K9,

$ C C F E UK Atomic
N
- Energy

Authority

UKAEA-CCFE-PR(21)07

H. J. Sun, RJ. Goldston, A.Huber, XQ. Xu, J.
Flanagan, DC. McDonald, E. de la Luna, M. Maslov,
J. Harrison, F. Militello, J. Fessy, S. Cramp, JET

Contributors

The role of edge plasma parameters
in H-mode density limit on the JET-

ILW



Enquiries about copyright and reproduction should in the first instance be addressed to the UKAEA
Publications Officer, Culham Science Centre, Building K1/0/83 Abingdon, Oxfordshire,
OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.

The contents of this document and all other UKAEA Preprints, Reports and Conference Papers are
available to view online free at scientific-publications.ukaea.uk/



https://scientific-publications.ukaea.uk/

The role of edge plasma parameters
in H-mode density limit on the JET-
ILW

H. J. Sun, RJ. Goldston, A.Huber, XQ. Xu, J. Flanagan, DC.
McDonald, E. de la Luna, M. Maslov, J. Harrison, F. Militello, J.
Fessy, S. Cramp, JET Contributors

This is a preprint of a paper submitted for publication in
Nuclear Fusion






The role of edge plasma parameters in H-mode density limit on the

JET-ILW

H. J. Sun!, RJ. Goldston?, A.Huber?, XQ. Xu*, J. Flanagan', DC. McDonald!, E. de la Luna’, M.
Maslov!, J.R. Harrison', F. Militello', J. Fessey', S. Cramp' and JET Contributors®

EUROYfusion Consortium JET, Culham Science Centre, Abingdon, OX14 3DB, UK

'"UKAEA/CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK

2Princeton Plasma Physics Laboratory, Princeton, USA

3Forschungszentrum Jiilich, Institut fiir Energie- und Klimaforschung — Plasmaphysik, 52425 Jiilich,
Germany

4 Lawrence Livermore National Laboratory, Livermore, USA

’Laboratorio Nacional de Fusién, Asociacion EURATOM-CIEMAT, Madrid, Spain

%See the author list of E. Joffrin et al 2019 Nucl. Fusion 59 112021

e-mail contact of the main author: HongJuan.SUN@UKAEA.UK

Abstract. A study of a dataset of JET H-mode plasma with the Be/W ITER-like wall (JET-
ILW) shows that reaching the edge MHD ballooning limit leads to confinement degradation.
However, unlike JET plasmas with a carbon wall (JET-C), the JET-ILW plasmas stay in a
marginal dithering phase for a relatively long period, associated with a higher (=20%) H-mode
density limit (HDL) than JET-C equivalents. This suggests that ITER could be operated in H-
mode with higher density, but likely with a dithering phase plasma with lower confinement. A
new, reliable estimator for JET E;. ,;,, has been derived by combining HRTS measurements of
pedestal gradient and edge-SOL decay lengths. JET radial E, ETB wells are observed in the
range of -15 to -60 kV/m in high performance H-modes, consistent with previous CXRS results
in ASDEX Upgrade. The results imply that a higher positive ExB shear in the near SOL plays
arole in sustaining a marginal phase in JET-ILW which leads to a higher HDL than that in JET-
C. Results of JET-ILW dataset show agreement with the Goldston finite collisionality HD
model for SOL broadening at high collisionality. A hypothesis for the dithering H-mode phase
is proposed: as n, 5o, increases, v, so;, increases, SOL broadens, E; shear decreases, triggers
L-mode; n, drops, v, 5o, decrease, SOL becomes narrower, E,. shear increases, triggering H-
mode; resulting in a cycle of H-L-H- oscillations. For burning plasma devices, such as ITER,
operating just below the MHD limit for the dithering phase could be a promising regime for
maximising core density, and fusion performance while minimising plasma-material
interaction. The oscillatory signal during the dithering phase could be used as a precursor of

undesirable plasma performance for control purposes.

PACS numbers: 52.25.Fi, 52.50.Gj



The role of edge plasma parameters in H-mode density limit on the JET-ILW

1 Introduction

It is desirable to run future experiments and power plants at the highest plasma densities
possible to increase their performance and reducing the power reaching the targets. For the
optimal temperature, increased plasma density leads to a significant increase of the fusion
power for future machines since the fusion reaction rate scales with n? [1]. The present solution
for handling the heat load on the divertor in ITER is to radiate a significant amount of power in
the plasma edge and divertor to minimize the power flow directly to the divertor targets [2].
This requires burning plasma devices, such as ITER, to operate at high density to enable partial
or total divertor detachment [2]. However, the highest density at which stable plasma can be
produced in tokamaks is always found to be limited. Through empirical study of a large set of
plasma on multiple tokamaks, the Greenwald density limit has been derived to describe this
limit [3] [4]. It is found to depend on plasma current and machine size. When the Greenwald
density is reached, the plasma is likely ended with disruption. Furthermore, the High
confinement plasma (H-mode) cannot be sustained when the density approaches, but before
reaches the Greenwald limit, which put an extra limitation on the highest operational density
[5]. This so-called H-mode density limit (HDL) is a soft limit, as it is a back transition to L-

mode at high densities and the plasma operation can be continued with a lower confinement.

Since H-mode at high density is the foreseen promising operational regime for ITER and other
future fusion devices [6] [7], the dedicated studies have been performed in various machines to
investigate underlying physics on HDL and to seek the methods to expand the operational place
[8][9][10] [11][12] [13][14] [15]. Recent studies on ASDEX Upgrade (AUG) and the Joint
European Torus (JET) show that the total radiated power stay constant for a period before
reaching the HDL. On both AUG and JET, HDL can occur without the formation of a MARFE
(multifaceted asymmetric radiation from the edge [16]) and H-mode plasma can be sustained
under completely divertor detached condition. Thus, excessive radiation, MARFE and divertor
detachment which were considered as candidates for HDL in earlier studies for HDL have been

ruled out as a cause of final trigger of the H-L back transition [11] [12].

With centrally elevated density profiles, e.g. by pellet fuelling, it is possible to exceed the HDL
and even Greenwald limit at a reasonable H-mode confinement [10] [11]. However, the
exceedance of the Greenwald density limit for H-modes features with largely elevated core

density profiles but low edge densities. This is strong evidence that both limits are determined
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The role of edge plasma parameters in H-mode density limit on the JET-ILW

by the plasma parameters at the pedestal top and further outside. The divertor configuration has
obvious impact in HDL [12]. The HDL in JET with vertical target configurations is about 15—
18% lower than the HDL plasma with outer strike point on the horizontal target. At high density,
JET plasma with a Be/W ITER-like wall (JET-ILW) always enter a dithering phase before the
H-L back transition, which enables a (20%) higher H-mode density limit (HDL) than in JET-
C. Impact of divertor configuration and wall material further support the underlying physics for

HDL comes from the very edge plasma region, like SOL region.

Previously, the studies of the HDL in JET-ILW has distinguished the different operation phases,
and how increase of density affects plasma stored energy and confinement. It has successfully
excluded excessive radiation, MARFE and divertor detachment as the causes of the H-L back
transition. The aim of this work is to investigate the influence of the plasma edge physics
parameters on the HDL and to provide a more complete experimental picture of this topic to
help understanding the underlying mechanism. The rest of paper is organized as follows: the
experimental method, including the development of a reliable estimator for the minimum of the
radial electric (E,) at the JET edge, is described in section 2. In section 3, the correlation
between ideal MHD parameter and separatrix density is analyzed and the evolution of the edge
E, well during the different phases for HDL is surveyed. In section 4, the possible underlying
physics mechanisms are discussed. Finally, Section 5 presents a summary together with the

implications for ITER and future burning plasma devices and future plans for this work.

2 Experimental methods and estimation of E,. ,,,;,

The high-resolution Thomson scattering (HRTS) diagnostic on JET simultaneously measures
electron density (n,) and electron temperature (T, ) profiles with up to 63 points along the outer
radius of the plasma [17]. The system started reliable routine operation in 2007. More recently,
the optical design of the laser input system and the instrument function has been improved to

provide a resolution that enables the study of the plasma characteristics in the edge region [18].

In this paper, the simple line fit method described in Reference [19] will be used to determine
plasma pedestal parameters for JET plasma, as demonstrated in figure 1a. Profiles in the SOL
region in many devices are often found to exhibit a two-zone structure: a short gradient length
scale region in density and temperature near the separatrix where most power exhaust occurs
(near SOL); and a longer gradient length region further out (far SOL). On JET, the HRTS data

at lowest density, which covers the entire far SOL, is rather noisy and so is excluded from the
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analysis. Thus, the remaining measured HRTS SOL profile on JET includes only the near SOL

short gradient length region, as shown in figure 1b.

Based on the experimental observation that the profiles in the near SOL are nearly exponential,
consistent with all the analysed discharges on AUG, the decay lengths in the near SOL region
can be evaluated by a log-linear fit in the near SOL region, as introduced in [20]. In the previous
studies [20] [21], although the analysis for the near SOL starts from the separatrix position
(estimated as the point where T, = 100 eV), the profile structure on both AUG and JET shows
that the exponential decay starts from somewhere inside the separatrix. The Goldston HD model
considers that the gradient scale lengths reach into the main plasma one gradient scale length,
as that is the distance over which the grad-B drift “smears” the edge [22]. The exponential
nature of the profile in the near SOL means that the measured decay length does not vary much
across the near SOL. The results with varying fit interval length across separatrix on AUG have
confirmed that the analysis is relatively insensitive to the chosen position at the separatrix [23].
As can be seen in figure 1b, the reliable data in the near SOL in JET-ILW are limited, to increase
the reliability of the analysis, the decay length for the near SOL region are estimated by

including the data inside the separatrix, as shown in figure 1b.

Previous experimental studies [24] [25] [26] [27] found that, for the main ion species, the
pressure gradient term is the main contribution in the radial force balance and thus, E, can be
estimated by the gradient of main ion pressure, E,. = Vp;/en;. Following [11], for high density
plasma, electron kinetic measurements from TS system can be used to determine E,., consistent

with CXRS results. Since, the Z.sf is rather low for JET-ILW, around 1.2-1.4 and it is

reasonable to assume that T; = T, and n; = n, for high density JET pulses. Thus, E, can be
estimated by E, = Vp;/en; = Vp./en,, where all the parameters are routinely measured on
JET-ILW. Although, the principle is simple, it is still difficult to perform a reliable evaluation.
The traditional way is to perform a curve fit to the kinetic profile and then calculate the gradient
from the smooth curve. For pedestal region, the variation of gradient is small, and it is rather
easy to get reliable values. While it approaches the separatrix, the gradient changes
dramatically, and the fast change of the gradient cannot be resolved on JET with the existing
diagnostical resolution. Instead, a different approach will be introduced. As can be seen in
figure la, a simple line fit can be used to estimate the pedestal gradient (in red), while the
estimated value is obviously not applicable for the region where p, < 2000 eV - 10*°m~3. For
the region across separatrix, the exponential decay can describe the profile and a simple log-

linear fit can be used to evaluate the gradient decay length and this is only applicable for the
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region where p, < 2000 eV - 10'®m™3. For the region where p, < 2000 eV - 10¥°m™3 | E,

. v 1 T, o
can be estimated by an adapted form, E, ~ —£& ~ —- (— &> = ——== The estimation of
ener ener Ape elp,

E; min for JET-ILW plasma with different plasma confinement is illustrated in figure 2a and

v
figure 2b. In the figures, the orange curves represent enﬂ and the blue one —%, the

er €ipe

intersection gives a simple estimator for the minimum E,. of the electric field well at the edge,
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Figure 1. The electron pressure from HRTS measurements plotted against the JET major radius for an
example JET discharge. a) a linear-linear plot to illustrate how the pedestal gradient is estimated; b)a log-
linear fit to illustrate how the edge gradient decay length is estimated.
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Figure 2. Demonstration of the method for estimating the edge radial electric field minimum, E}. ;,,;,,. Derived
electric field against the JET major radius for a) a typical H-mode with good confinement; b) a high-density
pulse with degrading confinement pulse.
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3 Experimental results.

3.1 correlation with ballooning stability at the separatrix

The experimental results from several tokamaks suggest the edge plasma region, a zone that
extends across the separatrix into the scrape-off layer (SOL) plays a key role in the observed
the density limit for the high-performance plasma. In [22], it is proposed that the H-Mode
density limit may be caused by an MHD instability in the SOL close to the separatrix rather
than originating in the core plasma or pedestal. In a recent study [15], the MHD-normalized
pressure gradient at the separatrix, @ypp sep» in both AUG and JET is observed to rise linearly
with the separatrix density normalized to the Greenwald value. The results from a dataset with
a wide range of plasma parameters, are consistent with earlier predictions based on the heuristic
drift-based model. When ayppsep reaches =~ 2.0 — 2.5, consistent with the theoretically
predicted onset of ballooning modes, confinement degrades, and the density limit of the H-
mode is found. In the more recent study [23], it is further concluded that the maximum
achievable density at the density on AUG without confinement degradation does appear to be
given by the ideal ballooning limit. The dataset used included some Type I ELMy pulses from
JET with normalized separatrix density, N sep /Mgy < 0.4. For this paper, a wider dataset has
been compiled including many high density pulses from previous JET-ILW studies [13] [14]
[12].

The ballooning parameter for the separatrix position, @ypp sep, €an be expressed as:

a _ ngsvpsep _ ngs _Zpe,sep
MHD.sep B?/2u, BZ/2uy  ApsoL

Here, R is the plasma major radius, 4, 5o, 1s the measured pressure decay length in the near
SOL, B, is the toroidal magnetic field, qq5 is the safety factor on the plasma surface with 95%
of the poloidal magnetic flux of the last closed flux surface (LCFS), and p, ¢, is the measured
electron pressure. The evolution of a gas fuelled, high density H mode discharge in JET-ILW
can be described by three main stages: a Type [ ELM phase, then a dithering H-mode phase
with energy confinement deterioration, followed by the L-mode phase. Time evolution of such
evolution in a typical H-mode density limit discharge on JET-ILW is illustrated in figure 1 of
Ref [12]. As shown in figure 3, despite the different global parameters (I, = 1 — 3 MA; B, =

1.7 —3.4T; Pyyy =5 —33 MW), the ballooning parameter increases almost linearly as
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normalized density at the separatrix until the aypp crir = 2.5, Whenng g0, /Ny = 0.35, which
is consistent with the previous results on AUG. This is the case for most of the type I ELMy
pulses. After the density reaches this critical value, the plasma confinement degrades and enters
a dithering H-mode. The dithering H-mode phase can last up to 0.5 s, which enables a (~20%)
higher H-mode density limit (HDL) than in JET-C. ng e, /ngw can reach up to 0.75 before the

plasma enters the L-mode phase.

AyMHD,sep INCTEases linearly until the normalized n, s, reaches a critical value, corresponding
to a critical apypyp sep, as for AUG. Once aypypsep reaches the critical value, confinement
degrades, the very large range of ng,, during the degradation phase on JET implies that the
HDL is NOT directly set by ballooning stability at the separatrix. As shown in figure 3, for
many pulses with 1 ger, > N crit > Amup sep 18 Well below the critical ballooning parameter,
Qmup crit Just before the H-L back transition. Hence, for the JET high density pulses, reaching
critical separatrix density and corresponding critical ballooning parameter causes
confinement degradation, as for AUG, but another mechanism must cause the H-L back

transition and so set the HDL.

5 1 I | | I ! I I I | ] | 1 I 1 1 1 I

Type | ELMy H-mode

Dithering H-mode

ity

amhd,sep
— N W =~

]I[I]I[IIIIIIII]IFI]IIHﬁ—lllillllllllIIIIIIFIIIII

I
I
IIIIIIIIIIIIIIIIIIIJIII ﬂllllIIII!IIIIIIIIlIIIII

1 1 1 I 1 11 I L1 L | 1 1 1 l 1 1 1

00 02 04 06 08 1.0
Nesol/Now

O

Figure 3. Ideal ballooing parameter, @y pp sep» against the separatrix electron density normalised to the
Greenwald density limit, n s, /MW, for the type I ELMy H-mode and dithering H-mode discharges in the
JET-ILW dataset.
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3.2 Role of the edge radial electric field for high density plasma

Turbulent transport can be largely suppressed by shear flows in fusion machine, particularly at
the edge [28]. When a turbulent eddy is placed in a background flow, the gradient of flow
velocity can tear the eddy apart leading to a reduction of the eddy correlation length and

therefore of turbulence transport. The decorrelation of eddies takes places only when the

background E X B velocity shear, |VVgyg| = |%| is strong enough. E X B velocity shear is

widely accepted to be responsible for the suppression of the edge turbulence, thus leading to
the formation of the edge transport barrier in H-mode plasma. The radial electric field is
observed to exhibit negative E, well with the minimum localized close to the separatrix and the
E; min 1s found empirically a good proxy for the gradient of radial electric field [24] [25]. A
critical E;. ,;, 1s observed to be required to access the H-mode. For AUG it is found to around

15 kV m™! [29] [25].

_WI\I!I\|i|\ll\\II‘\ll\\IIHII\Hlll\lil\lll\lll KIHII\_ :‘ ||||||||||| TITITTTTIT TTTTTIIIT T I I [ TIT T IrroT RARRRLRRRRRLRRLLLLE"
15F 1 o8
] i E
: > i 0.7 £
o 1.0 ¢ 7] 0.6 £
I"’ B ] w £ 91676 51.5-51.8s Dithering phase
: . T 0.5 & 91676 54.2-54.45 L-mode phase
i i E 91676 58.3-58.5s Ditheri h
0.5 [ L-mode pulses I%H__ 0.4 E- B
I Dithering H-mode pulses e :
[ TypelELMy H-mode pulses i 0.3 B busuuiliening Liiseiiy (ITTIITITT FIYRTVINY T
0.0 illlll\lll\IIHII‘\II\\II\\ll\HI!I\III\III\III‘\IHII\ . _8 _? _6 _5 _4 _3 _2
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Er,min(kV/m)

Figure 4. Normalized global energy confinement, Hogy,»), against minimum electric field inside the
separatrix, E,. i, for a) the full JET-ILW dataset; b) for three phases of the single discharge #91676.

In this section, the role of E, ,,,;, will be studied in type I ELMy H-mode, dithering H-mode
prior to HDL and L-mode on JET-ILW to investigate the role of shear flow on different
operational phases for HDL pulses on JET-ILW. As shown in figure 4a, JET-ILW radial edge
transport barrier (ETB) wells are observed with E. ,,;; in the range -15 to -60 kV/m in high
performance H-modes, consistent with previous CXRS results of AUG [25]. For the dithering
H-mode phase prior to HDL, ETB well becomes shallower and E. ,,,;;, increases above -15 kV
m’!. In this phase, the normalised global plasma energy confinement, Hog(y,2) [6] [30], degrades
considerably to values of Hog(,, 2y =~ 0.75. The degradation of confinement is obviously related

to the increase of E, i, 1.€. the decrease of E,. shear. However, the unexpected result is that
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E; min for the edge plasma well is observed to vary little between the L-mode and dithering
phases, suggesting that the final back transition to L-mode phase is not due to a reduction of

the inner negative shear of E, well.

The result in figure 4b shows this also the case for a single discharge, #91676, which alternates
from dithering phase to L-mode and back to dithering phase whilst input power and global
plasma parameters remain relatively constant. This might suggest that the dithering phase is
just in the same state as the L-mode phase. However, in the full dataset, although the pedestal
gradient for the dithering phase is much shallower than that for type [ ELMy H-mode, it is 2-3
times steeper than that for L-mode phase, as show in figure 5a. In #91676, n, and T, measured
at the well minima are significantly higher for the dithering phase, figure 5b. This implies that
a small edge barrier is maintained during the dithering phase and, hence, there is indeed a

bifurcation in the plasma state between the two phases.

T T [T 1 1T 200 L L L L B L B I BB B
15 e i 91676 51.5-51.8 Dithering phase 1
i ] 150 [ e — i
—_ L -l
RE; 1> r 1
I - q = 1 00 r ]
[ 1F C ]
05— — B r—-%— B
L-mode plasmas b 50 L ]
| Dithering H-mode plasmas ] ke 91676 54.2-54.4s L-mode phase -+
| Type | ELMy H-mode plasmas ] r 91676 58.3-58.5s Dithering phase |

0 O 1 | I 1 I 1 1 1 i I 1 1 1 1 J I | ‘ I ‘ L1 | | I I | | |

0

=0 o B 0 0.0 05 1.0 1.5 2.0 25 3.0
Vp,(eV-10 mml) 19 -
n,(10 m")

Figure 5. a) Normalized global energy confinement, Hog(y, »), against pedestal electron pressure gradient for

the JET-ILW dataset of figure 4a; b) the edge electron temperature and edge electron density for the same
discharge and phases as in figure 4b.

The results of E, ,,,;, show little difference between dithering phase and L-mode phase. The
electric field outside the separatrix is now considered. In the SOL region, plasma potential can
be estimated as Vs, ,, = 3kT,/e + 0.71 k(T — T,¢) /e, [31] and used to determine the peak
SOL E-field, E; 5o, . Here in the equation, T,,, is the upstream separatrix temperature and T,
the divertor target temperature. In this paper, T,, is estimated at the position where 100 eV
locates during ELMy H-mode phases and such position has been assumed to be unchanged
when plasmas transit into dithering phase. Due to the limitation of diagnostics, the assumption
of 35 eV for type | ELMy H-mode phases, 30 eV for dithering phases and 25 eV for L-mode
phases has been made for T,;. For type I ELMy H-mode plasma, the trend of E, 5o, against
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confinement is similar with that of E;. ,;,,, the confinement increases as the absolute value of
E. sop increase. E; go, decreases in dithering H-mode phase, consistent with the degradation
of confinement. However, comparing with that in L-mode phase, E;. 5o, is generally higher in
the dithering phase, as can be seen in figure 6a. Figure 6b shows that the difference is even
clearer for the different phases of the single discharge #91676 which have similar plasma global
parameters. The observed behaviour of E ,,,;, and E, 5o, implies that the positive E, shear
gradient at the separatrix is higher in the dithering phase than in L-mode. The higher positive
E, gradient at the separatrix sustains a small edge transport barrier and enables access to higher
density when compared to JET-C discharges which do not enter a dithering phase. The

weakening of this positive E,. shear gradient eventually triggers the final H-L back transition.

_\ LI TTTT TTTT ‘ TTTT ‘ L I TTrTT ‘ T l_ E T T T T T T T T T
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Figure 6. Normalized global energy confinement, Hogy, ), against radial electric field in the SOL,E, 5o, , for
a) the JET-ILW dataset of figure 4a; b) the single discharge and phases of figure 4b.

4  Discussion of possible underlying physics mechanisms

The E X B velocity and its associated shear are believed to be responsible for the turbulence
shear at the plasma edge and thus central to the physics of the transition between different
plasma phases. As summarized in the review paper [32], any contribution to E, can be
contribute to the transition between different phases. Whilst it remains unclear which
mechanism is the most important player in setting the fast transition, it is clear that the
background flows driven by diamagnetic velocity are the fundamental player for locking in a
steady state phase after the initial turbulence suppression/increase. In this paper, each phase is

treated as steady state and the main contribution for E,. is assumed to come from the diamagnetic
Vp; )
term, E, = e—i‘ . Whilst the H-mode confinement phase of the JET-ILW plasma has been shown
i
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to be compatible with high E,. shear at the ETB, the dithering phase of these plasmas has similar
E; min to L-modes. Instead, it appears that, for the dithering phase, a barrier is sustained by a
steeper positive E, gradient across the separatrix. This result is consistent with the previous
EDGE2D-EIRENE modelling which shows that E,. across the separatrix plays an important
role in setting different H-mode power threshold with different wall materials [33]. As density
continues increasing, the turbulence increases and a further cooling down in the SOL and
divertor region decreases the potential in the SOL region. The E,. positive gradient decreases
and the barrier collapses and the plasma transits to L-mode. A schematic view of radial electric

field for three different phases is shown in figure 7.

4
E H-mode phase

r Dithering phase  p = 1
L-mode phase

Er,min

Figure 7. Schematic view of the edge Er profile across the separatrix for three different operational phases of
HDL pulses in JET-ILW.

The plasma state and turbulence character of the edge plasma on AUG [23] and C-mod [34]
has been shown to be largely governed by two dimensionless parameters, o,y p and normalized
plasma collisionality, in agreement with the edge plasma stability phase-space proposed by
Roger, Drake and Zeiler [35]. This two-parameter phase space can explain the edge plasma
behaviour on JET-ILW as well. For low collisionality, the plasma is in the drift-wave regime
and the turbulence can be largely suppressed if the E X B shear is large enough (corresponding
to a threshold for E, ,,,;,). The plasma pressure gradient can increase as density increases until
ayup reaches the ideal MHD stability limit when the plasma is in so-called stable H-mode
phase. As collisionality increases, the plasma enters resistive regimes, the perpendicular
transport is enhanced by resistive modes and the confinement degrades even when a . p is well

below the limit of ideal ballooning instability. The enhanced transport reduces the pressure
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gradient and cools down the plasma and the shear of background flow decreases, corresponding
to a decrease of Ej. ;. In this phase, the fluctuation level increases and the contribution from
Reynolds stress drive may be non-negligible, and so the estimation of E, ,; from the
diamagnetic velocity is likely to be underestimated. Simulation of turbulence with BOUT [36]
shows that large perpendicular transport can be induced by resistive modes peaked in the SOL
The negative E, inside the separatrix is generated by the Reynolds stress, and positive E;. in the
far SOL is dominated by the sheath physics due to parallel particle loss. Near the separatrix in
the SOL, the two mechanisms compete. As density increases and temperature decreases, the
negative E,. inside the separatrix increases and enhances the Reynolds stress, while the positive
E, in the SOL reduces due to the decrease of sheath potential. The competition between the
Reynolds stress drive and the sheath drive weakens the positive E,. shear layer, causing the final

back transition to L-mode phase.
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Figure 8. Normalised SOL width against SOL collisionality for the same set of JET-ILW plasma.
By adapting the normalized collisionality to a turbulence control parameter a; [23], the AUG
dataset shows that when approaching a; = 1, a significant widening of pressure decay length
is observed, consistent with previous findings [20] and generalized Heuristic Drift model [37].
Across a dataset of JET-ILW L-mode, H-mode and dithering plasma, normalised SOL width is
found to increase with increasing collisionality, figure 8, in agreement with previous
observation on AUG. The operational phases for JET-ILW are generally similar with AUG and
JET-C, except there is always dithering cycles during confinement degrading phase and before
final back transition. On JET-ILW the density shows stronger oscillation during the dithering
phase: a reduction after H-L transition and the increase of the density with the following L-H

transition. On AUG, however, the density increases after the H-L transition. Thus, a hypothesis
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for the dithering H-mode phase for JET-ILW plasma close to HDL is proposed with a H-L-H-
L- oscillations: As n, 50, is increased, the edge collisionality, v, 5o, increases with it. The SOL
broadens in line with the previously observed scaling. The broader SOL results in decreased E,
shear and thus decreased E X B shear. This process continues until the E X B shear is
insufficient to maintain the ETB and a transition to L-mode occurs. n, 5o, decreases with the
reduced confinement and the process repeats in reverse until E X B shear is sufficient to

maintain an ETB and a transition to H-mode occurs.

However, what leads the difference between the density changes when it is close to the HDL is
still unknown. One possible candidate is the low Z impurity content. Carbon content levels were
reduced by a factor of 20 after the installation of JET ITER-like wall [38]. In contrast, the
carbon concentrations only fell by 2-3 times on AUG when it moved from a C to a W wall.
Whether the stronger density modulation caused by the ionized profiles in the edge plays a role

in setting this dithering phase on JET-ILW can be tested with SOLPS-ITER in the future.

5  Summary

A study has been performed of a wide dataset of JET plasma with the Be/W ITER-like wall
(JET-ILW) including H-Mode plasmas where the edge density is raised until a transition to L-
mode is observed. The results show that reaching the edge MHD ballooning limit leads to
confinement degradation, as in previous studies of JET-C and AUG plasmas. However, unlike
in AUG and JET-C, JET-ILW plasmas that exceed this limit enter a dithering phase associated
with a higher a (=20%) H-mode density limit (HDL) than JET-C equivalents.

A new, reliable estimator of the minimum radial electric field in the ETB well, E,. i, for JET
has been derived by combining HRTS measures of pedestal gradient and edge-SOL decay
lengths. For high performance JET-ILW H-modes, E;. ,;, are observed in the range -15 to -60
kV/m consistent with previous CXRS results in AUG. E ,,;, 1s found to be similar for JET-
ILW dithering and L-mode despite the fact that the dithering phase has considerably (2-3 times)
higher n peq and T, peq. Er 5oy, 1S found to be 2-3 times higher in the dithering phase than in L-
mode. Taken together, these results imply that the dithering phase has significantly higher E,
shear in the positive shear region around the LCFS than the L-mode. This higher shear could
play a role in sustaining a marginal phase in JET-ILW, thus a higher HDL than that in JET-C.
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Results of JET-ILW dataset show agreement with the Goldston finite collisionality HD model
for SOL broadening at high collisionality. A hypothesis for the dithering H-mode phase
observed in JET-ILW plasma is proposed with a cycle of H-L and L-H transitions with a

mechanism that can be summarised as:

® 1, increases — V, g, increases — SOL broadens — E;. shear decreases — H-L transition;

e n, decreases — v, o, decreases = SOL narrows — E,. shear increases — L-H transition.

The different behaviour between JET-ILW and JET-C plasma remains unexplained but may be

due to different low-Z ion concentration of the plasma.

The results suggest that ITER could be operated in H-mode with higher density, but likely with
a dithering phase plasma with lower confinement. For ITER, and other burning plasma devices,
operating just below the MHD limit for the dithering phase could be a promising regime for
maximising core density, and fusion performance while minimising plasma-material
interaction. The oscillatory signal during the dithering phase could be used as a precursor of

undesirable plasma performance for control purposes.
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