NSTX-U is sponsored by the
N STX‘ U U.S. Department of Energy Office of Science

Fusion Energy Sciences

Kinetic Ballooning Mode
Constraints in NSTX Pedestals

J. F. Parisi, W. Guttenfelder, A. O. Nelson,
A. Kleiner, C. Clauser

Oct 31 2022




Outline

Part |: Stability

Part |l: Transport



Part |: Stability



Hypothesis: Kinetic Ballooning Mode (KBM) thresholds
predict pedestal height and width Vp constraint for NSTX




Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e KBM = ideal Vp-driven ballooning + kinetic
physics.



Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e KBM = ideal Vp-driven ballooning + kinetic
physics.

o KBM stability threshold than ideal MHD [l
mode. g

e

—

Plasma 3

B r———
ABoIN? S WHNE/ESY

Fig 1: Schematic instability growth rate versus fS.
Adapted from Fig 1.2 |Snyder Thesis, 1999]



Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e KBM = ideal Vp-driven ballooning + kinetic
physics.

e KBM stability threshold lower than ideal MHD
mode.

e KBM signatures:

x:ly, ~ 1 (ion/electron heat diffusivity ratio)
D,/y, ~ 1 (particle, heat diffusivity ratio)

Growth rate y sensitive to VT, and VT, -



Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e KBM = ideal Vp-driven ballooning + kinetic
physics.

e KBM stability threshold lower than ideal MHD
mode.
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Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e KBM = ideal Vp-driven ballooning + kinetic
physics.

e KBM stability threshold lower than ideal MHD
mode.
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e We find important differences b/w KBM and
: e Fig 1: Schematic instability growth rate versus fS.
ideal stability in NSTX.

Adapted from Fig 1.2 |Snyder Thesis, 1999]



Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

Fig 1: NSTX a profiles and critical
KBM a values. Adapted from

W. Guttentelder APS 2022.

e Recent work |Guttenfelder, 2022] shows NSTX experimental profiles within
10% of KBM critical gradient agpy crir
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Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

e Related important topic: non-ideal peeling ballooning modes. See A. Kleiner
INF 2021, 2022] (resistive effects important).
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Why:
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Fig 1: Pedestal width versus \/ Popea for DIIID

discharges. Adapted from Fig 2 |Snyder, NF, 2009]:s



Hypothesis: KBM thresholds predict pedestal height
and width Vp constraint for NSTX

Why:
not sufficient for all NSTX discharges.*
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constraint different for low-A=R/a.
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constraint different for low-A=R/a.
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EPED Ballooning Critical Pedestal (BCP)

constraint different for low-A=R/a.

BCP (Low-A): A ~ B,
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EPED Ballooning Critical Pedestal (BCP)

constraint different for low-A=R/a.

ELMy NSTX: A ~ >,

2
ﬁ@,ped — 2//t()pped/ b 0
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EPED Ballooning Critical Pedestal (BCP)

constraint different for low A=R/a.

BCP for low-A partially
recovers ELMy NSTX scaling.

0.2 . 0ec 08 1.0 1.2

(59, ped) 1/2
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EPED Ballooning Critical Pedestal (BCP)

constraint different for low-A=R/a.

b— free (W/ LI
Maingi 2015

0.2 . 0c 08 1.0 1.2

(69, ped) 1/2
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EPED Ballooning Critical Pedestal (BCP)

constraint different for low-A=R/a.

/// b— free (W/ LI
SMaingi 20156

Important for NSTX-U and
future ST reactors.

0.2 . 0c 08 1.0 1.2

(59, ped) 1/2

ﬁ@,ped — 2//t()pped/ b 62’
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Going back to original hypothesis...



Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

Why:

Important because pedestal height p.4 and width A_; usetul tor nTzg, tusion gain Q.



Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

Why:

Important because pedestal height p.4 and width A_; usetul tor nTzg, tusion gain Q.

(EPED)
T(’., p€d /Te, ped

Modelled O

Table 1: Adapted from |Hughes 2020,
JPP|, Energy gain Q for three different
T, ped! ngde values for SPARC.
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

Why:

Important because pedestal height p.4 and width A_; usetul tor nTzg, tusion gain Q.

(EPED)
Te,ped/ Te,ped

Modelled O

Table 1: Adapted from |Hughes 2020,
JPP|, Energy gain Q for three different
T, ped! ngde values for SPARC.
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries. EPED-inspired, adding non-ideal physics.



Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:

EPED-inspired

20 lllustration of EPED1 Model, DIlI-D 132010

- 1.— Stability Constraint (hypothesis A) /
.-- Width Model (hypothesis B) '
15} @ EPED1 Prediction

o Measurement (DIlI-D)

Fig 1: Pedestal
height versus
width for a DIIID

discharge.
Adapted from

Fig 5 |Snyder,
NF, 2009]
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries.

20 lllustration of EPED1 Model, DIII-D 132010
— Stability Constraint (hypothesis A) ,
=== Width Model (hypothesis B) ,!'

el Our goal:
I, ii I
ot ['oke EPED-like height-width

Pedestal Width (»)

Fig 1: Pedestal height versus grid’ run gyrokinetiCS.
width for a DIIID discharge.

Adapted from Fig 5
|[Snyder, NF, 2009]
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries.

N
o

Starting from experiment, we YX XXX XXX XXX X

—
ol

vary equilibria self-consistently XXX XXXXXXXX X

in height, width space. YX X X X X X X X X X X
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries.

N
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries.

»0_unstable stable
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Hypothesis: KBM thresholds predict pedestal
height and width Vp constraint for NSTX

What:
Use linear gyrokinetics to scan in self-consistent equilibria with varying p,.q, A4 to

determine stability boundaries.

»0_unstable
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for each equilibrium, determine

gyrokinetic critical pedestal (GCP) 00 002 004 006
Pedestal Width (A7)

stability constraint.
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Finding the Gyrokinetic Critical Pedestal (GCP)

Construct p .4, A4 grid

.00 0.02 0.04 0.06 0.08 0.10
A ped [U\ ]
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Finding the Gyrokinetic Critical Pedestal (GCP)

Construct p .4, A4 grid

Self-consistent
NSTX equilibria across a range
of pedestal widths and heights.

0.02 0.04 0.06 0.08 0.10
A ped [U\ ]
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Finding the Gyrokinetic Critical Pedestal (GCP)

Set up radial grid across full pedestal

.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

‘I’ A ped [ L’\ ]
>

‘ — location of CGRO simulation L




Finding the Gyrokinetic Critical Pedestal (GCP)

Set up radial grid across full pedestal, binormal wavenumbers k p;, radial

wavenumber 60 = k /kS. k,p;

0.06 0.12 0.18 0.24
| | | |

A

P

HO 0.0

0.02 0.04 0.06 0.08 0.10

‘I’ A ped [ L’\ ]
>

‘ — location of CGRO simulation 42




Finding the Gyrokinetic Critical Pedestal (GCP)

It all modes across half-width are unstable to same
instability —> pedestal GCP unstable

_pedestal half-width

0.02 0.04 0.06 0.08 0.10

‘I’ A ped [ L'\ ]
>

’ — location of CGRO simulation I,




Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan

0.04 0.06 0.08 0.10
A ped [L'\ ]




Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan

0.02 0.04 0.06 0.08 0.10
A ped [L'\]

L ower Pressure




Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Width Scan

Narrower

0.04 0.06 0.08 0.10
A ped [L'\ ]




Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan

Looking at actual NSTX pressure profiles...



Finding the Gyrokinetic Critical Pedestal (GCP)

Pedestal Height Scan
Base case NSTX 132543 pressure profile

Base case

0.90 : : . . 0.04 0.06 0.08 0.10
A ped [L'\ ]
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Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan

Base case
e ;. ., SCale fac.=1.6

0.90 : : . . 0.04 0.06 0.08 0.10
A ped [U\ ]
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Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan

0.4 X p,.q rescaling

0.90 : : . . 0.04 0.06 0.08 0.10
A ped [U\ ]
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Finding the Gyrokinetic Critical Pedestal (GCP)
Pedestal Height Scan
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Finding the Gyrokinetic Critical Pedestal (GCP)

® a versus r/a for NSTX 132543 Apea = 0.07, kyp; =0.12
equilibrium.

0.93 0.94 0.95 0.96 0.97 0.98 0.99
r/a

; a = —q* RV P/B*




Finding the Gyrokinetic Critical Pedestal (GCP)

® a versus r/a for NSTX 132543 Apea = 0.07, kyp; =0.12
equilibrium.

Gyrokinetic simulations at

each radial location

0.93 0.94 0.95 0.96 0.97 0.98 0.99
r/a

; a = —q* RV P/B*




Finding the Gyrokinetic Critical Pedestal (GCP)

® o versus r/a for NSTX 132543 Aped = 0.07, kyp; =0.12
equilibrium.

® KBM stable
X KBM unstable

0.93 0.94 0.95 0.96 0.97 0.98 0.99
r/a

. a = — q*uy RV P/B*



Finding the Gyrokinetic Critical Pedestal (GCP)

® o versus r/a for NSTX 132543 Aped = 0.07, kyp; =0.12

eql“llbrlum . ped [kP ]
Pedestal Half-width

® KBM stable
X KBM unstable

0.93 0.94 0.95 0.96 0.97 0.98 0.99
r/a

: a=—q*uRVP/B*



Finding the Gyrokinetic Critical Pedestal (GCP)

Pedestal Pressure Buildup

® o versus r/a for NSTX 132543 Aped = 0.07, kyp; =0.12
equilibrium.

e Add larger p,.4 profile.

Pedestal Half-width

® KBM stable
X KBM unstable

0.93 0.94 0.95 0.96 0.97 0.98
r/a

: a = —q* RV P/B*



Finding the Gyrokinetic Critical Pedestal (GCP)

Pedestal Pressure Buildup

® o versus r/a for NSTX 132543 Aped = 0.07, kyp; =0.12
equilibrium.

e Add larger p,.4 profile.

e Both profiles GCP unstable to
KBM.

® KBM stable
X KBM unstable

0.93 0.94 0.95 0.96 0.97 0.98
r/a

. a = — q*uy RV P/B*



Finding the Gyrokinetic Critical Pedestal (GCP)

Pedestal Pressure Buildup

® o versus r/a for NSTX 132543 Aped = 0.07, kyp; =0.12
equilibrium.

e Add larger p,.4 profile.

e Both profiles GCP unstable to
KBM.

. a = —q* RV P/B*



Kinetic, Ideal Comparison

Gyrokinetics

NSTX 132543
Constant T

e KBM stability from CGYRO = =

gyrokinetic calculation for
NSTX discharge 132543.

ped [ U\ ]
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X X
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Kinetic, Ideal Comparison

Gyrokinetics
NSTX 132543
1 Constant T
e KBM stability from CGYRO onsean

gyrokinetic calculation for
NSTX discharge 132543.

® Experimental point

ped ’. U\ ]
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X X
X X
X X
X X
X X
X X
X X

0.1
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Kinetic, Ideal Comparison

Gyrokinetics

NSTX 132543
Constant T

e KBM stability from CGYRO = =

gyrokinetic calculation for
NSTX discharge 132543.
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Kinetic, Ideal Comparison

Gyrokinetics

NSTX 132543
Constant T

® Clear KBM stability boundary.

KBM boundary x KBM stable KBM unstable
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Kinetic, Ideal Comparison

Gyrokinetics

Let’s perform the same analysis, but with ideal ballooning modes.
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Kinetic, Ideal Comparison
ldeal MHD

NSTX 132543

' 11 C tant T’
e Ideal ballooning stability from onstan

BALOO calculation.

ldeal stable e Ideal unstable
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Kinetic, Ideal Comparison
ldeal MHD

NSTX 132543
Constant T

e Ideal stable e Ideal unstable

e |deal ballooning stability from
BALOO calculation.
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Kinetic, Ideal Comparison
Ideal MHD

NSTX 132543
Constant T

e |deal ballooning stability from
BALOO calculation.

e Ideal stable e Ideal unstable ldeal second stable

® Second stable region: we count
as stable.
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Kinetic, Ideal Comparison
Ideal MHD

NSTX 132543

' 1l C tant 7T’
e |deal ballooning stability from onstan

BALOO calculation.

e Ideal stable e Ideal unstable

e ldeal stability criteria identical

to GCP: all half-width points
ideal unstable.
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Kinetic, Ideal Comparison
Ideal MHD

NSTX 132543

' 1l C tant 7T’
e |deal ballooning stability from onstan

BALOO calculation.

—— |deal boundary e Ideal stable Ideal unstable

® Clear ideal stability boundary.
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Kinetic, Ideal Comparison

NSTX 132543

Constant T
e KBM has lower pressure

gradient stability boundary.
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Kinetic, Ideal Comparison

NSTX 132543

Constant T
e KBM has lower pressure

gradient stability boundary.

® Region where ideal stable,
but kinetic unstable.
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬂ Scaling Law

NSTX 132543
. . _ Constant T
e Both kinetic and boundaries

far from conventional-A BCP:

172
A~ ﬁe,ped -
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

NSTX 132543
Constant T

e ldeal boundary fit:

A=024p 4"
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

NSTX 132543
Constant T
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Q
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e Kinetic boundary fit:
A =028,
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

NSTX 132543

. . Constant n
® Perform same exercise with

pressure varied with constant n.
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

NSTX 132543
. . Constant n
® Perform same exercise with

pressure varied with constant n.

e ldeal boundary fit:
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e Kinetic boundary fit:

A — O33ﬁ9,ped099 :
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

NSTX 132543
e Significant difference between
ideal and kinetic scaling.
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

Comparing with experimental data.
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬁ Scaling Law

@ ldeal scalings tend to
over-predict pedestal
height.

04 06 038 1.0 1.2
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Kinetic, Ideal Comparison
A = a(ﬂg,ped)ﬂ Scaling Law

e Kinetic boundary closer
to NSTX experiment.

04 06 08 1.0

(ﬁﬁ, ped) L2




Test original hypothesis: KBM reproduces NSTX
scaling



Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

’r’



Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

-—Z- 0.25
n, consistent with NSTX S 0.20

KBWM scaling at constant

experiment.
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Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

KBM scaling at constant [ 0 o5

n, consistent with NSTX ; 020

experiment.

scaling ~inconsistent.
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Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

KBM scaling at constant [ 0 05

n, consistent with NSTX ; 020

experiment.

scaling ~inconsistent.

—> kinetic physics
important for NSTX

pedestal prediction.
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Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

—— 0.25
=

KBM constant n

consistent.

constant 1

~ilnconsistent.
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Test original hypothesis: KBM reproduces NSTX

scaling 0.35
0.30

Important caveat:

No errorbars for our
KBM /ideal scalings, so
possible 1deal scaling also
consistent.
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Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?
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Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?

® Recall: for a pedestal to be ‘unstable’,
100% of radial locations in pedestal half-

width to be KBM /ideal unstable.

84
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‘ — location of CGRO simulation



Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?

%

® Recall: for a pedestal to be ‘unstable’,
100% of radial locations in pedestal half-

width to be KBM/ideal unstable. _pedestal half-width

e \What if we relaxed this criterion?

‘ — location of CGRO simulation
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Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?

® Recall: for a pedestal to be ‘unstable’,
100% of radial locations in pedestal half-
width to be KBM /ideal unstable.

e Generalizing criterion to xx% of radial

locations unstable, we measure error
between GCP/BCP scaling and experiment.

86
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Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?

® Recall: for a pedestal to be ‘unstable’
100% of radial locations in pedestal half-
width to be KBM /ideal unstable.

e Generalizing criterion to xx% of radial

locations unstable, we measure error
between GCP/BCP scaling and experiment.

e Find:
1) KBM A scaling improves as xx—100%
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Fig: Mean squared error versus % of modes
needed to trigger BCP/GCP. Error calculated
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Testing the critical pedestal criteria

How many radial points for a ‘critical’ pedestal?

® Recall: for a pedestal to be ‘unstable’
100% of radial locations in pedestal half-
width to be KBM /ideal unstable.

e Generalizing criterion to xx% of radial

locations unstable, we measure error
between GCP/BCP scaling and experiment.

e Find:
1) KBM A scaling improves as xx—100%
2) A scaling degrades as xx—100%
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Fig: Mean squared error versus % of modes
needed to trigger BCP/GCP. Error calculated
from theory and ELMy NSTX experiments.



Testing the critical pedestal criteria
How many radial points for a ‘critical’ pedestal?
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occurs because overpredicts NSTX p, S P

% modes unstable to trigger BCP/GCP

Fig: Mean squared error versus % of modes
needed to trigger BCP/GCP. Error calculated
from theory and ELMy NSTX experiments.
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Wide Pedestal KBM Scaling

o ELM-free lithiated NSTX
discharges can have wider, higher
pedestals [Maingi, 2015, 2017].

BPELM — free (w/ Li)
Maingi 2015
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Wide Pedestal KBM Scaling

o ELM-free lithiated NSTX
discharges can have wider, higher
pedestals [Maingi, 2015, 2017].

e KBM GCP for NSTX 132588

: : : : : J/ #EIM — free (W/ Li
gives weaker A scaling, likely Maingif§1(5 )

within experimental uncertainty.
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Part | Summary

e Original hypothesis: KBM can predict

pedestal height and width Vp constraint for
NSTX.
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Part | Summary

e Original hypothesis: KBM can predict

pedestal height and width Vp constraint for
NSTX.

e Conclusion: KBM with self-consistently
varied equilibria starting from experiment
gives A ~ [y .4, agreement!
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Part | Summary

e Original hypothesis: KBM can predict

pedestal height and width Vp constraint for
NSTX.

e Conclusion: KBM with self-consistently
varied equilibria starting from experiment

gives A ~ [y .4, agreement!

e Good news: ideal ballooning stability with

sufficient equilibrium information might be
good enough for future ST devices.
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Part 1l: Transport



Transport

e® \We care about transport in vicinity of
pedestal stability boundary.
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Transport

NSTX 132543

e® \We care about transport in vicinity of Constant T

pedestal stability boundary.

KBM boundary x KBM stable KBM unstable
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Transport

Accessible equilibria

during pedestal buildup

NSTX 132543

e® \We care about transport in vicinity of Constant T

pedestal stability boundary:.

KBM boundary x KBM stable x KBM unstable
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Transport

Accessible equilibria

during pedestal buildup

NSTX 132543

e® \We care about transport in vicinity of Constant T

pedestal stability boundary:.

KBM boundary x KBM stable x KBM unstable

| pu— |
-
=
—_
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Q

Inaccessible equilibria?...
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Transport

Accessible equilibria

during pedestal buildup

NSTX 132543

e® \We care about transport in vicinity of Constant T

pedestal stability boundary:.

KBM boundary x KBM stable x KBM unstable

® Linear gyrokinetic simulations give
turbulent diffusive ratios.
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Inaccessible equilibria?...
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Transport

e® \We care about transport in vicinity of
pedestal stability boundary:.

® Linear gyrokinetic simulations give
turbulent diffusive ratios.

@ Expect KBM-constrained pedestal sits at
maximal values of D,/y,, x:/x..
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Transport

e® \We care about transport in vicinity of
pedestal stability boundary:.

® Linear gyrokinetic simulations give
turbulent diffusive ratios.

@ Expect KBM-constrained pedestal sits at
maximal values of D,/y,, x:/x..

é
Depending on how pressure builds up

aftects Q,/T°,, Q;/0,.
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Transport

e® \We care about transport in vicinity of
pedestal stability boundary:.

® Linear gyrokinetic simulations give
turbulent diffusive ratios.

@ Expect KBM-constrained pedestal sits at
maximal values of D,/y,, y:/x..
N
Depending on how pressure builds up
atfects Q,/T",, O./0.,.
N
Affects pedestal profile evolution.
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Transport Picture: Particle Vs. Heat

Constant n

Constant n

e As pedestal pressure builds up, D,/y,
INCcreases.

Fig 1: D,/y, versus A .4 and fy .4 for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.
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Transport Picture: Particle Vs. Heat

Constant n

Constant n

e As pedestal pressure builds up, D,/y,

Pedestal pressure build up:

INCreases.

Fig 1: D,/y, versus A .4 and fy .4 for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.
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Transport Picture: Particle Vs. Heat

Constant n

Constant n

e As pedestal pressure builds up, D,/y,
INCcreases.

0.2 0.3
66’, ped

Fig 1: D,/y, versus A .4 and fy .4 for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.
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Transport Picture: Particle Vs. Heat

Constant n

Constant n

Add information about most

common mode type

0.2 0.3
66’, ped

Fig 1: D,/y, versus A .4 and fy .4 for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.
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Transport Picture: Particle Vs. Heat

Constant n

Constant n

e As pedestal pressure builds up, D,/y,
INCcreases.

0.2 0.3

ITG/ETG KBM .
A ‘ . Fig 1: D /¥, versus Apeq and figpeq for NSTX 132543 with

constant n. D,/y, averaged over halt-width and all k,p;.

o Mode type is most common in half-width.



Transport Picture: Particle Vs. Heat

Constant n

Constant n

e As pedestal pressure builds up, D,/y,
INCcreases.

Fig 1: D,/y, versus A .4 and fy .4 for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

o Mode type is most common in half-width.



Transport Picture: Particle Vs. Heat

Constant n

Making 1-dimensional plots...



Transport Picture: Particle Vs. Heat

Constant n

e a important parameter for D, /y,.

Red: GCP unstable. Black: GCP stable

increasing V71

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

Mode type is most common in half-width.
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Transport Picture: Particle Vs. Heat

Constant n

o U |mportant parameter for De/)(e' Red: GCP unstable. Black: GCP stable

® GCP unstable to KBM.

e Black regions GCP stable to KBM. -

B .
KBM GCP B

unstable

increasing V71

GCP stable A

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

Mode type is most common in half-width.
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Transport Picture: Particle Vs. Heat

Constant n

e o important parameter for D,/y,.

Red: GCP unstable. Black: GCP stable

e First stability ITG/ETG-dominated.

A¢

increasing V71

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

Mode type is most common in halt-width.
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Transport Picture: Particle Vs. Heat

Constant n

e o important parameter for D,/y,.

Red: GCP unstable. Black: GCP stable

e First stability ITG/ETG-dominated.

A¢

e As pressure builds up, D,/y, increases

with a, as KBM more common in half-

width.

increasing V71

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

Mode type is most common in halt-width.
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Transport Picture: Particle Vs. Heat

Constant n

e o important parameter for D,/y,.

Red: GCP unstable. Black: GCP stable

e First stability ITG/ETG-dominated.

@ As pressure builds up, D,/y, increases
with a, as KBM more common in half-

width.

increasing V71

e D,/y, maximum in

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.

Mode type is most common in halt-width.
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Transport Picture: Particle Vs. Heat

Constant n

e o important parameter for D,/y,.

e First stability ITG/ETG-dominated.

@ As pressure builds up, D,/y, increases
with a, as KBM more common in half-

width.

e D,/y, maximum in unstable pedestal

¢

region.

® Second stability ETG-dominated.

Red: GCP unstable. Black: GCP stable

¢
Second @

stability ¢’ B

increasing V71

Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with
constant n. D,/y, averaged over halt-width and all k,p;.
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Mode type is most common in halt-width.



Transport Picture: Particle Vs. Heat

Constant n

e o important parameter for D,/y,.

Red: GCP unstable. Black: GCP stable

e First stability ITG/ETG-dominated. ¢ oM M
Second .‘ TG ETG
_ _ stabilit S
@ As pressure builds up, D,/y, increases o \abﬂiziation
with a, as KBM more common in halt- ’

width.

increasing V71

e D,/y, maximum in unstable pedestal

¢

region.

® Second stability ETG-dominated.
Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with

e In second stability, D.,ly, decreases with constant n. D,/y, averaged over halt-width and all k,p;.
o as in half-width. Mode type is most common in halt-width.
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Transport Picture: Particle Vs. Heat

Constant n

I/ important parameter for De/)(e' Red: GCP unstable. Black: GCP stable
e First stability ITG/ETG-dominated. ¢ oM M
Second .‘ TG ETG
_ _ stabilit S
e As pressure builds up, D,/y, increases ¢ ’}{tabiliz:ration

with a, as KBM more common in half- E g

increasing V71

width. m g K
j unstable

e D,/y, maximum in

¢

stability A

® Second stability ETG-dominated.
Fig 1: D,/y, versus a and D,/y, for NSTX 132543 with

e In second stability, D.,ly, decreases with constant n. D,/y, averaged over halt-width and all k,p;.
a as in half~width. Mode type is most common in half-width.
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Transport Picture: Particle Vs. Heat

Constant n

e Plotting I',=D,Vn,, Red: GCP unstable. Black: GCP stable

3
Qe — )(eVTe + EFeTe

4

3
<Q€/F€>T/CL, k,
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increasing V71




Transport Picture: Particle Vs. Heat

Constant n

e Plotting I',=D,Vn,, Red: GCP unstable. Black: GCP stable
3
Qe=Xe V1o + EFQTQ stability @
. n .’
e® Heat transport increases with a. _—

L
KBM

unstable

4

3
<Q€/F€>T/CL, k,
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increasing V71




Transport Picture: Particle Vs. Heat

Compare with constant T:



Transport Picture: Particle Vs. Heat

Compare with constant T: Constant T

Red: GCP unstable. Black: GCP stable
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Transport Picture: Particle Vs. Heat

Compare with constant T: Constant T

Red: GCP unstable. Black: GCP stable

KBM MTM
ITG ETG

I
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~
T
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Transport Picture: Particle Vs. Heat

Constant n Constant T

Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable

KBM MTM _ KBM MTM
ITG ETG ITG ETG

Increasing VI
Increasing Vn

AL A'
' ' 4

<Q€/P€>T/CL, k,
Expected Q,/1', ~ VT, Unexpected Q,/I', ~ Vn,




Transport Picture: Particle Vs. Heat

Constant T Constant T

D,/x,

Red: GCP unstable. Black: GCP stable
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Transport Picture: Particle Vs. Heat

Constant T Constant T
D.,/y. O./1,

Red: GCP unstable. Black: GCP stable

Red: GCP unstable. Black: GCP stable

KBM MTM
ITG ETG

KBM MTM
ITG ETG

\A/

Increasing Vn

ITICTeasin

o2 ¥ AN, Q
3.0 0.2 0.4 0.6 % 1 > 3 4 5 6 7
<6/X6>r/a,ky <Q6/Pe>r/a,ky

how with Increasing Vn,.



Transport Picture: Particle and Heat
Combine Q,/I', and Q,/Q;



Transport Picture: Particle and Heat
Combine Q,/I', and Q,/Q;

Constant n
TG —> —>

Red: GCP unstable. Black: GCP stable

Second

stability




Transport Picture: Particle and Heat

Combine Q,/I', and Q,/Q;

Constant n
TG —> —>

Red: GCP unstable. Black: GCP stable

Second
stability

3
<Q€/P€>T/CL, k,

Constant T
MTM —> —>

Red: GCP unstable. Black: GCP stable

.1:-

<Qe/r >r/a, k,

0 Second

0

stablllty




Summary

e With self-consistently varied equilibria,
both ideal and kinetic ballooning mode give

A= Cl(ﬁg,ped)’ﬁ scaling close to NSTX

experiment.

02 04 06 08 1.0

(ﬁﬁ, ped) L2
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Summary

e With self-consistently varied equilibria,
both ideal and kinetic ballooning mode give

A = a(ﬂg,ped)ﬁ scaling close to NSTX

experiment.

e GCP given by KBM more accurate, due to
lower KBM stability threshold.

131

0.2

04 06 0.8

(5@, ped) L2

1.0

1.2




Summary

e With self-consistently varied equilibria,
both ideal and kinetic ballooning mode give
A = a(ﬂg,ped)ﬁ scaling close to NSTX

experiment.

e GCP given by KBM more accurate, due to
lower KBM stability threshold.

e [ransport in first stability, instability, and
second stability varies whether n or T kept
constant during pressure buildup.

132
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Summary

e With self-consistently varied equilibria,
both ideal and kinetic ballooning mode give

A= Cl(ﬁg,ped)’ﬁ scaling close to NSTX

experiment.

e GCP given by KBM more accurate, due to
lower KBM stability threshold.

e [ransport in first stability, instability, and
second stability varies whether n or T kept
constant during pressure buildup.
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Transport Picture: lons Vs. Electrons



Transport Picture: lons Vs. Electrons

e Consider y./y,, relative heat ditfusivity of
ions and electrons.



Transport Picture: lons Vs. Electrons
Constant T

e Consider y./y,, relative heat ditfusivity of
ions and electrons. Constant 7

Fig 1: y;/x, versus A 4 and fy .q tor NSTX 132543 with
constant T y;/y, averaged over halt-width and all k p;.

. Mode type is most common in half-width.



Transport Picture: lons Vs. Electrons
Constant T

e Consider y./y,, relative heat ditfusivity of
ions and electrons. Constant 7

e Increase in y:/y, near first stability
boundary.

Fig 1: y;/x, versus A 4 and fy .q tor NSTX 132543 with
constant T y;/y, averaged over halt-width and all k p;.

. Mode type is most common in half-width.



Transport Picture: lons Vs. Electrons
Constant T

e Consider y./y,, relative heat ditfusivity of
ions and electrons Red: GCP unstable. Black: GCP stable

e Relative ion diffusivity maximum in

increasing vn

<Xi/X6>r/a, k,

Fig 1: y./y, versus a and y;/y, for NSTX 132543 with
constant T y;/y, averaged over halt-width and all k p;.

Mode type is most common in half-width.
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Transport Picture: lons Vs. Electrons
Constant T

Q./Q;

Red: GCP unstable. Black: GCP stable

7.5 10.0 12.5 : 17.5

<Q6/Qz’>r/a, k,

141
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Transport Picture: lons Vs. Electrons
Constant T

Q./Q;

Red: GCP unstable. Black: GCP stable

7.5 10.0 12.5 : 17.5

<Q6/Qz’>r/a, k,

!y, profile explains Q,/Q. profile at constant T.

142

increasing vn



Transport Picture: lons Vs. Electrons
Constant T

Qe/ Qi

Red: GCP unstable. Black: GCP stable

]
~—
o
S
3
~_—

3
7
6
5
4
3
2
1

7.5 10.0 12.5 : 17.5

<Q6/Qi>r/a, k,

!y, profile explains Q,/Q. profile at constant T.
Consider constant n
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increasing V7T

Transport Picture: lons Vs. Electrons

Constant n

Q./Q;

Red: GCP unstable. Black: GCP stable

10.0 12.5 15.0 17.5 20.0

<Q6/Qz’>r/a, k,
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increasing V7T



mcreasing VI

Transport Picture: lons Vs. Electrons

Constant n Constant T

Red: GCP unstable. Black: GCP stable

10.0 12.5 15.0 17.5 20.0 7.5 10.0

<Q6/Qz’>r/a, k,
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12.5

<Q6/Qi>r/a, k,

Q./Q;

Red: GCP unstable. Black: GCP stable

17.5

increasinge vn




increasing V7T

Transport Picture: lons Vs. Electrons

Constant n Constant T

Red: GCP unstable. Black: GCP stable Red: GCP unstable.

10.0 12.5 15.0 17.5 20.0

<Q6/Qz’>r/a, k,
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Qe/ Qi

BI@k: GCP stable

7.5 10.0 12.5 17.5

<Q6/Qi>r/a, k,

increasinge vn




mcreasing VI

Transport Picture: lons Vs. Electrons

Constant n Constant T

Red: GCP unstable. Black: GCP stable

Red: GCP unstable.

10.0 12.5 15.0 17.5 20.0

<Q6/Qz’>r/a, k,
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Q./Q;

BI@k: GCP stable

7.5 10.0 12.5 17.5

<Q6/Qi>r/a, k,

increasinge vn




increasing V7T

Transport Picture: Summary

Constant n Constant T
o ITG—> KBM —> ETG e MTM —> KBM —> MTM/ETG
increases Q,/0, decreases Q,/Q.

Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable

10.0 12.5 15.0 17.5 20.0 : : : 7.5 10.0 12.5

<Q6/Qi>r/a,ky <Q6/Qi>r/a,ky

increasing Vn



increasing V7T

Transport Picture: Summary

Constant n

o ITG—> KBM —> ETG
increases Q,/I",

Red: GCP unstable. Black: GCP stable

Constant T

e MTM —> KBM —> MTM/ETG
complicated Q,/T",

Red: GCP unstable. Black: GCP stable

<Q6/Fe>r/a, k,

increasing Vn



Transport Picture: Summary ¢M™ —> KBM —> MTM/ETG
o ITG —> KBM —> ETG complicated /1,

Constant n Constant T

Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable

4

3
<Q€/P€>T/CL, k,



Backup Slides

Unstable pedestals sit at maximum electron diffusivity points.

Constant n Constant T

Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable
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Backup Slides

Constant T pedestal sits at a minimum Q, state. Presence of ITG in constant n gives very low Q, for constant n.

Constant n Constant T
Red: GCP unstable. Black: GCP stable

Red: GCP unstable. Black: GCP stable

4

3
<Q6/F6>T/CL, k,
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Constant n

Red: GCP unstable. Black: GCP stable

Constant T

Red: GCP unstable. Black: GCP stable

¢ KBM KBM
Secondst lization 'T,G

stability

_
KBM

|
Bt unstable

Red: GCP unstable. Black: GCP stable

stability A ‘ﬁ?A
0.2 0.4 0.6

<D6/X6>r/a, k,

Red: GCP unstable. Black: GCP stable
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Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable
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T, n trajectory plots...

Red: GCP unstable. Black: GCP stable

Second
stability

Constant T

Red: GCP unstable. Black: GCP stable

¢ KBM KBM

stawilization

ITG

_
KBM

|
Bt unstable

Red: GCP unstable. Black: GCP stable

stability A ‘ﬁ?A
0.2 0.4 0.6

<D6/X6>r/a, k,

Red: GCP unstable. Black: GCP stable
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Red: GCP unstable. Black: GCP stable Red: GCP unstable. Black: GCP stable
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Difference b/w low-A BCP and our results.

@ BCP assumes that both density and
temperature profiles can be fit with
tanh.

® In 132543 case, there is no
parameterized temperature pedestal
if the fit is bad. Density pedestal
usually fits extremely well. We take

Ap,ped — By.ped-
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Backup Slides
NSTX 132543 Profiles,

Constant T

Ppea SCale fac. = 0.4
Base case
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Kinetic, Ideal Comparison

S—a

e Difference in kinetic and ideal
boundaries apparent from s-alpha
diagram.
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Kinetic, Ideal Comparison

S—a

e KBM and ideal § — a diagram.
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Kinetic, Ideal Comparison

S—a

e KBM and ideal § — a diagram.

e KBM critical @ much lower than ideal.

KBM unstable e |deal unstable
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Kinetic, Ideal Comparison

S—a

e KBM and ideal § — a diagram.

e Lower KBM threshold crucial for accurate
A scaling.

KBM unstable e |deal unstable
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