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Pedestal Profiles 〉What is the Pedestal?

The pedestal is a ubiquitous feature of H-mode plasmas.
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Figure: Typical temperature profiles for
L-mode and H-mode discharges.

Pedestal is an edge region of
increased equilibrium gradients
and reduced turbulent fluxes.

Appears once heating exceeds a
threshold value.

Discovered on ASDEX [Wagner,
1982], but physics for its formation
still not clear.

Purpose of this work is to understand microinstabilities in the pedestal.
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Pedestal Profiles 〉Where is the Pedestal?

Pedestal extends around ψ = 0.9 − 1.0, where ψ = ψ/ψ(LCFS), and ψ is
the poloidal flux.

Figure:
Surfaces of
constant ψ for
a JET-ILW
discharge
92174.
Pedestal
region is
highlighted.
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Pedestal Profiles 〉 Temperature and Density Gradients

Pedestal equilibrium gradients are much bigger than in the core.

R/LTe ≈ 50 − 400, R/LTi ≈ 30 − 100. In core, R/LTs ≈ 5 − 10. Here R is the
major radius, LTs ≡ −(∇ ln Ts)−1.
⇒ dramatic consequences for ETG and ITG(?) stability!

Measured Ti flatter than Te in pedestal shots we examined, although Ti = Te

case also investigated.

In this talk, focus on inter-ELM period of JET shot 91274, C2D4 gas
injection discharge.

Figure:
Temperature and
density gradients,
JET-ILW shot
92174. Crosses
mark gyrokinetic
simulation
location.
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Instability Implications 〉 Nomenclature
Use {x, y, θ} real space coordinates: x radial, y field line label.
Perpendicular perturbation wavenumber, k⊥, with magnetic shear ŝ,

k⊥ ≈
√

k2
x + k2

y ≈ ky

√
(ŝθ)2 + 1, (1)

where kx = kx0 − kyŝθ is an effective radial wavenumber.

Frequencies, ωκ,s ≡ k⊥ · vMs, ω∗e = vt
E · ∇ ln(n) Te

eφt =
kyvteρe

Ln
,

where vMs = 1
Ωs

(b̂ × ∇ ln B)(v2
‖

+ v2
⊥/2) is the magnetic drift.

Figure 4: Left: coordinates. Right: magnetic shear acting on perturbation. 4



Instability Implications 〉 Toroidal or Slab?

Toroidal ETG can be more virulent than expected.

Naive relative size of toroidal and slab drives shows slab dominates, since
k‖ can become large with ky for slab,

toroidal :
ω∗eηe

ωκ,e
∼

R
LTe
� 1, slab :

ω∗eηe

k‖vte
∼

ky

k‖

ρe

LTe
. (2)

where ηs ≡ Ln/LTs.

More careful analysis for toroidal branch shows

toroidal :
ω∗eηe

ωκ,e
∼

ky

k⊥

R
LTe
∼

1√
(ŝθ)2 + 1

R
LTe

. (3)

Important! (a): ω∗e independent of kx (b): k⊥ increases along θ due to ŝ.

In core, R/LTe ∼ 1, so dominant toroidal mode at θ ∼ 0.

In pedestal, since R/LTe � 1, could allow ŝθ � 1, and thus toroidal ETG
driven at ŝθ � 1 (→ kx � ky), competes with slab ETG.

Can a toroidal mode find a sufficiently large θ such that it can become
large? We will show it can! 5



Instability Implications 〉 Toroidal ETG at Ion Scales (R/LTe �1)

In pedestal can strongly drive toroidal ETG at kyρi ∼ 1 but kxρe ∼ 1.

Figure 5 shows strong toroidal ETG
drive at,

ω∗eηe

ωκ,e
∼

1√
(ŝθ)2 + 1

R
LTe
∼ 1. (4)

Thus strong toroidal ETG at

ŝθ ∼
R

LTe
. (5)

FLR considerations require
k⊥ρe ∼ 1 , FLR damps k⊥ρe � 1.

Thus for ŝθ ∼ R/LTe,

k⊥ρe ∼ kxρe ∼ kyρeŝθ ∼ 1 (6)

⇒ kyρi ∼

√
miTi

meTe

LTe

R
∼ 1 (7)

Figure 5: Growth rates for toroidal ETG

dispersion relation for be = (k⊥ρe)2/2 .

Can show slab ETG driven at kyρi ∼
√

miTi/meTeLTe/R ∼ 1, but kxρi ∼ 1. 6



Instability Implications 〉 Toroidal and Slab ITG (R/LTi �1)

ITG quenched in JET pedestal simulations, ETG dominant.

Similarly can show toroidal ITG strongly driven at kyρi ∼ LTi/R � 1, kxρi ∼ 1.

Electrostatic ITG has been named as a dominant transport channel in JET

pedestals [Hatch 2016, 2017].

However, in JET-ILW pedestals, often true that R/LTe > R/LTi, ηe > ηi,

might expect ITG to be weak.

In our JET-ILW simulations, since ηi ∼ 1, slab ITG weak or absent, and

R/LTi too small for strong toroidal ITG.

⇒ ITG weak/absent in our pedestal simulations (shown later).
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Instability Implications 〉 ITG and ETG Landscape R/LTs �1

With R/LTs � 1, new temperature gradient instability landscape.
(assuming equal ion and electron pressure profiles).
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Gyrokinetic Results 〉 Study Details

Linear electrostatic gyrokinetic

simulations of JET pedestals to

investigate microinstability physics

using GS2.

Simulations carried out at location

marked by crosses.

E × B shear linearly suppress all

electromagnetic modes, motivating

electrostatic study.
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Figure 7: Simulation location for

JET shot 92174.
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Gyrokinetic Results 〉 Linear Electromagnetic Spectra
Kinetic ballooning modes (KBMs) sheared by E × B shear⇒ do
only electrostatic study
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Figure 8: GS2 growth rates (left), real frequencies (middle), eigenmodes (right) for
electromagnetic and electrostatic pedestals.

Most modes propagate in electron diamagnetic direction.
E × B shear suppresses KBM, rest of spectrum ≈ electrostatic.
Unsurprising that flow shear damps KBM since very localized in θ0
(radially extended).
⇒ undergo electrostatic study. 10



Gyrokinetic Results 〉 E × B Shear

E × B shear suppresses KBMs, ITG, but not ETG.
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Figure 9: Effect of E × B shear on different modes.

KBMs and high kyρi

ITG easily

suppressed by

E × B shear: slab

ITG is easily

sheared, toroidal

ITG harder to shear.

kyρi ∼ LTi/R toroidal ITG growth rate reduced substantially by E × B

shear, but often still unstable.

ETG very resistant to E × B shear.
11



Gyrokinetic Results 〉 1 . kyρi . 5 Spectra

Modes insensitive to R/LTi, very sensitive to R/LTe.

Top: R/LTe,R/Ln scans.
Toroidal and slab modes
have very strong R/LTe

dependence. Slab modes
also depend on R/Ln.

Bottom: R/LTi scans.
Toroidal ETG modes
completely insensitive to
R/LTi. Even for
R/LTi � R/LTe, spectrum
invariant.
Slab modes some R/LTi

sensitivity.
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Figure 10: GS2 growth rate spectra for JET shot 92174.
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Gyrokinetic Results 〉 1 . kyρi . 5 Eigenmodes

Toroidal ETG eigenmodes localized at large θ.
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Figure 11: GS2 eigenmodes for toroidal (blue) and slab (red) ETG.

In pedestal, toroidal ETG driven at ŝθ � 1 at k⊥ρe ∼ 1 with kx � ky

because R/LTe � 1.
Core ETG is ballooning in nature, peaking at θ = θ0 = 0.
Toroidal ETG eigenmodes in pedestal choose θ location based on
combination of FLR effects and magnetic drifts (ω∗eηe ∼ ωκ,e).
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Gyrokinetic Results 〉 Mode θ Location: Bad Curvature

Toroidal modes driven only in bad curvature regions (ω∗eηeωκ,e > 0).

Flipping sign of

ωκ,e makes

toroidal ETG

mode jump to

where

ω∗eηeωκ,e > 0.

Good curvature

⇒ roughly half

of the θ domain

is stable.
Figure 12: Linear growth rates versus θ for analytic dispersion

relation, with k‖ = 0 and ω∗e < 0. Flipping the sign of ωκ,e changes the

location where the mode can be driven.
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Gyrokinetic Results 〉 Mode θ Location: FLR Effects

FLR effects strongly determine the θ location for toroidal ETG.

Mode has maximum amplitude very close to a local minimum in k⊥,

as shown below, where Γ0(be) = I0(be) exp(−be) and be = (k⊥ρe)2/2.

Local minima in k⊥ occur due to local magnetic shear.
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Figure 13: GS2 toroidal ETG eigenmodes (solid) and Γ0(be) for three separate ky values.
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Gyrokinetic Results 〉 1 . kyρi . 5 Theory

Theory describes toroidal and slab ETG well.

Local gyrokinetic

dispersion relation

describes toroidal

and slab ETG

surprisingly well.

To find k‖, we Fourier

transformed GS2

eigenmodes.
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Figure 14: Linear growth rates from GS2 versus solutions to

gyrokinetic dispersion relation.
16



Gyrokinetic Results 〉 ITG

Measured Ti profiles have subdominant ITG at almost all scales.
We expect to drive strong slab and toroidal ITG at kyρi ∼ LTi/R � 1.
With the measured Ti profiles, ITG is almost completely suppressed
at all scales.
Regardless of ion gradients, electron temperature gradient driven
modes dominate for kyρi & 0.2
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Figure 15: Full kinetic and adiabatic electron simulations with different R/LTi, shot
92174. The ‘Standard’ and ‘he = 0’ cases differ by he = 0 and θ0 values.

At kyρi ∼ 1, using GS2 eigensolver, also find no ITG.
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Summary 〉 Findings

Toroidal ETG is driven at kyρi ∼ 1 but kxρe ∼ 1, because R/LTe � 1.

Slab ETG driven at scales as large as kyρi ∼ kxρi ∼ 1, because

R/LTe � 1.

E × B shear suppresses KBMs, slab ITG in JET pedestals we

investigated, toroidal ITG sometimes resilient, and ETG is not

suppressed.

Modes at almost all scales are most sensitive to electron

temperature gradient physics.

Local dispersion relation describes toroidal and slab ETG well.

Even in the absence of flow shear, in shots we investigated, ITG is

highly subdominant/absent because ηi ∼ 1, R/LTi below critical

value. However, ITG growth rate is extremely sensitive to measured

Ti profile.
18



Summary 〉 Ongoing Work

Effects of θ0 on linear toroidal ETG (nearly solved).

Linear stability calculation for toroidal ETG with general k‖ and full

FLR effects (nearly solved).

Effects of ions on slab ETG (partly solved).

Nonlinear results (hard because multiscale, how important are these

toroidal ETG modes?) (unsolved).

Finding k‖ self-consistently for toroidal modes (unsolved).

Modes at kyρi . 1 (perhaps more transport relevant) (unsolved).
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Nomenclature 〉 Full k⊥

k⊥ = kx∇x + ky∇y =

[
kx − ky

(
ŝθ −

r
qc

∂ν

∂r

)]
∇x (8)

+
∂ψ

∂r
1

Ba
ky

[
∇ζ +

(
∂ν

∂θ
− q

)
∇θ

]
, (9)

using
α = ζ − q(x)θ + ν(x, y), (10)

and the effective radial wavenumber is

kx = kx0 − ky

(
ŝθ −

r
qc

∂ν

∂r

)
. (11)
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Theory 〉 Full Dispersion Relation

From quasineutrality, the electrostatic dispersion relation is,

Zi
T0e

T0i
+ 1 −

∑
s

Ds = 0, (12)

where

Ds = iZ2
s

T0en0s

T0sn0e

∫ ∞

0
dλ

Γ0(b̂σs )
(1 + iσλ)1/2(1 + iσλ/2)

exp
(
iλ>ω

)
exp

(
−

(λ
>
k‖)2

4(1 + iσλ)

)
[
−

>ω + >ω∗s

(
1 + ηs

{2(1 + iσλ) − (
>
k‖λ)2

4(1 + iσλ)2

+
1

(1 + iσλ/2)
− b̂σs

1 − Γ1(b̂σs )/Γ0(b̂σs )
(1 + iσλ/2)

−
3
2

})]
.

This is not a straightforward integral for γ = 0.
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Theory 〉 Toroidal ITG Dispersion Relation

With
k⊥ · vMi

ω
∼

(k‖vti)2

ω2 , ω � k‖vti, (13)

1 +
ZTe

Ti

(
1 −

ω∗i
ω
−
ω∗ik2

‖
ηiTi

ω3mi
−
ω∗iωκ,iηi

ω2

)
= 0, (14)

which for k‖ = 0, gives

ω = 0, ω =
ω∗i

2
(
1 +

ZiTe
Ti

) ±
√√√√√√ ω2

∗i

4
(
1 +

ZiTe
Ti

)2 +
ω∗iωκ,iηi(
1 +

ZiTe
Ti

)2 . (15)

In GS2land, ω∗e < 0.
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Theory 〉 TEM

With R/Ln � 1,

γ ∼ ±ηe
ω±
ω∗e

R
Ln
, (16)

where

ω± = ±
ω∗e
2

(
1 +

√
1 − 8

Ln

R
ηi

Ti

Te

)
. (17)
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Gyrokinetic Results 〉 ITG Eigenmodes

Eigenmodes Extended in θ.
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Figure 16: Electron and ion direction eigenmodes obtained using GS2

eigensolver at kyρi = 3.5. 25



Gyrokinetic Results 〉 ITG Eigensolver

ITG has very low growth rates in our pedestals.

Using GS2

eigensolver mode,

we find a single very

weak ITG-like mode

at kyρi = 3.5, from

two modes in the ω∗i
direction.

For this ITG mode,

γa/vti = 0.07,

whereas for the

fastest growing ETG

mode at kyρi = 3.5

has γa/vti = 7.1.
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Figure 17: Imaginary (left) and real (right) frequencies for the

17 eigenmodes found at kyρi = 3.5.
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Gyrokinetic Results 〉 Miller Equilibrium
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Figure 18: Miller equilibrium for JET shot 92174.
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Pedestal Profiles 〉 Temperature and Density

Equilibrium pedestal profiles are very steep in the pedestal.
⇒ expect microinstabilities to be strongly driven.

Measured Ti flatter than Te in pedestal.

Pedestal electron measurements in 80-99% ELM interval from HRTS, ion
measurements in 60-99% ELM interval from CXRS.

Investigated implications of Ti = Te, Ti , Te, equal and different gradients.
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Pedestal Profiles 〉 Temperature and Density Gradients

Equilibrium gradients are much bigger than in the core.

R/LTe ≈ 50 − 400, R/LTi ≈ 30 − 100. In core, R/LTs ≈ 5 − 10. Here R is the

major radius, LTs ≡ |∇ ln Ts|
−1.

⇒ dramatic consequences for ITG and ETG stability!

Figure 20:
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Pedestal Profiles 〉 Full Linear Spectra

Linear spectra at wide range of scales.

Figure 21:

Linear spectra.
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