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Abstract

Transition from type-III to large-amplitude ELMs induced by neon injection has
been observed in the EAST tokamak at overlapping gos space between large and small
ELMs. With neon injection, pedestal density gradient shows a remarkable increase
accompanied by some decrease of pedestal electron temperature, and consequently
the pressure gradient increases moderately and edge bootstrap current has minimal

change. Further experiment demonstrates that the occurrence of large ELMs after
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neon injection is highly correlated with the change in edge density. Linear
peeling-ballooning stability analysis indicates that the large ELM case is more
unstable than the type-III ELM case during the ELM transition. A scan of pedestal
density gradient in linear stability analysis shows that the direct destabilizing effect of
steep pedestal density gradient on peeling-ballooning instabilities via two-fluid effects
could also facilitate the transition to large ELMs. These results could provide more
insight into the role of pedestal density gradient on pedestal stability and ELM

behavior.
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1. Introduction

The high-confinement mode (H-mode), characterized by the steep pedestal
region inside the separatrix, is the most promising scenario for future fusion reactors
such as ITER [1] and CFETR [2]. The edge localized modes (ELMs) which cause a
high power load on the main chamber wall and the divertor target bring a great
challenge for the safe operation of future reactors in the H-mode scenario. When the
transient heat loads of large-amplitude ELMs exceed the tolerable limit of plasma
facing component (PFC) material, it will pose a significant risk of unacceptable
erosion. Considering the detrimental effects of large ELMs on the tokamak operation,
significant efforts have been made on ELM mitigation and control over the past
decades.

External impurity injection has been proved to be an effective method to mitigate
or suppress ELMs [3]. For instance, in the impurity injection experiments on JET with
the carbon wall (JET-C), a transition from type-I to type-III ELMs has been observed
with the increasing radiative power fraction [4], and similar ELM transition by using
extrinsic impurity injection has also been achieved in JT-60U [5]. In the all-tungsten
ASDEX-Upgrade tokamak, mitigation of type-I ELMs with the ELM phase labelled
‘Ib’ disappearing was observed by using nitrogen seeding [6]. With the application of
lithium impurity, ELM suppression has been achieved in the DIII-D [7], NSTX [8]
and EAST [9, 10] devices. In addition to ELM mitigation and suppression, different
ELM responses to impurity injection can also be observed in experiments. In JET
with the ITER-like wall (JET-ILW), the pedestal confinement and ELM energy loss
decrease in contrast to the JET-C, however, when nitrogen impurity is seeded the

ELM amplitude increases and reaches the energy loss comparable to the JET-C,



accompanying the partial recovery of pedestal confinement [11]. In HL-2A the neon
(Ne) injection experiments indicate that the ELM behavior is sensitive to the impurity
ratio of injected gas mixture [12], i.e. low Ne ratio leads to ELM mitigation or
suppression, but pure Ne gas causes only the reduction of ELM frequency without
significant change in ELM amplitude. Generally speaking, extrinsic impurity injection
has a strong impact on the ELM activity, however the physics mechanisms behind it
are complex that have not been fully understood yet.

In the past few years, supersonic molecular beam injection (SMBI) system was
applied to impurity injection and radiative feedback control in the EAST tokamak [13]
for its advantages of higher fuelling efficiency and faster response time relative to the
conventional gas puffing [14]. Interestingly, in this experimental series, an anomalous
transition from type-III ELMs to low-frequency large-amplitude ELMs was observed
in the H-mode plasma with a short Ne impurity pulse. Note that this experiment was
operated at overlapping gos space between large and small ELMs (i.e. gos5 ~ 5.2-6.4),
and more significantly, the ELM transition between large and small ELMs was
commonly observed in this overlapping go¢s space with plasma parameter changing or
other external methods on EAST. The impurity effects, including dilution effect,
increased effective charge number Zetr and lower separatrix temperature 7Tegsep, are
generally beneficial for the pedestal stability that could not contribute to the
impurity-induced transition to large ELMs [15]. In order to explore the underlying
mechanisms, the experimental analysis and numerical simulation with various
magnetohydrodynamic (MHD) codes are performed in this paper. Our study indicates
that, in addition to the effect from the moderate increase in pedestal pressure gradient,
the direct destabilizing effect of a steep pedestal density gradient on low-n and
intermediate-n peeling-ballooning (PB) instabilities via two-fluid effects could also
contribute to the triggering of large ELMs after Ne injection.

The rest of this paper is organized as follows. Section 2 describes the impurity
injection experiments with transition from type-III to large ELMs. The underlying
mechanism for the anomalous transition to large ELMs is explored with numerical
simulations in section 3. Further discussions about the effect of Zer variation on the
pedestal stability and the correlation of ELM amplitude with pedestal density gradient

are presented in section 4. Finally, a summary is given in section 5.

2. Impurity injection experiments in EAST

In the past few years, a series of impurity injection experiments have been



carried out on the EAST machine, which is a fully superconducting tokamak with
major radius Ro = 1.88 m and minor radius a = 0.45 m. The EAST tokamak has been
equipped with an ITER-like tungsten upper divertor, a carbon lower divertor and
molybdenum first wall. EAST has a flexible poloidal field control system to achieve
upper single null (USN), lower single null (LSN) and double null divertor
configurations. In the following, the Ne injection experiment with anomalous

transition from type-III to large ELMs is described in detail.

EAST shot: #69033, I = 500 kA, qg5 ~ 5.7

4.5F ‘ ! ' 3
n (10"°m3) Sitamnaes SV SSRC)
4.0} 'elcentral /

150-(0)—

. D
100! R © " Wyp (KJ) ]
4 —Du (a.u-) 3.98 To%m:?:) 4.04 : Q) 5 E
; (7]
2 It} [ Q
sonhobadn ; e e I.A.A.n; A\ Stanands : TR l: o Pro vy .-AI astetoas ] 0 Z
E 2t = P;.4561z = Pasc1: — Pconei ™ Prad,main (f)'
s 1 y i '
0 Ff P T E A L. A R
3.6 3.8 4.0 4.2 4.4 4.6
Time (s)

Fig. 1. Time traces for discharge #69033 of (a) central line-averaged density 7l central,
(b) confinement enhancement factor Hogy2, (c) stored energy Wwmmup, (d) divertor Dq
emission and monitor of the SMBI pulse, (e) the zoom in on D, emission from 3.98 s
to 4.05 s, (f) source heating power and radiated power Pradmain. In the discharge, a

pure Ne gas pulse of 7 ms is injected into the plasma from outer midplane by SMBI at
4s.

Fig. 1 shows the typical impurity injection discharge #69033 under type-III
ELMy H-mode background plasma at plasma current I, = 500 kA, toroidal field B ~
2.5 T, low poloidal beta £, ~ 0.9, edge safety factor gos ~ 5.7, upper triangularity o, =



0.5 and elongation x = 1.62 in the USN configuration. It is worth noting that the gos in
this discharge is in the overlapping gos space between large and small ELMs (i.e. gos ~
5.2-6.4) where both large and small grassy ELMs could coexist [16]. The source
heating power is relatively low, including 0.6 MW 2.45 GHz lower hybrid current
drive (LHCD), 1 MW 4.6 GHz LHCD and 2.6 MW co-current neutral beam injection
(NBD). In this discharge, a pure Ne gas pulse is injected into the plasma from outer
midplane by SMBI at t = 4 s with Ne particle injection rate /ne ~ 5 X 10! /s, and the
pulse width is 7 ms.

The most important experimental phenomenon in the discharge is the ELM
transition from type-III to low-frequency large ELMs, as shown in Fig. 1(d). Before
Ne injection, the plasma is performed in type-IIl ELMy H-mode regime with ELM
frequency ferm ~ 500 Hz. In contrast, after Ne injection the ELMs are first fully
suppressed for about 60 ms. However, unexpectedly, the low-frequency large ELMs
(fem ~ 55 Hz) occur with the plasma density increasing dramatically from 3.6 to 4.2
x 10! m=. The rapid reduction of divertor D, emission (lasting ~ 2 ms) in Fig. 1(e)
suggests that the particle flux transported from the main plasma to the divertor region
is suddenly lower. This implies that the particle confinement may be improved after
Ne injection. Note that, no significant degradation of plasma performance is observed
with Ne injection that stored energy stays constant at Wmup ~ 150 kJ (Hosgy2 ~ 0.8)
though the radiated power in the main plasma modestly increases, which is desired for
the impurity injection scenario in future reactors. The electron temperature 7T at strike
point on the upper outer divertor decreases from ~20 eV to ~15 eV and there is no
significant change in ion saturation current density js, indicating that the divertor
target is still attached after Ne injection. Since the time resolution of Thomson
Scattering system is low, the electron temperature profile in the short ELM-free phase
cannot be available for pedestal stability analysis. Therefore this work mainly focuses

on the physical mechanism for the triggering of large ELMs after Ne injection.
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Fig. 2. Edge profiles of (a) electron density ne, (b) density gradient dn./dwn, (c)
electron temperature 7e, (d) current density (e) total pressure and (f) pressure gradient
for type-III ELM phase (blue line, = 3.95 s) and large ELM phase (red line, ¢ = 4.495
s) of discharge #69033. wn is normalized poloidal flux.

The unexpected ELM response to Ne injection in the experiment could be highly
related to the variations of pedestal profiles, as shown in Fig. 2. The electron density
ne and electron temperature 7. profiles, measured by microwave reflectometer [17, 18]
and Thomson Scattering [19, 20] respectively, are well represented by the modified
tanh function described in [21]. These plasma profiles are selected in the last 70-95%
of the ELM cycle. Compared to the profiles before Ne injection, the most significant
change after injection is the dramatic increase in density pedestal top and gradient,
especially, the pedestal density gradient |dne/dyn| increases by ~90% from 27 to 51.
The primary reason for the increases in density pedestal top and gradient is thought to
be the improvement of particle confinement as will be discussed in the following. Due
to radiation cooling effect and increase in plasma density, the pedestal electron
temperature 7. has been reduced. The lower pedestal 7. is compensated by the

increase of pedestal ne resulting in no significant change in the pedestal top pressure,



in agreement with the observation of almost unchanged stored energy. The steeper
density gradient leads to a moderate increase of ~28% in pedestal pressure gradient
|dpo/dn]| (from 70 to 90). In addition, little change is observed in the edge current
density estimated from Sauter model [22, 23], which can be a result of the
combination of steeper density gradient, reduced electron temperature and higher
collisionality. Note that, there is no measurement of effective charge number Zfr in
discharge #69033 which is needed in the calculations of total pressure and edge
current density. The Zes is estimated from the similar discharge with the assumption
that there is no significant change in Zest during the ELM transition. The analysis of a
similar Ne injection experiment could demonstrate that the change of impurity level is
not the key factor responsible for the occurrence of large ELMs in physics in this case.

This aspect will be discussed in detail at the end of this section.
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Fig. 3. Time traces for the discharge #69033 of (a) central and edge line-averaged
densities, (b) intensities of edge Ne VII, Ne VIII and core Ne X emissions in the main

plasma normalized by central line-averaged density.

The reasons responsible for the significant increase in density pedestal top and
gradient are firstly discussed here. The contribution of impurity ionization to the

increase in electron density could be assessed from Fig. 3, which shows the Ne



emissions in the main plasma measured by extreme ultraviolet (EUV) spectrometer
[24] and the core and edge line-averaged densities measured by central (at the
midplane Z = 0) and outermost (Z = -42.5 cm) horizontal chords of
POlarimeter-INTerferometer (POINT) diagnostic [25, 26]. Note that the edge
line-averaged density 7eredge Which covers the range of yn ~ 0.6-1 could also exhibit
the increase of ELM size. It is found that the temporal evolutions of line-averaged
densities are rather inconsistent with the Ne emission evolution. When the edge Ne
emission peaks (red line), the plasma density just begins to rise. Then the edge and
core Ne emissions soon stay roughly constant, in contrast, the core line-averaged
density continues increasing until ¢ = 4.3 s. Therefore, we can deduce that impurity
ionization is not the primary reason for the increase of plasma density in discharge

#69033. It appears that the Ne injection acts as a trigger for the rise of plasma density.
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Fig. 4. Radial electric field E: profiles in the pedestal region at 3.95 s (blue line) and
4.25 s (red line) of discharge #69033.

Particle confinement improvement is thought to be the primary reason
responsible for the increase in plasma density. It has been observed from lithium beam
emission spectroscopy (Li-BES) diagnostic that the turbulence intensity at the
frequency of 40-100 kHz in the pedestal region reduces after Ne injection. However,
the Li-BES data quality is not good enough in this shot and thus has not been shown
here. Fig. 4 shows the pedestal radial electric field E: measured by Doppler
backscattering system (DBS) diagnostic [27]. It is found that the radial electric field



E: after Ne injection is more negative and the E: shear is larger than that before
injection. Note that, previous theoretical studies have also indicated that impurity
potentially suppresses some turbulence modes, such as ion temperature
gradient-driven (ITG) turbulence [28] and trapped electron mode (TEM) [29]. Similar
impurity-induced turbulence reduction has also been observed in TEXTOR-94 [30]
and DIII-D [31] with Ne injection.

Besides particle confinement improvement and impurity ionization, the reduction
of ELM induced particle flux may also help the increase of plasma density. In this
work, the ELM amplitude is roughly defined as the height of divertor D, emission
from the baseline to the peak for an ELM burst, i.e. Agm = DP® - D2t™ which is
previously utilized in the ELM studies on JT-60U [32] and EAST [16]. The product of
ELM amplitude and frequency Agm X fewm 1s used here as a proxy for the particle
flux induced by ELMs. The calculation indicates that the product Agim X feiwm in the
large ELM phase is only ~20% of that in the type-1II ELM phase, suggesting that the
ELM induced particle flux is reduced with the ELM transition that could help the

increase of plasma density.
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Fig. 5. Time traces for discharge #69042 of (a) stored energy, (b) central and edge
line-averaged densities, (c) Ne emissions normalized by #nelcentral, (d) divertor Dy
emission and the monitor of SMBI pulse and (e) divertor Li II emission. In this
discharge, a pure Ne pulse of 5 ms is injected into plasma by SMBI at r = 5 s, and the

large ELMs after Ne injection are marked by the red circles.

Another similar Ne injection discharge could provide more insight into the
effects of plasma density and impurity level on the ELM behavior, as shown in Fig. 5.
The operational parameters of discharge #69042 are similar to that of discharge
#69033. Before Ne injection the plasma is also operated in type-III ELMy H-mode
plasma. A pure Ne pulse of 5 ms is injected into the plasma by SMBI at t = 5 s
without degradation of stored energy.

A strong correlation between the occurrence of large ELMs and high edge
density can be observed in this discharge as illustrated in Figs. 5(b) and (d). It shows

that, after Ne injection the central and edge line-averaged densities increase and a



density perturbation occurs in the period of # = 5.1-5.65 s (orange shadow area). Note
that, in this phase the large ELM bursts occur when the edge line-averaged density
Neledge (cOvering the range of wn ~ 0.6-1) is relatively higher, and the small type-III
ELMs recover when the neledqge 1s relatively lower. Particularly, after t = 5.65 s, the
plasma density increases continuously, meanwhile the type-III ELMs completely
disappear and are replaced by the low-frequency large ELMs. The reason for the
continuous increase in plasma density after + = 5.65 s may be associated with the
sudden dropping of lithium dust as illustrated in Fig. 5(e). This shot further
demonstrates that occurrence of large ELMs is highly correlated with the edge density.
Unfortunately, a reliable measurement of edge density profile is not available in this
discharge.

It is worth noting that, this experiment also reveals that the impurity level is not
the primary reason for the triggering of large ELMs in physics. As shown in Fig. 5(c),
the temporal evolutions of Ne emissions in discharge #69042 are similar to that in
discharge #69033, qualitatively reflecting the evolution of impurity level in the main
plasma. It shows that both large ELMs and small type-III ELMs can occur while the
Ne emissions remain roughly constant after # = 5.1 s (grey shadow area), implying
that impurity injection just acts as a switch-on of the ELM transition but the impurity
level is not the key factor for the occurrence of large ELMs in physics in our case.

The Ne concentration in discharge #69033 has been roughly estimated. It is
known that the first ionization energies of deuterium and Ne particles are relatively
low and close, i.e. 13.6 eV for deuterium and 21.6 eV for Ne. The SMBI fuelling
efficiency of deuterium (D) gas under H-mode plasma is found to be 6%-12% in
EAST [33]. Therefore, with a reasonable assumption of ~12% fuelling efficiency for
SMBI Ne gas, the volume-averaged Ne concentration is estimated to be on the order
of ~1% of electron density in the early phase of Ne injection and ~0.6% for the

stationary large ELM phase.

3. Exploration of underlying mechanism for the transition to large ELMs with
numerical simulation

Currently the peeling-ballooning theory [34, 35] is generally considered to
explain the onset of large ELMs. Based on the theory, the kink/peeling modes and
ballooning modes can couple to peeling-ballooning modes (PBMs) that trigger a large
ELM with high pedestal pressure gradient and high edge current density. In this

section, in order to explore the underlying mechanism for the transition to large ELMs



with Ne injection, linear PB stability analysis with the ideal MHD eigenvalue ELITE
code [36] and the initial-value NIMROD code [37] and nonlinear simulation of ELM
crash with the initial-value BOUT++ code [38] are carried out. In addition, a scan of
pedestal density gradient in the linear stability analysis is performed to further study
the role of density gradient on pedestal stability and the ELM transition.

The experimental equilibria of discharge #69033 for simulation are generated with
kinetic EFIT code [39] within the constraints of the measured profiles. Considering
that the edge ion temperature 7; and electron temperature 7. in EAST are relatively
low and the edge collisionality is high, the assumption 7; = 7. in the edge region is
made as the plasma at high edge collisionality has a good energy equipartition
between ions and electrons. A uniform Zefr profile of the measured averaged Zes value
is assumed in the EFIT equilibrium reconstruction. Since the Zer has not been
measured in discharge #69033, the accurate variation of Zefr is unknown. Nevertheless,
as discussed in section 2, the Ne concentration is roughly estimated to be relatively
low, and the change of impurity level is not the key factor accounting for the
occurrence of large ELMs in physics mechanism in our case. Therefore, in this section
the influence of Zetr variation on PB instabilities is ignored in the stability analysis and
the Zesr 1s set equal to the similar discharge value of Zesr = 2. The effect of Zesr variation

on pedestal stability will be further discussed in section 4.1.

3.1. Linear stability analysis with ELITE and NIMROD codes
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Fig. 6. Operational points and PB stability boundaries calculated by ELITE code and
normalized growth rates of PBMs computed by NIMROD code in single-fluid MHD
(blue) and two-fluid MHD (red) models for (a) (c) type-IIl ELMs and (b) (d) large
ELMs of discharge #69033. The stability boundary is defined as the value when
y/(w+i/2) 1s equal to 1.

Figs. 6(a) and (b) show the operational points and PB stability boundaries
calculated with ELITE code for type-IIl ELM and large ELM phases of discharge

#69033, in terms of the normalized edge current density and normalized pedestal
1

pressure gradient (¢ = — % (ﬁ)E Uop', where V is the plasma volume
enclosed by the flux surface, p is the pressure, and the prime represents the derivative
with respect to the poloidal flux y). The stability boundary is defined as the value
when y/(w+i/2) is equal to 1, where y is the growth rate of the most unstable mode and
s+ 18 the ion diamagnetic frequency. It shows that the operational point for large ELM
case is located more close to the PB boundary than that for type-IIl ELM case.
Consistently, the NIMROD result shown in Figs 6(c) and (d) shows that the growth

rates of n = 3-20 modes for type-IIl ELM case are very low for both single-fluid and



two-fluid models, whereas the large ELM case is significantly more unstable with
much higher growth rates.

It is worth pointing out that the linear NIMROD results of single-fluid and
two-fluid MHD models are quite different. In contrast to the single-fluid model, the
non-ideal effects such as finite-Larmour-radius (FLR) effect, two-fluid Hall and
electron diamagnetic drift are included in the two-fluid model. In the NIMROD
results, the growth rates of high-n modes are reduced in two-fluid model due to the
well-known ion diamagnetic stabilization [40-42]. More significantly, the growth
rates of low-n and intermediate-n PBMs computed with two-fluid model are
remarkably higher than that computed with single-fluid model, suggesting that the
two-fluid effects can significantly destabilize the low-n and intermediate-n PB
instabilities. Further analysis in section 3.3 will indicate that this destabilization of
low-n and intermediate-n PB instabilities from two-fluid effects is correlated with the

pedestal density gradient, which could contribute to the triggering of large ELMs.

3.2. Nonlinear simulation of ELM crash with BOUT++ code
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Fig. 7. Time history of the ELM energy loss fraction (AWgLm/Wpeq) for type-111 ELM
case (blue) and large ELM case (red) in the nonlinear BOUT++ simulation, 74 is the

Alfven time.

The above linear analysis has indicated that the large ELM case is more unstable
than the other with respect to PB instabilities. Furthermore, nonlinear simulation of
ELM crash for type-IIl ELM and large ELM of discharge #69033 has also been



conducted with the BOUT++ five-field two-fluid model in this paper. The BOUT++
code is an initial-value MHD code with non-ideal physics effects, including ion
diamagnetic drift, EXB drift, resistivity, hyper-resistivity, etc. Over the last decade,
BOUT++ code has been successfully applied to simulate the nonlinear ELM collapse
[38, 43].

Fig. 7 shows the simulated time evolution of ELM energy loss fraction for
type-1II ELM and large ELLM cases. The ELM energy loss fraction is defined as the
ratio of ELM energy loss AWELMm to the pedestal stored energy Wped,

AWgLM _ (fllp;;ut ay § Jd0dS(Po—(P)c))e

(1

Wped [0 Pocip § Jagds
mn

where Py is the pre-ELM pressure, P is the pressure during the ELM collapse, ()c is
the average over the bi-normal periodic coordinate, the lower integral limit is the
pedestal inner radial boundary win, while the upper limit is the radial position of the
peak pressure gradient you, J is the Jacobian. The simulated ELM amplitude ratio of
large ELM to type-III ELM is in good agreement with the experimental observation.
At the simulation time ¢ = 400 7a, the ratio of the ELM energy loss fraction of large
ELM to that of type-IIl ELM is about 2.3. In the discharge #69033, the averaged
amplitude of divertor D, emission burst of large ELMs is about 1.9 times as large as
that of type-1II ELMs.

3.3. Direct destabilizing effect of pedestal density gradient on low-n and
intermediate-n PBMs

With the above analysis, the physical reason for the impurity-induced transition
to large ELMs is not yet fully clear. The impurity effects, including dilution effect,
increased Zerr and lower separatrix temperature 7Tesep, are usually considered. The
impurity can reduce the main ion density through dilution effect, which may have a
stabilizing effect on the pedestal instabilities [15]. Increased Zetr can reduce the edge
bootstrap current or provide a stabilizing effect through higher resistivity [44]. In
addition, lower T¢sep due to impurity injection could cause an inward shift of pedestal
profile that facilitates the stability improvement [15]. Therefore, these impurity effects
are beneficial for the pedestal stability, which may be the reasons for the short-lived
ELM suppression just after Ne injection but could not contribute to the triggering of
large ELMs.

The increase of pedestal density gradient could probably be the key factor for the
impurity-induced transition to large ELMs. As suggested from discharge #69042 in



Fig. 5, the occurrence of large ELMs is highly correlated with the edge density. In
discharge #69033, the most remarkable change in pedestal profiles after Ne injection
is the dramatic increase of pedestal density gradient. In addition, as will be discussed
in section 4, more experiments have indicated that the ELM amplitude demonstrates
to be strongly correlated with the pedestal density gradient. The conventional
understanding is that, the density gradient can affect the pedestal stability through the
modifications of pressure gradient and edge current density or ion diamagnetic
stabilization effect. However, in discharge #69033 the pedestal pressure gradient only
moderately increases and the edge bootstrap current shows minimal change. In
addition, the ion diamagnetic frequencies are similar for type-III ELMs and large
ELMs, which suggests that the ion diamagnetic stabilization is not the key factor.
Therefore, besides the conventional mechanism that steeper pedestal density gradient
enhances the pressure gradient and thus destabilizes the PBMs, there might be other
density-gradient-related mechanism that could also contribute to the triggering of
large ELMs.
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Fig. 8. Scan of pedestal density gradient in the linear NIMROD simulation. Edge
profiles of (a) electron density ne, (b) density gradient dne/dyn, (c) electron
temperature Te, (d) current density, (e) total pressure pw: and (f) pressure gradient
dpw/dwn; (g) normalized growth rates of PBMs computed with NIMROD two-fluid
model. The experimental type-III ELM equilibrium with |dne/dyn| ~ 27 is taken as the
reference case. The pedestal densities and temperatures of profile 1 (|dne/dyn| ~ 55)

and profile 2 (|dne/dwn| ~ 65) cases are artificially constructed with the modified tanh



function, while keeping the peak pressure gradient and peak edge current density

almost unchanged.

In order to further explore the role of pedestal density gradient on PB instabilities
and the ELM transition in discharge #69033, in the following we keep the peak
pressure gradient |dpw/dyn| and peak edge current density almost unchanged and scan
the pedestal density gradient |dne/dyn| in the linear NIMROD calculation. As shown
in Fig. 8, the experimental type-IIl ELM equilibrium with |dne/dwn| ~ 27 is taken as
the reference case in the scan of |dne/dyn|. The pedestal densities and temperatures of
the cases profile 1 with |dne/dyn| ~ 55 and profile 2 with |dn./dyn| ~ 65 are artificially
constructed with the modified tanh function and the positions of peak gradients of
density and temperature are fixed. The density and temperature profiles in the plasma
core are kept unchanged and the Zst value is same for these cases. In the scan of
|dne/dwn|, we increase the pedestal density gradient, reduce the pedestal temperature
gradient and slightly adjust the collisionality simultaneously to keep the peak values
of recalculated |dpwi/dwn| and edge current density almost unchanged (the variations
of peak |dpw/dwn| and edge current density are less than 10%). As input to NIMROD
calculation, the new equilibria are reproduced by using the toroidal equilibrium
module (TEQ) in the CORSICA code [45] within the constraints of constructed
profiles.

The NIMROD two-fluid calculation result in Fig. 8(g) shows that the growth
rates of PBMs increase with |dne/dwn| though the pressure gradient and edge current
density are almost unchanged. We note that the value of constructed density near the
separatrix is very low that may affect the simulation result through ion diamagnetic
stabilization [46]. Therefore, the density near the separatrix is artificially modified
while the electron temperatures are unchanged, as termed as the profile 3 and profile 4
cases in Fig. 9. With the new reconstructed equilibria, linear stability analysis using
both single-fluid (dash line) and two-fluid MHD (solid line) models has been
performed as illustrated in Fig. 9(g). It is found that the growth rates of low-n and
intermediate-n PBMs significantly increase with |dne/dyn]| in the two-fluid calculation.
This result demonstrates that the pedestal density gradient could directly destabilize
the low-n and intermediate-n PBMs, independent of the changes of pressure gradient
and current density, which could contribute to the triggering of large ELMs.

It is worth mentioning that this destabilizing effect of density gradient is evident

only in the two-fluid MHD simulation. For the single-fluid MHD model without



two-fluid effects, in contrast, the PB instabilities in the three cases are almost stable
with very low growth rates. This result is reasonable since the pressure gradient and
current density, which act as ballooning drive and peeling drive, are relatively low in
the single-fluid model. The difference between single-fluid and two-fluid calculation
results suggests that the direct destabilizing effect of density gradient on low-n and

intermediate-n PBMs derives from the two-fluid effects.
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Fig. 9. Scan of pedestal density gradient with modified separatrix density in the linear
NIMROD simulation. Edge profiles of (a) electron density ne, (b) density gradient
dne/dyn, (c) electron temperature Te, (d) current density, (e) total pressure po and (f)
pressure gradient dpwd/diyn; (g) normalized growth rates of PBMs computed with
NIMROD single-fluid (dash line) and two-fluid (solid line) models. The temperature
profiles and peak density gradients of the profile 3 and profile 4 cases are the same as

that in the profile 1 and profile 2 cases in Fig. 8.
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those in Fig. 9(c).

In the scan of density gradient in Fig. 9, the pedestal electron temperature 7. has
also changed. Therefore it is needed to examine the influence of temperature variation
on the simulation result of density gradient scan. As shown in Fig. 10, the edge
density profile is fixed as the n. of experimental type-III ELM equilibrium, and the Te
profiles are the same as those in Fig. 9(c). The result shows that, with the reduction of
T. gradient, both pressure gradient and current density decrease and the PBMs
become more stable. This suggests that, the increase of peeling-ballooning growth
rates is not contributed from the pedestal temperature variation in the simulation of
density gradient scan in Fig. 9.

Numerical simulation of density (i.e. collisionality) scan has also been performed

in reference [47] to explain the collisionality scaling of type-I ELM energy loss. In



their density scan simulation, pressure profile is fixed with different partitions
between density and temperature profiles, and thus the edge current density decreases
with increasing density (i.e. collisionality). Their study suggests that the pedestal
density plays a role in PB instabilities and ELM amplitude through its effect on edge
current density and ion diamagnetic stabilization, and as a result the ELM energy loss
decreases with increasing density (i.e. collisionality). Different to their simulation, our
experimental observation in discharge #69033 indicates that the ELM amplitude
increases with higher plasma density. In our simulation, we focus on the pedestal
density gradient and scan it while keeping the pressure gradient and edge current
density almost unchanged. Our simulation indicates that, the direct destabilizing effect
of density gradient on low-n and intermediate-n PB instabilities via two-fluid effects
could also play an important role in the triggering of large ELMs with impurity

injection.
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Fig. 11. Flowcharts showing the underlying mechanism of the transition to large
ELMs in discharge #69033.

Overall speaking, the underlying mechanism for the impurity-induced transition
to large ELMs is illustrated in Fig. 11. With Ne injection, the pedestal temperature
decreases and thus edge collisionality increases, which can reduce the pressure
gradient and edge bootstrap current. Significantly, the pedestal density gradient shows
a remarkable increase potentially due to the reduction of edge turbulence transport.
On the one hand, the increase in pedestal density gradient can counteract the roles of
lower temperature and higher edge collisionality, and consequently the pressure
gradient only moderately increases and edge bootstrap current shows minimal change.
This moderate increase in pressure gradient could destabilize the high-n ballooning

modes. On the other hand, the steeper pedestal density gradient can directly



destabilize the low-n and intermediate-n PB instabilities via two-fluid effects,
independent of the modifications of pressure gradient and edge current density, which
could also contribute to the triggering of large ELMs. Therefore the pedestal density
gradient seems to play a critical role in the transition to large ELMs with Ne injection.

The effect of pedestal density gradient on ELM amplitude still remains two open
questions. One is the physics behind the two-fluid effects through which density
gradient affects the linear PB instabilities. Further analysis of this two-fluid effects
requires a complex modification of current MHD codes, and the physics behind it
should be further studied with the development of NIMROD code or other MHD
codes in the future. Moreover, the ELM amplitude is determined by the nonlinear
ELM collapse process, the role of density gradient in the nonlinear process is the

other open question that requires more deeper physical understanding in the future

work.

4. Discussion
4.1. Effect of Z.g variation on the pedestal stability
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PBMs calculated by NIMROD code for large ELM case with Zesr = 2 (red) and Zegr =

2.5 (green).

We have estimated the increase of Z.sr and its effect on the stability analysis
taking a plausible Ne concentration. We assume that: 1) the dominant impurities in
the main plasma are intrinsic carbon (C) and extrinsic Ne, and both impurity species
are fully ionized; 2) the C concentration is nearly constant when Ne is injected. As

estimated in the last paragraph of section 2, the Ne concentration is ~0.6% of electron

density in the large ELM phase. From the definition of Zetr (i.e. Zegr = X n]-Z]-2 / ne)

and charge conservation (i.e. n, = Z]- n;Z;), it can be estimated that the Zes value

increases from Zer = 2 to Zetr = 2.5 after Ne injection.

The effect of Zetr variation on the edge bootstrap current and peeling-ballooning
instability is illustrated in Fig. 12. It shows that the increased Zes can reduces the edge
current density and thus has a stabilizing effect on the PB instabilities. This result

suggests that the change of Zfr is not the reason for the transition to large ELMs.

4.2. Correlation between ELM amplitude and pedestal density gradient

In addition to the experiments described in this paper, substantial experimental
studies in the past decade have also demonstrated that the ELM amplitude is highly
correlated with the pedestal density gradient. The EAST study [48] of grassy ELM
regime has pointed out that the grassy ELMy H-mode is characterized by a wide
pedestal with a low density gradient and a high density ratio 7esep/eped between the
pedestal foot and top in contrast to the large-amplitude type-1 ELMs, which plays an
important role in the access to such small ELM regime. In the favorable B:
configuration, i.e. the ion VB drift towards the primary X-point, such grassy ELMs
with low pedestal density gradient and type-I ELMs with high density gradient are
also observed on EAST, as illustrated in figure 17 of reference [49]. In DIII-D, small
grassy ELLM regime has also been achieved with the assistance of resonant magnetic
perturbation (RMP) [50] or naturally obtained in the operational space of high heating
power, high gos and high f, [51]. Studies indicate that both RMP-assisted and intrinsic
grassy ELM regimes in DIII-D have a flat and wide density pedestal with low
gradient in contrast to large ELMs, consistent with the experimental results in EAST.

Besides, the ELM-free regime, achieved in NSTX with increasing lithium wall



coating, also demonstrates a strong correlation between ELM suppression and

pedestal density width (i.e. density gradient) [52, 53].
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in EAST.

A statistical result of pedestal density gradient of EAST natural grassy ELM and
large ELM discharges under favorable and unfavorable B; is shown in Fig. 13. Here
the large ELM is defined as the fluctuation of edge line-averaged density 7ejedge due to
ELMs larger than 4%, while the neledge fluctuation of small grassy ELMs is less than
0.3%. The ratio of separatrix electron density 7esep to pedestal electron density e ped 1S
taken as a proxy for pedestal density gradient, i.e. a higher density ratio ne sep/7e,ped
represents a lower density gradient. It shows that the grassy ELLMs are characterized
by a high density ratio ne sep/fe,ped ~ S0% while ne sep/fie ped ~ 30% for large ELMs. This
demonstrates that the pedestal density gradient of large ELM discharge is
systematically steeper than that of small grassy ELM discharge regardless of whether
the plasma is operated in favorable B; or unfavorable B:. The typical density profiles
of grassy ELM and large ELM discharges under favorable B are illustrated in Fig. 14.
It shows that the pedestal density profile is relatively flat in the grassy ELM discharge
while more steeper for large ELM discharge regardless of the divertor configuration.
These results indicate that the correlation between ELM amplitude and pedestal

density gradient could be widely observed in EAST experiments.
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Overall speaking, substantial experiments on multiple tokamak devices have
demonstrated that ELM amplitude is strongly related to the pedestal density gradient.
Large-amplitude ELMs generally occur with a steep density gradient in the pedestal,
while the achievement of small-amplitude ELM regime relies on a flat density
pedestal with low gradient. The physics behind the strong correlation between ELM
amplitude and pedestal density gradient may be the two aspects as pointed out in
section 3.3. On the one hand, density gradient can modify the pressure gradient and
edge bootstrap current. On the other hand, a steep density gradient can provide a

direct destabilizing effect on low-n and intermediate-n PBMs via two-fluid effects.

5. Summary and future plan

An anomalous transition from type-III to large ELMs induced by Ne injection at
overlapping gos space between large and small ELMs has been observed in EAST. In
the pedestal region, the electron temperature decreases and thus the collisionality
increases after Ne injection. Potentially due to the reduction of edge turbulence
transport, the pedestal density gradient shows a remarkable increase. As a result, the
pressure pedestal gradient increases moderately and edge current density has minimal
change. A similar experiment further demonstrates that the occurrence of large ELMs

after Ne injection is highly correlated with the edge density. Linear PB stability



analysis indicates that the large ELM case is more unstable than the type-1II ELM
case during the ELM transition. Nonlinear simulation has successfully reproduced the
ELM crash processes of type-IIl and large ELMs, and the simulated ELM amplitude
ratio of large ELM to type-IIl ELM is in good agreement with the experimental
observation. The effect of Zesr variation on pedestal stability has been examined, and
the result shows that the increase of Zesr has a stabilizing effect on the PB instabilities
suggesting the change of Zr is not the key factor for the ELM transition. In order to
further study the role of pedestal density gradient itself on the ELM transition, a scan
of pedestal density gradient in linear stability analysis has been performed while
keeping the peak values of pressure gradient and edge current density almost
unchanged. The result reveals that, besides the effect of moderate increase in pressure
gradient, the direct destabilizing effect of steep pedestal density gradient on low-n and
intermediate-n PB instabilities via two-fluid effects could also facilitate the transition
to large ELMs in this impurity injection experiment.

Substantial experiments on multiple tokamak devices have demonstrated that the
ELM amplitude is strongly correlated with the pedestal density gradient. Based on the
analysis in this work, there are two underlying mechanisms through which density
gradient plays a significant role in the ELM amplitude. On the one hand, pedestal
density gradient can affect the pedestal stability and ELM amplitude through the
modifications of pedestal pressure gradient and edge current density. On the other
hand, a steep density gradient can provide a direct destabilizing effect on low-n and
intermediate-n PBMs via two-fluid effects, which may facilitate the triggering of large
ELM bursts even at relatively low pressure gradient and low current density. This
study could provide more insight into the effect of pedestal density gradient on
pedestal stability and ELM behavior, and thus help the control of large-amplitude
ELMs.

Similarly, it has also been observed in JET-ILW that the ELM energy loss
increases with impurity seeding [11]. The background plasmas in JET-ILW are
operated in type-I ELMy H-mode with high NBI heating power, and the nitrogen (N2)
gas is seeded into the plasma. With N» seeding, the pedestal density and temperature
increase and the confinement in JET-ILW recovers to the level comparable to JET-C,
accompanied by the increase of ELM energy loss. In contrast, the background plasma
in EAST discharge is type-III ELMy H-mode under relatively low heating power. The
increase of pedestal density is also observed in EAST, however the most significant

change in pedestal profiles is the dramatic increase of density gradient. The reason for



the larger ELM size in JET-ILW may be that the nitrogen-seeded operational point
with higher pressure gradient and edge current density lies in the unstable region with
respect to the PB boundary while the operational point without seeding lies in the
stable region [54]. Our finding indicates that the increased ballooning drive due to
higher pressure gradient and the direct destabilizing effect of density gradient on
low-n and intermediate-n PBMs via two-fluid effects are the two underlying
mechanisms for the impurity-induced transition to large ELMs in EAST.

Impurity injection experiments by using SMBI have also been performed in
HL-2A with Ne+D> gas mixture of different impurity ratios [12]. The responses of
ELM behavior to Ne ratios are rather different. 10% Ne injection leads to ELM
mitigation, and 30% Ne mixture causes that large ELMs are suppressed and replaced
by small-amplitude high frequency bursts. For pure Ne pulse, reduction of ELM
frequency has been observed but without significant change in ELM amplitude, partly
different from the experimental observation in EAST. In the future, Dedicated
impurity injection experiments with different impurity ratios but similar operational
parameters are worth being carried out to study the effect of impurity ratio on the
ELM response to impurity injection on EAST.

The impact of edge density on ELM behavior has also been studied in
ASDEX-Upgrade [55]. Different from the issue of pedestal density gradient effect on
ELM behavior in this work, ASDEX-Upgrade experiments address the importance of
separatrix density on the ELM size by using different particle fuelling scenarios. At
similar plasma profiles inside the separatrix, a high separatrix density leads to small
ELMs, whereas large ELMs appear with the reduction of separatrix density. In
contrast, the EAST result shows that the separatrix density of large ELMs is
somewhat higher than that of type-IIl ELMs, suggesting that the separatrix density
does not play the dominant role in our case.

In this work, it is worth noting that we just consider the profiles in pre-ELM
phase during the stability analysis. It would be helpful for the understanding of ELM
frequency and amplitude to consider the evolutions of pedestal profile and stability
throughout the whole ELM cycle. However, due to the diagnostic constraint, currently
the plasma profile in a whole ELM cycle is not yet available. This topic could be
further discussed with high-time-resolution Thomson Scattering measurement in the
future.

Notably, the commissioning of divertor power load control scheme with radiative

divertor technique is planned to be performed in the ITER first pre-fusion power



operation (PFPO-1) phase when the heating power is relatively low [56]. Our study
indicates that extrinsic impurity injection may improve the particle confinement and
thus increase the pedestal density gradient, which could facilitate the triggering of
large ELMs even at relatively low pressure gradient and low current density.
Therefore, more attention should be given to the potential risk of impurity-induced
large ELMs in the development of radiative divertor regime during the ITER PFPO-1
phase.
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