nonethe-
less made. In particular, we know that T; > Te especially at low
collisionality [67]. Indeed, Ti/T. ratios larger than 1 are
reported on various devices for example on the tokamaks Tore
Supra [68], AUG [69] and the stellerator W7X [70]. Another
parameter varying with target plasma parameter is the sheath
electron transmission factor, see for example [71], here taken
to be constant and equal to 5.

In this context, it is worth doing a simple consistency check
using the second equation of the ‘two-point model’,the
momentum conservation equation. The inferred upstream
temperature, Te,u = Tsep, Should be such that:

ne,uTe,ufmom = 2NetTet

®3)

assuming no dilution of the main ions and T; = Te upstream
and at the target plates, as assumed for the energy conser-

vation. ne: is obtained from the Langmuir probes measure-
mentS as We“ [66] fmom = (1 - fmomvloss), Wlth fmomvloss |S the
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Figure 7. WEST C4-C5 database, B = 3.7 T, I, = 0.5 MA, LSN, D

only, P> 2 MW. Histogram of the ratio 2

momentum loss factor. fnom is expected to be around 1 for

Ter > €V [7]. Therefore, if our estimate of Te, is meaning-
ful, Zn“:“%= fmom 1S expected to vary over a reasonable range
around 1. We observe in figure 7 below for all the plateaus that
zn—r}u%j = 1.28 +0.49. We therefore conclude that, although not
exact, the two-point model energy conservation estimate of

the electron temperature at the separatrix, Tey = Tsep, provides
a reasonable estimate.

The validity of the two-point model is further discussed in
appendix B where we compare the separatrix density and tem-
perature with their target counterparts.

We now use the above estimate of Tesep and obtain the oper-
ational domain (Nesep, Tesep) illustrated in figure 8. Surpris-
ingly but very similarly to previously reported JET and CMod
L- and H-modes database analysis in the conduction limited
(high recycli\?g) regime [72], WEST\}_-mode Tesep IS also pro-
portional to " Nsep. In [72], Tesep = € Nsep With ¢ ranging from
17 t0 41 (Tesep in €V and nsep in 10'°m-3) was reported for JET
H- and L-modes in the gas box and Markll divertors and Alc-
ator C Mod H-modes. The third dimension in figure 8 is the
SOL collisionality such that 10< vsoL ~ 10-16%;"‘ < 85,
confirming that WEST data, is in the high recycling pregime.
Our best fit is Tesep = 59.4 " Neep, See figure 8, More recently
on JET-ITER-like wall (ILW) and Tokamak a Configuration
Variable (TCV), in H-mode, the slight increase of Tesep With
larger nsep has also been reported [73]. This observation is an
interesting trend reported on various machines. Since in the

7

_‘Xd from the two-point model,
I} et

present analysis T
e,sep
4

the reported trend, Tsep € " Nsep, means that Ngep < Qy et
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This means that in the high recycling cases considered here,
higher density at the separatrix correlates with. kargesieheat

lower divertor targets measured by Langmuir probes, infrared thermography,
thermocouples and fiber Bragg grating is presented and compared to an L-
mode scaling law.

11

fluxes on the target. The physics at play behind this correla-
tion could be due to modified turbulent SOL transport and/or
modified neutral recycled fluxes.
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n  measured by reflectometry. The third dimension is the

e,5e
P L"nsep

normalized collisionality at the separatrix: vsoL ~ 10-16 mrat

A multi-machine database activity is being started includ-
ing lower density cases to explore further such correlations. It
is also an ideal challenge to be targeted by turbulent SOL-edge
fluid codes, including neutral sources, such as SOLEDGE3X
[74] and GRILLIX [75] for example.

In appendix C, the H-mode plateaus obtained in LSNare
identified in the plane (Nesep, Tesep) Where the formula
proposed for the L-H transition and L-mode density limit
frontiers in AUG [31] are traced as well. WEST data are
compatible with these frontiers within the uncertainties on
some quantities such as Zess and the characteristic perpen-
dicular scale. For more details, the reader is referred to
appendix C.

Using our two-point model estimate for Te sy together with
Nesep Measured by reflectometry, we can estimate the sep-

aratrix a; parameter proposed in [11] such that o = 3.13 x
10728R ge0 02 D0 7.6 o is the product of two parameters pro-

cyl T2,
posed in [17, 62]: a normalized collisionality C and a ratio
between interchange and drift wave drive wp. a: is similar to
the parameter aq proposed in [18]. The larger a: is, the larger
is the resistivity drive for turbulent transport.

While, in figure 5, we do report in WEST L-modes a con-
finement degradation with increased nsep, Similar to AUG and
JET H-modes [10, 13], in figure 9, we do not observe a cor-
relation of this confinement degradation with higher o, unlike
what has been reported on AUG H-modes [11]. This is due
to the correlation, in our database, of larger Tsep With larger
Nsep. Hence as nsep increases, the normalized collisionality,
embedded in o, or in vsoL, does not increase as seen in
figure 8, where we can see that an identical value of vsoL can
be obtained across the whole range of nsp. Nonetheless, at a
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Figure 9. WEST C4-C5 database, B =3.7 T, I, = 0.5 MA, LSN, D

only, Piot > 2 MW. tmrp/P~%7 is plotted against the normalized

collisionality parameter ot = 3.13 x 10-8Rge0q? T—“DZeﬁ.r is the

cyl gep
correlation coefficient and p is testing the hypothesis of a
correlation: if p < 0.05 then the corresponding correlation is
considered significant.

factor of 5 variation of a; is hence seen also along the x axis in
figure 9.

This suggests that, in this L-mode database, the physics at
play behind the confinement degradation with higher ns is
not related to enhanced resistively driven turbulence.

In the following section, we will explore the role of neutrals
on nsep and possibly on the overall confinement.

6. Impact of fueled and recycled neutrals on
density profile and confinement

Historically, the density at the separatrix has been presented
as a control parameter at your fingertips, hypothesizing a link

between nep and  such that: nsep ~ 0.3n [76]. Indeed, n, the
line-averaged central density measured by interferometry, is,

given ngep, vsoL (Or ay) has a scatter factor ~5 on figure 8. This
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required waveform.

In our database, we find a weaker trend than the linear trend
reported in the past nsep ~ 0.3n [76]: n = 3.5 x n®3 with
a large dispersion such that n = 4 10 m—3 can be
associated with nsp between 1and 4 10° m-3, see figure
10.

Since gas fueling is used to control n from the control room,
and since n weakly correlates with ns, We do not expect Nsep
to scale strongly with the gas puff. This is what is reported in
figure 11(a). nsep is plotted against the accumulated gas fueled
in the vessel up to the plateau over which nsep iS time aver-
aged. In contrast, in figure 11(b), nsep correlates very strongly
with the D recycled particle flux at the divertor inner and
outer targets. The D flux is the maximum on each target of

13

sep
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Figure 10. WEST C4-C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, Pwt > 2 MW. The plotted quantities are time averaged
over the database plateaus. The line-averaged density from interferometry, nuar, is plotted against the density at the separatrix, nsep, measured
by reflectometry. The plateaus over which the central electron temperature Te(0) is below 2 keV are in blue, and in red where T¢(0) > 2 keV.
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Figure 11. WEST C4-C5 L-mode database, B = 3.7 T, Ip = 0.5 MA, LSN, D only, Ptwt > 2 MW. The plotted quantities are time averaged
over the database plateaus. (a) Cumulated gas injected up to plateau initial time in mPa m® versus the density at the separatrix, Nsep,

measured by reflectometry. (b) Neutral D flux from Dy photon flux at 4341 A multiplied by S/XB against nsep. The plateaus over which the
central electron temperature Te(0) is below 2 keV are in blue, and in red where Te(0) > 2 keV, the empty circles stand for the outer divertor

(outer div.) and the full circles for the inner divertor (inner div.).

the Dy emission (4341 A) measured by visible spectroscopy
[77]. The neutral flux is obtained by multiplying the D, photon
flux by the number of ionization events per photon, so-called
S/XB. To obtain S/XB for T: > 20 eV, we have interpolated
between 1000 at 1 £0*° m-3 and 5500 at 1 10°%m-3. A caveat
remains, since these S/XB do not account for a potentialphoton
source from D, molecular dissociation.

In appendix D, the similarity of the maximum of the photon
fluxes on the inner and outer targets, observed in figure 11(b),
are further discussed.

In the presence of neutral penetration, a lower nsp is expec-
ted to allow neutrals being ionized deeper inside, leading to
steeper electron density profile build-up inside the separatrix
[32]. And indeed, using reflectometry data, we observe in
figure 12(a) a strong correlation of larger density gradient

14

around the separatrix with lower ns,. The opaqueness as
defined in [34] is also reported to decrease for steeper density
profiles, see appendix E for more details. This correlation of
Nsep With its gradient is similar to the trend reported in JET H-
modes [8].

Interestingly, similarly to the density peaking around the
separatrix, the global density peaking from interferometry
n/(ny also anticorrelates with higher nsep, although with a
lower correlation factor, see figure 12(b).

As reported already for figure 3(g), more peaked dens-
ity profiles correlate with hotter plasmas: this is recalled in
figure 13(b). In figure 13(a), we observe also a strong correla-
tion between more peaked density profiles and higher internal
inductance. This is expected in LHCD-heated plasmas since
the power deposition is more favorably absorbed centrally
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Figure 12. WEST C4-C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, reflectometry data, Pwt > 2 MW. The plotted quantities
are time averaged over the database plateaus. (a) A proxy for the density peaking around the separatrix (no.os nros)/Nsep is plotted against nsep,
with no.gs, Nsep and nw.os the density measured by reflectometry at the normalized poloidal magnetic flux of 0.95, at the separatrix and at

the normalized poloidal magnetic flux of 1.05, respectively. (b) A proxy for the global density peaking given by the ratio of line-averaged to
volume-averaged density, n/An) or noar/Nvol, provided by interferometry, is plotted against nsep. The plateaus over which the central electron
temperature Te(0) is below 2 keV are in blue, and in red where Te(0) > 2 keV. r is the correlation coefficient and p is testing the hypothesis

of a correlation: if p < 0.05 then the corresponding correlation is considered significant.
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of line-averaged to volume-averaged density, /<) or nbar/Nvol, provided by interferometry, is plotted against the log of a volume-averaged
collisionality, vesr, as defined in [80]. The plateaus over which the central electron temperature Te(0) is below 2 keV are in blue, and in red
where Te(0)> 2 keV. r is the correlation coefficient and p is testing the hypothesis of a correlation: if p < 0.05 then the corresponding

correlation is considered significant.

in hotter plasmas [51, 78]. We confirm the previously found
scaling for the density peaking on the JET LHCD-heated L-
mode database [79] such that ne(0)/< n > 1.6li, see appendix
F for more details.

The global density peaking was shown to correlate well
with the volume-averaged effective collisionality vesr =
O.2iﬂ(>T5>%e—° [80]. We have therefore plotted n/(n) over our data-
base against ves, see figure 14. We observe a correlation which

is very similar to the previously reported correla-
tion for RF-heated H-modes (equation (7) of [80]) such that

%n) = -0.08log(verr) + 1.18. We find a correlation coefficient

0.6. If we do the same exercise with respect to Nsep,
figure 12(b), the correlation coefficient is identical, 0.6. Hence

the question of the respective roles of core turbulent transport
impacted by collisionality versus a potential impactof the
density profile build-up around the separatrix on the plasma
core is raised by the similar correlations reported here.

7. Conclusions and perspectives

L-mode, high recycling plasmas are an unavoidable phase of
all plasma scenarios, during which performance optimization
is mandatory to minimize the flux consumption, to ease H-
mode access, to avoid MHD onset, etc.

The WEST L-mode database is analyzed from the SOL to
the core. Quantities are averaged on identified plateaus at the
intersection of stable power and plasma current lasting more
than 0.3 s. The plasmas considered are in LSN and in D, at
I, = 0.5 MA with more than 2 MW of total power. Eight hun-
dred plateaus populate the database, coming from pulses of the
C4 and C5 campaigns (2019-2021) of WEST phase 1. Note
that this database is automatically populated and made avail-
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Over these plateaus, parameters correlating with optimized
core performances are searched for. By core performances we
mean maximized core electron temperature at a given ratio of
power to density and maximized energy content normalized to
the power degradation tmup/P-%"2 at a given (lp, Bt).

By definition, a database analysis cannot unveil the caus-
ality/ies. We can only report correlations and phrase the sub-
sequent causality questions.

We have explored the correlations between core, separat-
rix and SOL quantities: the central electron temperature in
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structionrconstrained by magneticsand pofarimetry, Tsep, as
well as similar quantities at 0.95 and 1.05 normalized poloidal
flux; the separatrix temperature inferred from the Langmuir
probe parallel heat flux measured on the divertor targets using
the so-called two-point model; the D particle flux at the diver-
tor targets inferred from visible spectroscopy, etc.

We report correlations between a better energy confine-
ment quality and a lower density at the separatrix (similar
to AUG and JET H-modes [10, 13]) as well as with a lar-
ger global density peaking (figures 6(b) and (c)). The energy
confinement quality does not correlate with the normalized
collisionality at the separatrix (figure 9), unlike AUG H-
modes [11]. The density at the separatriX, nsp, is not a con-
trol parameter, in the sense that it does not correlate with
the cumulated gas fueled in the vessel (figure 11(a)) nor
with the feedback-controlled central line integrated density
n (figure 10). Rather we report that nsp correlates with lar-
ger Tsep inferred from the two-point model (figure 8), hence,
with larger parallel heat flux at the target. We also report
that nsep correlates with larger D neutral recycled fluxes on

17
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the targets (figure 11(b)) and anticorrelates with the dens-
ity gradient around the separatrix (figure 12(a)), as expected
in a non-opaque plasma. The global density peaking,_(%, is

higher in hotter plasmas (figure 3(g) and 13) and correlates

with larger internal inductance (figure 13(a)), while it anticor-
relates with larger volume-averaged collisionality ves « 12
(figure 14(a)). The global density peaking also anticorrelét?es
with larger density at the separatrix (figure 14(b)).

These correlations pose the question of the causality chain
between recycled neutrals at the targets, heat flux conduc-
ted to the target plates, density at the separatrix, density
peaking around the separatrix and global peaking across the
whole plasma, internal inductance, core temperature and over-
all energy confinement quality.

To summarize, WEST L-mode high recycling plasma data-
base analysis allows formulating the following questions:

« What is the causality chain between low neutral recyc-
ling/low parallel heat flux on the divertor plates, low density
at the separatrix, high density peaking at the separatrix, high
global density peaking, higher central temperature and bet-
ter L-mode core energy confinement?

What are the consequences in terms of performance extra-
polation towards larger machines (ITER and DEMO) where
the neutral recycling and penetration through the separatrix
will be different due to the smaller ratio of the ionization
length to the divertor leg/wall clearance, weaker pumping
efficiency with respect to the vacuum vessel volume, etc?

To answer these questions, the foreseen future work around
the WEST plasma database is threefold:

(@) challenge the universality of the trends reported here in
other tokamak L-mode databases such as the AUG L-mode
database [31] and other tokamaks;

(b) explore the observed causality chain by integrating neutral
penetration models with L-mode edge validated turbulent
transport models across a significant subset of plateaus of
the database using TGLF-sat2 [81] in the High Fidelity
Pulse Simulator [82];

(c) in the event of successful integrated modeling, challenge
the modeling suit on other divertor regimes and in other
tokamaks, explore the consequences on future machine
scenarios in ITER and DEMO.
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Appendix A. LHCD coupling versus radial outer
gap and Nsep

In the WEST L-mode database, the causality chain between
the lower density at the separatrix and T¢(0) could be the sig-
nature of a modified LHCD coupling. Indeed, in WEST, the
three ICRH and two LHCD antennas are radially movable. For
optimized LHCD, more fueling is required when the distance
between the antenna and the confined plasma is larger [83].
This leads to an expected correlation between the density at the
separatrix and the radial outer gap (or ROG, the gap between
the plasma outboard midplane and the nearest among the five
antennas). Over the LHCD-heated plateaus of the database we
find a correlation parameter of r = 0.5 for nep <,2 10'° m-3
which drops to r = 0.1 for nep > 2 5d0° m-3, see figure 15.At
low nsep, the ROG has to remain small (<4 cm), while at
higher nsp higher ROG can be compatible with acceptable
LHCD coupling. Overall, in the database, there is no one-
to-one correlation between the LHCD coupling and nsep and
for all plateaus, the LHCD reflected power remains <8%, see
figure 15.

Appendix B. Relation between the separatrix and
target plasma quantities

In this appendix, we compare the separatrix quantities to the
target ones and discuss the observations in light of the expect-
ations from the two-point model.

The upstream density, nsep, is predicted by the two-point
model to scale, at fixed conducted power along the field lines,
as 1/\T; and n¥3 [76]:
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Figure 16. nsep from reflectometry versus the maximum target temperature measured by Langmuir probes along the outer target, using
plateau-averaged quantities on LSN pulses from the C4 campaign, in D, with more than 2 MW of total power and at 0.5 MA. On the left,
pulses in which Te(0) is lower than 2 keV ‘cold branch’; on the right, Te(0) > 2 keV ‘hot branch’. The maximum of the parallel heat flux on

the outer target measured by Langmuir probes time averaged over the plateaus (qjt) is colored depending of its range: blue if ranging
between 20 and 40 MW m-2, yellow from 40 to 60 MW m~-2, red from 60 to 80 MW m-2 and purple above 80 MW m-2,
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Figure 17. WEST C4 L-mode database, B = 3.7 T, Ip = 0.5 MA, LSN, D only, Pwt >2 MW. The energy confinement time over its power
degradation in arbitrary units: tmHp/Pg> " is plotted against the outer target temperature measured by Langmuir probes.

v o 1 FARRRESe S PR P 598Gl o such a sealing, ke in
~.mq,, ko Nt oot
Neep = 1110 ——=7— In figure 16, for plateaus at I, = 0.5 MA, Br = 3.7T, we
VZ'-// observe, on the cold branch (T, (0) < 2keV), that ns, does not
2 show any clear trend with respect to Teout OF qi,.. On the hot
Gy = — branch, (T (0) > 2keV), no correlation with Teou is discern-
hu feond et able, but we can see that the largest nsp are indeed obtained

for the largest gy, and the converse.

We hence do not see a correlation between the core confine-
ment and the temperature on the target, see figure 17, unlike
on JET [7]. This is not inconsistent with [7] where the trend

In our database, a correlation of nse, With 1/NT; overa given
range of g, is possibly found but only for Te(0) greater than
2 keV, see figure 16. Overall the range of T; covered in our
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Figure 19. Separatrix operational space of WEST in terms of electron density and temperature. The red line shows the boundary of the

L-mode density limit (equation (3) of [31]). The blue line indicates the L—H-L transition (equation (8) of [31]). The impact of L. and Zes
are tested: full versus dashed and dot-dashed lines. The H-mode phases are highlighted in red and magenta.

of the confinement with respect to Teou iS Mostly reported in
H-modes and for Tetou < 10€V.

Concerning the correlation between nse, and the maximum
density measured by Langmuir probes along the outer divertor
target, we do not find the expected trend from the two-point
model nep o< N{ over the database. We rather observe a lar-
ger scatter of achieved nsep at a given ne as reported in figure 18.
Nonetheless, the minimum accessible ns;, sSeems to increase as

ni/3, especially for the subset of data such that T, > 2keV.
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Appendix C. Separatrix operational space versus
predicted L—H and density limit frontiers proposed
on AUG

The separatrix operational space of WEST in terms of electron
density and temperature is tested against the H-mode access
and density limit frontiers proposed in [31].

The database plotted in figure 8 is replotted below infigure
19, and the plateaus identified as being in H-mode are
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highlighted in red and magenta. Only the H-mode plateaus in
LSN and such that both reflectometry and Langmuir probes
data are available appear here (more details on H-mode phases
in WEST phase 1 in [3]).

A perpendicular gradient length and an effective charge are
needed in equations (3) and (8) of [31] to determine the L-
mode density limit and the L-H-L transition, respectively.In
the absence of pressure gradient length information in our
database (no Thomson scattering), we use the density gradient
length as a proxy for a reference perpendicular gradient length
Li. L1 = 4 cm is the density gradient length from reflecto-
metry averaged over the C4-C5 LSN database analyzed here.
Zess = 2 is the mean resistive Ze of the database. With these
values, we find the full lines in figure 19, in blue for the L-H
transition and in red for the density limit.

With Zes = 2, the density limit is not consistent with our
database: it predicts a too low density limit. By reducing Zes
down to 1, hence, the drive for resistive modes, the density
limit frontier becomes coherent with our database. Reducing
Zesr also reduces the predicted frontier between L- and H-
mode. Reducing L. as well as Z lowers further the L-H
transition frontier and it becomes closer to the observed trans-
itions. At this stage, the inconsistencies are difficult to dis-
cuss further as uncertainties on Tsp are large (assumed from

21

the two-point model applied on Langmuir probe target data
assuming no equipartition) as well as the uncertainties on the
pressure gradient length, here approximated by the reflecto-
metry density gradient length averaged over the database. Des-
pite the limitation of the present data set, it is interesting to see
that the proposed physics mechanisms for H-mode access and
density limit consistent with AUG database [31] could also be
consistent with WEST data. This will be revisited when more
H-mode phases will have been collected and when the Thom-
son scattering diagnostic is in operation.

Appendix D. Symmetry on inner and outer targets
of energy and particle fluxes

As reported in figure 11(b), the maximum of the Dy photon
flux over the inner and outer targets are remarkably similar,
and is confirmed below in figure 20(a) for fluxes <108 s-1,
while above 10 s-! the fluxes on the inner target become
larger as also reported for O%* emission along the targets
[84]. The parallel heat flux on the targets is, as expected, lar-
ger on the outer target [85], with about two times more heat
flux on the outer target than on the inner, figure 20(b). Above
50 MW m-2 the inner target parallel heat flux values increase
much faster than the outer ones.
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Appendix E. Opaqueness in the WEST L-mode
database

In [34], the opaqueness is defined such that, for a given toroidal
device, it is proportional to n<a, assuming that the boundary
region thickness is proportional to minor radius a and approx-
imating the density inside the separatrix by n = ”—e*’e";’ﬂ*? .

In our L-mode cases we use: n = l% As illustrated
in figure 21, the range of opaqueness we cover is similar to
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DIII-D for example, while on ITER ten times higher opaque-
ness is expected [34]. We plot figures similar to figure 15 of
[34] on DIII-D and Alcator C-Mod, and unlike these DIII-D
and Alcator C-Mod H-mode cases at higher opaqueness (ran-
ging from 2 to 5 18'° m-?), here the density profile steep- ening
decreases as the opaqueness increases, as expected for cases
where the neutral penetration plays a role. In figure 21,nso. is
the density given by reflectometry at 1.05 of normal- ized
poloidal flux.
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Figure 22. WEST C4-C5 L-mode database, B = 3.7 T, I, = 0.5 MA, LSN, D only, Pt >2 MW.

Appendix F. Global density peaking versus internal
inductance

A strong correlation between the global density peaking and
the internal inductance has been reported in the past [79]
on an L-mode JET database with LHCD heating such that:
ne(0) /< n > 1.6xli (figure 7 of [79]). And in our data- base
we find the exact same regression ne(0) /< n > 1.6xli (figure
22(a)). Note that, in figure 22(b), we observe less scatter by
plotting rather npar/Nvor against the internal induct- ance. Since
better confinement correlates with higher T¢(0) and higher
Te(0) with more centrally deposited LHCD, as in JET L-mode
cases, we do expect in our database a strong cor-relation
between larger li and hotter core. So we cannot disen-tangle
the possible roles of core collisionality and core currentprofile
peaking on the overall density peaking.
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