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Pedestal Profiles > Pedestal Location

Pedestal extends around ¢ = 0.9 — 1.0, ¢ = ¥/y(LCFS).
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Figure: Surfaces of constant ¢ for a JET-ILW discharge 92174. Pedestal region is
highlighted. 1



Pedestal Profiles > Temperature and Density

Equilibrium pedestal profiles are very steep in the pedestal.
= expect microinstabilities to be strongly driven.
m Measured T; flatter than T, in pedestal.
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Pedestal Profiles > Temperature and Density Gradients

Equilibrium gradients are much bigger than in the core.
m R/Ly, =~ 50 —-400, R/Ly =~ 30— 100. In core, R/Lys ~ 5 — 10. Here R is the
major radius, Ly, = —(VInT,) ™.
= dramatic consequences for ETG and ITG(?) stability!
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2. Instability Implications



Instability Implications > Nomenclature

m Use {x, y, 0} real space coordinates: x radial, y field line label.
m Perpendicular perturbation wavenumber, &, , with magnetic shear s,

k, ~ ,lk%+k%zk\<\/(§9)2+l, (1)

where k. = ko — k,36 is an effective radial wavenumber.
T, _ kyViepe

e’ L, ’
where vy, = QL(B x VIn B)(vﬁ +12 /2) is the magnetic drift.

m Frequencies, wys =Ky Vy, Wi = Ve Vin(n)

§>0

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



Instability Implications ) Toroidal or Slab?

Toroidal ETG can be more virulent than expected.

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

Wielle N kv &

Deelle . = 51, slab : :
(/.)K,e LR k”Vze k“ LTe

(@)

toroidal :

where ng = L,/ Ly.
m More careful analysis for toroidal branch shows

Wselle  ky R 1 R

wee kiln  JGoR+iln
Important! (a): w.. independent of k, (b): k, increases along 6 due to 3.
m In core, R/Ly, ~ 1, so dominant toroidal mode at 6 ~ 0.

m In pedestal, since R/Lz, > 1, could allow 36 > 1, and thus toroidal ETG
driven at 80 > 1 (— k. > k,), competes with slab ETG.

m Can a toroidal mode find a sufficiently large 6 such that it can become
large? We will show it can! 5

toroidal :



Instability Implications ) Toroidal ETG at lon Scales (R/Ly, 1)
In pedestal can strongly drive toroidal ETG at k,p; ~ 1 but k,p, ~ 1.

m Figure 5 shows strong toroidal ETG
drive at,

Weelle 1 R | ()
e  NJGOZ+ 1L
m Thus strong toroidal ETG at
R
560 ~ —.
§ I (5)

m FLR considerations require

, FLR damps k_p, > 1.

m Thus for 56 ~ R/Lr,,

kipe ~ kype ~ kyp 50 ~ 1 (6)

= kyp; ~ |mili Lee. 7)
) m.T, R

m Can show slab ETG driven at kyp; ~ Vm;Ti/m.T.Lz,/R ~ 1, but kyp; ~ 1.
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Figure 5: Growth rates for toroidal ETG

dispersion relation for | b, = (kLpL,)z/Z .
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Instability Implications ) Toroidal and Slab ITG (R/Ly 1)

ITG quenched in JET pedestal simulations, ETG dominant.
m Electrostatic ITG has been named as a dominant transport channel in JET
pedestals [Hatch 2016, 2017].
m Similarly can show toroidal ITG strongly driven at kyp; ~ L;;/R < 1, kyp; ~ 1.
m Slab ITG strongly driven at scales as big as k,p; ~ L1i/R ~ kypi < 1.

m However, in JET-ILW pedestals, often true that R/Ly, > R/L7, n. > n;,
might expect ITG to be weak.

m Parameter n; determines slab stability, mainly R/ Lz, for toroidal stability.

m In our JET-ILW simulations, since n; ~ 1, slab ITG weak or absent, and

R/Lz; too small for toroidal ITG.

= |ITG weak/absent in our pedestal simulations (shown later).



Instability Implications ) ITG and ETG Landscape R/Ly, >1

With R/L;, > 1, new temperature gradient instability landscape.
(assuming equal ion and electron pressure profiles).
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Figure 6: Slab
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temperature
gradient
instabilities
when
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3. Gyrokinetic Results



Gyrokinetic Results > Study Details

o x10" n [m~3
m Linear electrostatic gyrokinetic
. . 6
simulations of JET pedestals to | —— 82550
, . o - . 92167
investigate microinstability physics 5 92168
using GS2. \ 92174
m Simulations carried out at locations
3
marked by crosses.
. 2
m E x B shear linearly suppress all
electromagnetic modes, motivating 0-900° - 0.9250.950 0.7 1.000

P

electrostatic study.
Figure 7: Simulation locations



Gyrokinetic Results > Linear Electromagnetic Spectra

Kinetic ballooning modes (KBMs) sheared by E x B shear =
undergo electrostatic study
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Figure 8: GS2 growth rates (left), real frequencies (middle), eigenmodes (right) for
electromagnetic and electrostatic pedestals.

m We investigate instability at each of these scales.

m Most modes propagate in electron diamagnetic direction.

m E X B shear suppresses KBM, rest of spectrum =~ electrostatic.
= undergo electrostatic study.
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ETG modes completely
insensitive to R/Ly;. Even
for R/Ly;; > R/Ly,,
spectrum invariant.

Slab modes some R/Ly;

3
Bottom: R/Ly,,R/L, scans. =20
>
Toroidal and slab modes = |,
X1
have very strong R/Ly. -2-//'%64
dependence. Slab modes 0
also depend on R/L,.

Gyrokinetic Results > 1 < kypo; < 5 Spectra

Modes insensitive to R/Ly;, very sensitive to R/Ly,.

m Top: R/Ly scans. Toroidal

R/L+; scans

Toroidal ETG

Slab ETG

2 4

standard:
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Figure 9: GS2 growth rate spectra.
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Gyrokinetic Results > 1 < kyp: < 5 Eigenmodes

Toroidal ETG eigenmodes localized at large 6.

-20 -10 0

Figure 10: GS2 eigenmodes for toroidal (blue) and slab (red) ETG.

m Toroidal ETG driven at 56 > 1.
m Do not see toroidally localized ETG in core because R/Ly, ~ 1 in
core, thus core toroidal modes less localized.
m Toroidal ETG eigenmodes choose 6 location based on combination
of FLR effects and magnetic drifts (w..ne ~ wy.). 12



Gyrokinetic Results > Is Magnetic Shear Ineffective?

Magnetic shear ineffective at reducing toroidal ETG growth rate.

m If § changes, mode
can move in 6 to

keep growth rate 40 1.0
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Figure 11: GS2 Linear spectra (left) and eigenmodes (right) for

|6] ~ 0 — growth rate .
) . different § values.

will decrease as §

increases when

6] =~ 0.
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Gyrokinetic Results ) Mode 6 Location: FLR Effects

FLR effects strongly determine the 6 location for toroidal ETG.

m Mode has maximum amplitude very close to a local minimum in &,
as shown below, where I'y(b.) = Iy(b.) exp(—b,.) and b, = (k.p.)*/2.
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Figure 12: GS2 eigenmodes (solid) and I'y(b,) for three separate k, values.

14



Gyrokinetic Results ) Mode 6 Location: FLR Effects

Pedestal toroidal ETG modes sit at local minima in £, where FLR
effects are locally (in 6) smallest.

m Local magnetic shear causes local minima in k., which is where the
mode’s maximum amplitude (roughly) sits.
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Figure 13: The value b, along a field line (left) and associated I'y(b.) (right) for different
kyp; values. Local minima of k, denoted by vertical lines. 15
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Figure 14: GS2 eigenmodes moving to smaller 6 due to increasing k,p,. Here, §
and Ly, /R are four times smaller to make eigenmodes more mobile in 6.



Gyrokinetic Results > Mode 6 Location: Relative Frequency Signs

The relative signs of w., and v, , determine the 6 domain.
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Figure 15: Linear growth rates versus 6 for analytic dispersion
relation, with k; = 0.
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Gyrokinetic Results ) 1 < kyp; < 5 Theory

Theory describes toroidal and slab ETG well.

m Local gyrokinetic
dispersion relation
describes toroidal
and slab ETG
surprisingly well.

m Finding k; for
toroidal ETG modes

still not solved.

14 ame GS2

12 Theory, 6 =0
10 « Theory,6=7.7

v(a/vi)

25 5.0. 7.5 10.0 12.5 15.0
kypi

Figure 16: Linear growth rates from GS2 versus solutions to

gyrokinetic dispersion relation.
18



Gyrokinetic Results > ITG

Measured T7; profiles have stable ITG at all scales.

m We expect to drive strong slab and toroidal ITG at k,p; ~ L7;/R < 1.
m However, we are unable to find ITG with measured profiles.

ITG Scale Instability

ETG Scale Instability
/,
8 P 8
VA
—_ VA
g6 ,,’ 6
S J s
=4 4 T4
> 7’ =
S f\/
>p 2
/
0 -o’.-ll-.--"'---'----.'-l 0
6 2 4 6
kypi(pi/pe) kypi
—— Ti=T. = T; measured — Ti=Te
Ti=Te, he=0 ==== T;measured, he=0 Ti=Te, hi=0

Figure 17: Spectra at k,p; < 1 (left) and k,p; ~ 1 (right). Electron modes are
solid, ion modes are dashed. 19



4. Summary



Summary > Findings

m Toroidal ETG is driven at k,p; ~ 1 but k.o, ~ 1, because R/Ly, > 1.

m Slab ETG driven at scales as large as k,p; ~ kyp; ~ 1, because

R/Ly > 1.

m E x B shear suppresses KBMs, ITG in JET pedestals we

investigated.

m Modes at all scales are most sensitive to electron temperature
gradient physics.

m Local dispersion relation describes toroidal and slab ETG well.

m Linearly, ITG is highly subdominant/absent because n; ~ 1, R/Lz;

below critical value.

20



Summary > Ongoing Work

Items | haven’t covered, but would be very happy to discuss this

week:

Effects of 8y on linear toroidal ETG (nearly solved).

Linear stability calculation for toroidal ETG with general & 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 kyp; < 1 (perhaps more transport relevant) (unsolved).

21
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Nomenclature > Full k,

k. = k.Vx + & Vy =[kx - k},(se - i?)Jw 9)
OIS

using
@ ={—qx)0+vxy), (11)

and the effective radial wavenumber is

k. —k\o—k(se——— .

23



Theory > Full Dispersion Relation

From quasineutrality, the electrostatic dispersion relation is,

z—+1—21)_0 (13)
where
. Toenog f « To(b9) o~ (/UQH)2
D, = iZ? da s (,1) (_—)
ST e Jo A wio) (1 + ioay2) PP T 30 T i)
== (4 {2(1 +io ) — (ky)>?
B R R TT e
PR SR bt GGV VTGO }
(A +ica/2) ' (I+iocd)2) 20|

This is not a straightforward integral for y = 0.
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Theory > Toroidal ITG Dispersion Relation

With 5
k . i k ti
LV ~ ( HL;) , wW> kHVn', (14)
w w
ZT, vi w.ikinT; wi Wi
1+—(1—‘“—'— [ _““‘”7):0, (15)
T; w wm; w?

which for k; = 0, gives

Wy w*' Wi Wy 1]
. +

ZiT, . 2 : 2
2(1+T) 4(1+Z’TT") (1+%)

In GS2land, w.. < 0.

25



Theory > TEM

With R/L, > 1,
ws R
~*n,— —, 17
Y~ e (17)
where
Wip T;
=21y J1ogln, ) 1
We=E5 ( RMT, (18)

26



Gyrokinetic Results > E x B Shear

E x B shear suppresses KBMs, ITG, but not ETG.

YNE=0 VNE=0-42

|
4 176 slab ETG 10175 .
0 kyp;=7.0 |
151 w1
10 . 10 b
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';4.:10101 10" ' ./‘
£ . e
R 10 | o
10° 10° l /‘/
107 s
-/
10’ 10" ey s e
e Slab TG k0 =0.7 | | — —-='=12i21 20
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Figure 18: Effect of E x B shear on different modes.

m KBMs and ITG
easily suppressed

by E x B shear.

m ETG very resistant

to E x B shear.
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Gyrokinetic Results > ITG Eigenmodes

Eigenmodes Extended in 6.

lon modes
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Figure 19: Electron and ion direction eigenmodes obtained using GS2

eigensolver at k,p; = 3.5. 28



Gyrokinetic Results > ITG Eigensolver

ITG has very low growth rates in our pedestals.

m Using GS2
eigensolver mode, «  electron direction mode  + ion direction mode
we find a single very 1 0 i
weak ITG-like mode 8 5
at k,p; = 3.5, from g: 6 %_10
two modes in the w,; <4 I
direction. , ‘ 18
m For this ITG mode, . ! 20
va/v; = 0.07, 2 kypl,-l 6 k,0;

wher for th
ereas for the Figure 20: Imaginary (left) and real (right) frequencies for the

fastest growing ETG 17 eigenmodes found at k,p; = 3.5.

mode at k,p; = 3.5
has ya/v; =7.1.
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Gyrokinetic Results ) Miller Equilibrium
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Figure 21: Miller equilibrium for JET shot 92174.
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