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Background
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 The control and mitigation of excessively high
transient power loads induced by largeamplitude ELMs in H-mode plasma is a great
challenge for tokamak safety operation.
 External impurity injection has been proved to
be an effective method to mitigate or suppress
ELMs.
 An anomalous transition from type-III ELMs to
low-frequency large-amplitude ELMs was
observed in the EAST tokamak with Ne
injection.

Kamiya PPCF 2007

Zhitlukhin JNM 2007
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Transition from type-III ELMs to large
ELMs induced by impurity injection
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 Main observations:
 Plasma density increases
significantly，3.6 → 4.2 
1019 m3
 Transition from type-III ELM
(fELM~500Hz) to large ELM
(fELM~55Hz) with relatively
low heating power
 Stored energy and
confinement change little

7ms pure Ne pulse was injected by SMBI

• Plasma parameters: Ip=500kA, Bt=2.5 T,
βp=0.9, δu = 0.5, q95=5.7 (in the marginal
q95 space, i.e. q95 ~ 5.2-6.4, where both
large and small grassy ELMs could coexist)
• Heating power: 0.6MW 2.45GLHW, 1MW
4.6GLHW, 2.6MW co-NBI
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Pedestal profiles
ASIPP
 Pedestal density gradient
increases significantly,
|dne/dψN| = 27 → 51，
increases by ~90%。
 Pedestal pressure
gradient increases
moderately, |dptot/dψN| =
70 →90， increases by
~28%。
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Reasons for increase in density pedestal (1):
impurity ionization
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 Impurity ionization is not the primary reason for the increase of
plasma density from the time evolutions of density and Ne
emissions。
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Reasons for increase in density pedestal (2): particle confinement
improvement and reduction of ELM-induced particle flux
 Pedestal radial electric field Er and its shear is larger, particle

ASIPP

confinement may be improved.
 The reduction of ELM induced particle flux may also help the increase
of plasma density. (AELM = Dαpeak – Dαbottom, the product AELM  fELM in
the large ELM phase is only ~20% of that in the type-III ELM phase).
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Strong correlation between the occurrence
of large ELMs and high edge density

ASIPP

 The occurrence of large
ELMs is highly correlated
with the edge density.
 Impurity level is not the
key factor responsible for
the occurrence of large
ELMs in physics in our case.
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Linear stability analysis with ELITE and
NIMROD codes
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 The large ELM case is
more unstable than
the type-III ELM case.
 Low-n and
intermediate-n
peeling-ballooning
modes in two-fluid
model are more
unstable than that in
single-fluid model.
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BOUT++ nonlinear simulation has successfully reproduced
ELM crash processes of type-III and large ELMs
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 The simulated ELM amplitude ratio of large ELM to type-III ELM
is in good agreement with the experimental observation.
• Bout++: at t=400τA, 3.7%/1.6% ~2.3
• D burst amplitude: 1.804/0.943 ~1.9
• Magnetic EFIT ΔWELM/Wped : 26%/11% ~2.4

Time evolution of the ELM energy loss fraction
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There may be other density-gradient-related mechanism
that contributes to the triggering of large ELMs
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 The impurity effects, including dilution effect, increased Zeff and lower
pedestal temperature, could provide stabilizing effects on PBMs.
 Density gradient is the key factor:
• The most remarkable change in pedestal profiles is the dramatic increase of
pedestal density gradient;
• The occurrence of large ELMs after Ne injection is highly correlated with the
edge density;

• more experiments indicate that ELM amplitude is strongly related to the pedestal
density gradient.

 Conventional understanding: the density gradient can affect the pedestal
stability through the modifications of pressure gradient and edge current

density.

There may be other density-gradient-related mechanism
12

Density gradient scan simulation (1)
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 Scan the density
gradient |dne/dψN|
=27, 55, 65;
 Keep the peak values
of pressure gradient
and edge current
density almost
unchanged through
the modifications of
∇ne, ∇Te and
collisionality.
 Direct destabilizing effect of steep pedestal density gradient on the
low-n and intermediate-n PBMs via two-fluid effects
•
•

The PB instabilities in the three cases are almost stable in single-fluid MHD model.
The growth rates of low-n and intermediate-n PBMs significantly increase with
density gradient in two-fluid model.
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Density gradient scan simulation (2): examining of
the influence of pedestal temperature variation
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•

The reduction of Te gradient has
a stabilizing effect.

•

The increase of PBM growth
rates is not contributed from the
pedestal temperature variation
in the simulation of density
gradient scan.
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Density gradient scan simulation (3)
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 It seems that density gradient destabilizes the PBMs through the Hall
𝟏
term (𝒏𝒆 𝑱 × 𝑩) in Ohm's law.
• When the Hall term is included in Ohm's law, the destabilizing effect of density
gradient on PBMs can be observed.
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ELM behavior changes from large ELMs to high-frequency
small ELMs with density gradient decreasing
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 Large ELM: high density gradient
 Small ELM: low density gradient

No impurity injection
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Substantial experiments have demonstrated: ELM amplitude
is strongly correlated with the pedestal density gradient
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EAST grassy ELM Xu G.S. 2019 PRL

DIII-D natural grassy ELM
Wang Y.F. 2021 NF

ELM-free with
Li coating

EAST small ELM in favourable Bt
Huang J. 2020 PPCF

DIII-D RMP grassy ELM
Nazikian 2018 NF

NSTX ELM suppression by Li coating
Maingi 2012 NF
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EAST statistical result
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 Pedestal density gradient of large ELM discharge is systematically
steeper than that of small grassy ELM discharge regardless of magnetic
field direction.
 Two possible mechanisms of density gradient:
• Modifications of pressure gradient and bootstrap current;
• Direct destabilizing effect on PBMs via two-fluid effects;
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Summary
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 Transition from type-III ELMs to large ELMs induced by Ne injection has been
observed in EAST at marginal q95 space. The occurrence of large ELMs after Ne
injection is highly correlated with the edge density.
 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.
 Linear stability analysis indicates that the large ELM case is more unstable, and
nonlinear simulation can well reproduce the ELM crash processes.
 Density gradient scan simulation shows that steeper density gradient could
directly destabilize the PBMs via two-fluid effects.
 Substantial experiments have demonstrated that the ELM amplitude is strongly
correlated with the pedestal density gradient.
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ASIPP

Thank you !
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Back up
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NIMROD equations
𝜕𝑩
= −𝛻 × 𝑬 + 𝜅𝑑𝑖𝑣 𝑏 𝛻𝛻 ∙ 𝑩
𝜕𝑡
𝜇0 𝑱 = 𝛻 × 𝑩, 𝛻 ∙ 𝑩 = 0
𝜕𝑛
+ 𝛻 ∙ 𝑛𝑽 = 𝛻 ∙ 𝐷𝛻𝑛
𝜕𝑡

𝜌

𝜕𝑽
+ 𝑽 ∙ 𝛻𝑽 = 𝑱 × 𝑩 − 𝛻𝑝 − 𝛻 ∙ 𝜫
𝜕𝑡

𝑛 𝜕𝑇α
+ 𝑽𝛂 ∙ 𝛻𝑇α = −𝑝α 𝛻 ∙ 𝑽𝛂 − 𝜫: 𝛻𝑽𝛂 + 𝛻 ∙ 𝑛 𝜒∥ − 𝜒⊥ 𝑏𝑏 + 𝜒⊥ 𝑰 ∙ 𝛻𝑇α
𝛾 − 1 𝜕𝑡
𝑬 = −𝑽 × 𝑩 + 𝜂𝑱 +
‘mhd’
‘mhd&hall’
‘2fl’

1
𝑚𝑒 𝜕𝑱
𝑒
𝑱×𝑩+ 2
+ 𝛻 ∙ 𝑱𝑽 + 𝑽𝑱 −
𝛻𝑝𝑒 + 𝛻 ∙ 𝜫
𝑛𝑒
𝑛𝑒 𝜕𝑡
𝑚𝑒
‘mhd&hall’

‘mhd&hall’
‘2fl’
𝜂𝑠𝑝 = 𝜂0 𝑍𝑒𝑓𝑓

•

α = i, e

𝑇0
𝑇

3/2

‘2fl’

no_pe_hall=T can close the pe term in Ohm’s law
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My guess
Single fluid Ohm’s law 𝐄 = −𝐕 × 𝐁 + 𝜂𝐉
Hall term
Two fluid Ohm’s law

Substituting into

gives

1
𝑚𝑒 𝜕𝐉
𝐄 = −𝐕 × 𝐁 + 𝜂𝐉 +
𝐉 × 𝐁 − 𝛻𝑝𝑒 +
𝑛𝑒 𝑒
𝑒 𝜕𝑡

𝜕𝐁
= −𝛻 × 𝐄
𝜕𝑡

Two-fluid terms

𝜕𝐁
1
𝑚𝑒 𝜕𝐉
= 𝛻 × 𝐕 × 𝐁 − 𝜂𝐉 −
𝛻 × 𝐉 × 𝐁 − 𝛻𝑝𝑒 +
𝜕𝑡
𝑛𝑒 𝑒
𝑒 𝜕𝑡
𝛻𝑛𝑒
𝑚𝑒 𝜕𝐉
+ 2 × 𝐉 × 𝐁 − 𝛻𝑝𝑒 +
𝑛𝑒 𝑒
𝑒 𝜕𝑡
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