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Motivation: Pedestal Height Critical for ITER

Performance Prediction and Optimization

e High performance (“H-mode”) operation in tokamaks due to spontaneous
formation of an edge barrier or “pedestal”

* Pedestal height has an enormous impact on fusion performance
— Dramatically improves both global confinement and stability (observed and predicted)
— Fusion power on ITER predicted to scale with square of the pedestal pressure [Kinsey, NF11]

* Accurate prediction of the pedestal height is essential to assess and optimize
ITER performance, and to optimize the tokamak concept for energy
production. Optimization must be done with tolerable or controlled ELM:s.
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Outline: EPED Model Combines Peeling-Ballooning and KBM

Physics to Predict Pedestal Height and Width

Developed based on two fundamental physics constraints, which are directly

calculable, leading to a predictive and easily testable model
P.B. Snyder et al Phys Plas 16 056118 (2009), NF 49 085035 (2009), NF 51 103016 (2011)

A. The Peeling-Ballooning Model
— “Global” constraint on pedestal height vs width
— Successfully tested across wide range of cases

B. Kinetic Ballooning Mode Onset
— Local constraint on pressure gradient from ballooning/GK theory
— Integrate to get 29 relation on width vs height

C. Combine A&B to Develop Predictive Model (EPED)

— 2 “equations” for 2 unknowns: pedestal height and width

— EPED1.6: Both P-B and KBM constraints calculated directly (EPED1 simplified KBM)
* No free or fitting parameters in any part of model, straightforward & predictive

D. Validate Model Against JET and Other Devices
— Large study of 137 hybrid and baselines discharges on JET

E. Pedestal Prediction and Optimization for ITER
—  Previous baseline ITER study, ITER_citrin, ITER_hybrid, ITER_reference
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Peeling-Ballooning Modes

Provide a “global” constraint on the pedestal height
as a function of the width
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The Peeling-Ballooning Model Explains ELM
Onset and Pedestal Height Constraint
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Pedestal is constrained, and (“Type I”) ELMs triggered by intermediate
wavelength (n~3-30) MHD instabilities
e Driven by sharp pressure gradient and booftstrap current in the edge barrier (pedestal)
« Complex dependencies on v,, shape etc., extensively tested against experiment
The P-B constraint is fundamentally non-local (effectively global on the scale of the barrier)
* Model equilibrium technique used to apply P-B constraint predictively Byo.q=f(A,)
« P-Blimit increases with pedestal width (A, ), but not linearly (roughly Bypeq~A,,**)

ELITE code, based on extension of ballooning theory to higher order, allows efficient and
accurate computation of the intermediate n peeling-ballooning stability boundary

H.R. Wilson, P.B. Snyder et al PoP 9 1277 (2002). P.B. Snyder, H.R. Wilson et al PoP 9 2037 (2002).

P.B. Snyder, K.H. Burrell, H.R. Wilson et al Nucl Fusion 47 961 (2007).
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Kinetic Ballooning Mode
Onset Provides 2"9 Constraint

Many mechanisms drive fransport across the edge barrier. We

hypothesize that the KBM is the mechanism by which the pressure
gradient is finally constrained in the presence of strong ExB shear (in
the regime of interest to ITER — moderate to low collisionality and

standard aspect ratio)
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Propose Pedestal Pressure Gradient Constrained

by KBM Onset Near Ideal Ballooning o

e Kinetic Bqllooning Mode (KBM) is a 05 Ca'rtoon of ty'pical gyro'kinetic gr?wth rate Ys B

pressure gradient driven mode _
— Qualitatively similar to ideal ballooning mode ,?00-4‘ .
. . . 93 |
— Kinefic effects essep’nol for Imeqr mode Josl  Typical ExB shearing rate in/edge barrier
spectrum and nonlinear dynamics |
 Llinear studies and electromagnetic KBM o> e
° ° ° ..'C_.
turbulence simulations find: = \ — TEM
[Rewoldt87,Hong89,Snyder99,Scott0],Jenko01, Candy05...] (B 0.1 — KBM .
— Abrupt linear onset, quickly overcomes ExB i / O ideal acrit 1
shearing rate, large QL transport 00— g
* Linear onset near ideal ballooning critical Normalized Pressure Gradient (a = 3 B/Bcrit)
gradient due to offsetting kinefic effects Kinetic Ballooning Mode, p=1%
 Initial full EMGK calcs in full edge geometry ‘ |
with GYRO match expected onseft 50

— Nonlinear: very large fluxes and short
correlation times (highly stiff)
* Flux will match source at gradient near critical
> Simple model of the KBM can be
quantitatively accurate

— Stiff onset near MHD ballooning criticality »
~ Integrate using model equilibrium technique Snyder’99,’02*° 0 50 80 00 120140
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Implementing and Testing the
EPED Model
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Mechanics of the EPED Predictive Model

Illustration of EPED Model, DIII-D 132010

—_— Peellng Balloonlng Constralnt (A) I

* Input: B, I, R, a, %, 8, Nyey Byiobarr M 20
e Output: Pedestal height and
width (no free or fit parameters)

A. P-B stability calculated via a series
of model equilibria with increasing
pedestal height

— ELITE, n=5-30; non-local diamag
model from BOUT++ calculations

Pedestal Height (pped, kPa)

0 1 1
0.00 0.02 0.04 0.06 0.08

Pedestal Width (W)
P.B. Snyder et al Phys Plas 16 056118 (2009), NF 51 103016 (2011)
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Mechanics of the EPED Predictive Model

lllustration of EPED Model, DIII-D 132010

* Input: B, I, R, a, %, 8, Nyey Bgiobarr M;
e Output: Pedestal height and
width (no free or fit parameters)

A. P-B stability calculated via a series
of model equilibria with increasing
pedestal height

N
o

—_— Peellng Balloonlng Constralnt (A) ~ 3 US
- KBM Constraint (B) !
15+ @ EPED Prediction

—_
o
I

uu

Pedestal Height (pped, kPa)
(@) ]

— ELITE, n=5-30; non-local diamag SS
model from BOUT++ calculations
B. KBM Onset: A =8, ,G(v.¢.) 00" ote " o0a o006 008

— Directly colculo’re with ballooning crifical

pedestal technique Pedestal Width (t¥y)

P.B. Snyder et al Phys Plas 16 056118 (2009), NF 51 103016 (2011)

« Different width dependence of P-B stability (roughly p,.4~A,**) and KBM onset
(Ppea~A, %) ensure unique solution, which is the EPED prediction (black circle)
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Mechanics of the EPED Predictive Model

Illustration of EPED Model, DIII-D 132010

* Input: B, I, R, a, %, 8, Nyey Bgiobarr M; 20
e Output: Pedestal height and
width (no free or fit parameters)

A. P-B stability calculated via a series
of model equilibria with increasing
pedestal height

—_— Peellng Balloonlng Constralnt (A) 3
-« KBM Constraint (B) !

15+ @ EPED Prediction

Measurement (DIII-D)

10|

— ELITE, n=5-30; non-local diamag
model from BOUT++ calculafions & | .
B. KBM Onset. A =8 G(v.e..) 800" o0z 00a o006 008

p,ped
— Directly calculate with ballooning crifical Pedestal Width (Wy)
pedestal technique

Pedestal Height (pped, kPa)

.
-
.
.
.
o
.

P.B. Snyder et al Phys Plas 16 056118 (2009), NF 51 103016 (2011)

« Different width dependence of P-B stability (roughly p,.4~A,**) and KBM onset
(Ppea~A, %) ensure unique solution, which is the EPED prediction (black circle)
-can then be systematically compared to existing data or future experiments

P-B stability and KBM constraints are tightly coupled: If either physics model (A or B) is
incorrect, predictions for both height and width will be systematically incorrect

Effect of KBM constraint is counter-intuitive: Making KBM stability worse increases pedestal
height and width

0:0 GENERAL ATOMICS
PB Snyder/ISM/2011



Interaction of P-B and KBM Constraints Predicts

Pedestal Height and Width Changes in |, Scan

DIII-D: I, varied by a factor of 3
(0.5, 1, 1.5MA)

e B=2.1T, k=1.74, §=0.3
“Global” P-B stability increases
roughly linearly with I,
 B.-like, dependence
weakens as g gets low

EPED1 Model, DIII-D Current Scan (0.5, 1, 1.5MA)

25
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Interaction of P-B and KBM Constraints Predicts

Pedestal Height and Width Changes in |, Scan

DIII-D: |, varied by a factor of 3 EPED1 Model, DIlI-D Current Scan (0.5, 1, 1.5MA)
(0.5, 1, 1.5MA) 25 — T
e B=2.1T, k=1.74, =03 I EBBMngggfr‘g:ﬁlt(E“TE) §
“Global” P-B stability increases < 20-¢ EPED1 Prediction
roughly linearly with I, §_ .
 B.-like, dependence o151
weakens as g gets low s |
KBM increases with ~1 2 '%10 ;
Interaction of P-B and KBM leads E :
to height that first rises strongly % 5L
then stagnates, while width g
decreases with | D o

O 1 | 1 1 | 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Pedestal Width (Ay )
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Interaction of P-B and KBM Constraints Predicts

Pedestal Height and Width Changes in |, Scan

DIII-D: I, varied by a factor of 3 EPED1 Model, DIII-D Current Scan (0.5, 1, 1.5MA)
(0.5, 1, 1.5MA) 25 — ———
+ B=2.1T, k=1.74, §=0.3 I EBBMCSQﬁgt?QLt(ELITE), :
“Global” P-B stability increases ~ 20~ ¢ EPED1 Predicton -
roughly linearly with |, 3 | m Measured (DIII-D) > ]
 B.-like, dependence §15 =
weakens as g gets low = 15MAL - = -
KBM increases with ~1 2 -%1 ok -
Interaction of P-B and KBM leads T 1
to height that first rises strongly % 5| . 0.5MA, ..o**
then stagnates, while width ko _ —w
decreases with | Sl T
e Good agreement with 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
observations at all | ; values Pedestal Width (A, )
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Tests of EPED on Large Dataset of
JET Hybrid and Baseline Shots




Extensive JET Dataset Allows Detailed Testis

of Models

Comparison of 20|
measured JET
pedestal T, and n,
using slightly
different analysis
techniques (“JET  © osf
fits” vs “DII-D fits”) oot

00 05 1.0 15 20 0 2 4 & & 10
heighty, — JET—fits height,,, — JET—fits

e 137 Discharges in four categories: low and high ¢ hybrids, low and
high § baseline (including low and high & rhostar expt)

- 0.98 <1,<2.49MA, 1.08 <B;<2.79T,0.20 <6 <0.45, 1.4 <ng . 4< 9.6,
0.3 <fowpea< 1.0, 1.5<B <34,

— Full dataset used, no down selection
 Pedestal measurement and analysis is always a challenge, lots of hard
work here by Beurskens, Osborne, Groebner et al
— Variation due to analysis technique ~10% for T,, <~5% for n, (use “DIII-D” fits)
— Add to measurement uncertainty -> pedestal pressure uncertainty ~10-20%
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Test of EPED1 on Full JET Dataset (137 cases)

E 30 L L L rr o r 17 1117
X - % JET (aII, Ptot,ped)
B 25F _
o
= I K v :
g A
2t Q%:%HG* ...... £
5 * KX % :
3 L *¥ O ax *
() - .

10F @Ry ]
kS - ** )
o i ¥ ]
® o e .
S5 [ A e
% O “““ I 1 | P | 1
g 0 5 10 15 20 25 30

EPED1 Predicted Pedestal Height (kPa)

Comparison to full JET dataset with HRTS measurements (see M. Beurskens, HMWS)
Ratio of predicted to observed height = 0.97 * 0.21 (corr r=0.86)
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Interpreting the Correlation between Model

and Experiment

covariance of X and Y

"~ (standard deviation of X)( standard deviation of Y)

Model Uncertainty (ie model accuracy)

=>
Ec)J(rperCetﬁgn for £ 0% |5% |[10% |15% |20% |25%
this 137 point 8 122 99+.00 | .97+.01 | 93£.01 | .88+.02 | .84+.03
P S |5% |.99£.00|.98£.00 | .96£.01 | .92£.01 | .88+.02 | .83+.03
g?ntjeiiga it E 10% | .97£01 | .96£01 | .94£.01 | .90+.02 |.86£.02 | .81+.03
Gaussianrandom @ | 15% | .93t.01 | .92t.01 | .90+.02 | .87£.02 | .83+.03 | .79+.03
gg;;sl’ef)’a"ty more % 20% | .88£.02|.88+.02 | .86£.02 | .83+.03 | .80+.03 | .76+.03
= |25% |.84£.03|.83£.03 | .81£.03 | .79£.03 | .76+.03 | .73£.04

 The (Pearson) correlation coefficient, r=(-1,1), is a measure of linear

dependence

— High values indicate strong correlation, but what value represents “good

agreement” depends on uncertainties vs range of data (data set dependent)

* For the 137 point comparison, the correlation between the EPED1 model and
measurements (0.86) is consistent with:
- ~15% uncertainty in measurement and model, ~20% uncertainty in measurement and ~10%

uncertainty in model, ~10% measurement uncertainty and ~20% in model

* This measure is consistent with model accuracy of ~20% or better
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Comparison of Hybrid vs Baseline

Discharges

/C-U\ 30 +——— LN B B L B L LI L R ) I R L R TU\ 30 ——— T oy T, 7 " 71 LI B U L LR
S | % JETHybrid ] & % LowdHybrid :
8 25F x JET Baseline 1 Bosfp* Hlgh & Hybrid .
e I e 1 &£ I+ LowdBaseline .
E) 20 ;ﬁi « %9‘; ‘‘‘‘‘‘‘‘‘‘‘ ] % 20f5 High & Baseline ﬁaﬂj’_,ﬂ.am ij ............... ]
Q - Tk eve* @ - O ..«D"""‘D .
T X S K T [ oy, T ]
5 f * *9%1 o 1 5™ * *a%e* 5 ;
%) . - » X . - ]
L 1of gl 1 S of ¥ ]
o f X 1 & f ot - ]
3 oF i Z :
S e * 2 e o
% 0 b [ 1 1 L1 1 8 ) il [ L L1 1 L L]
% 0 5 10 15 20 25 30 % 0 5 10 15 20 25 30
EPED1 Predicted Pedestal Height (kPa) ~ EPED1 Predicted Pedestal Heiaht (kPa)
 Hybrids have sitronger decoupling of Ti and Te
* 77 Hybrid: ratio of predicted to observed p,,4=0.89 * 0.10 (corr r=0.91)
e 60 Baseline: 1.06 * 0.26 (corr r=0.82)
[ J

Similar overall agreement, less variation in hybrid dataset
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EPED Model Captures Variation with Global

Beta (Shafranov shift) in JET Hybrids

Accuracy of EPED1 Predictions for JET Hybrids vs Global Beta

Global vs Pedestal By in JET Hybrids

4.0 520 I I I
) T 48[ 1 * AIJET hybrids (77)
& % %ﬁw%i * Ko 2 16l 1 m 75738_48220
— 3.0+ I, s | ® 1.6} .
E o %ﬁﬁgﬁ . S 1l { m 75740_48270
o | LB, 5 1o 1 m 75741_47720
% .
G 20} % 1 27 * * * m 75742_48270
S | K g 1.0 L e P -
o o U _____ M ___mt F R e _w ____x] 74641_46519
= 8 o0gfi3335z505w== f*:.:‘*“ﬁ}%%&{%_:%;{@l: -
? 10p + JET (hybrid) 1 2460 ° ) ) 1 74644_48670
% -~ Linear fit (y=3.59x) 5 ] -- Linear fit to all 77 cases
S = 42 L |
ook .+ 4 PO\.Ner L.aw (.y_s'.ﬂxo. : E 0'4_ | -- Linear fit to 6 cases
0.0 0.2 0.4 0.6 0.8 1.0 12 W02 i
o - 4
0_0 1 1 1 1 1 1 1
Measured Pedestal By % ) 55 S 35 s
o
Global By

» Significant correlation between observed global and pedestal beta
(r~0.66, left figure)

* This dependence captured reasonably well by EPED model
— Ratio varies little in full hybrid dataset or 6 specified shots

— Note there is no power dependence in EPED, but P-B stability is sensitive to
global Shafranov shift
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EPED Model Captures Variation with

Triangularity and Density in JET Hybrids

Accuracy of EPED1 Predictions for JET Hybrids vs Density

Accuracy of EPED1 Predictions for JET Hybrids vs Triangularity

ht

Se0 — — —— o 20y ' ' ' '

T 18] )y = 18r ]
£ 16l ] 7 16 .
S 14l l 8 14 .
o L

g 1.2¢ 3 121

10 s 1of

8 o8} i@% S 08f

2 06} *ox ] 2 06}

g 0.4] ] g 04} | y
L 0.2_— % JET hybrid (77) 1 L 0.2+ x JET Hybrid (77) 7
% 00 ——o1 o2z 03 04 05 é 095 2 3 4 5
o o

Triangularity (3) Pedestal Density (1019 m-3)

* Strong increase in pedestal height (~50% in B \ ,.4) With triangularity
largely captured by EPED1 Model

e Variation in pedestal height with pedestal density also captured
(much of this is really triangularity and |, dependence)
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Test of EPED on 259 Cases on 5 Tokamaks

Finds Agreement within ~20%

Comparlson of EPED Model to 259 Cases on 5 Tokamaks Combines new and publlshed

s [ . oeTasny e 1 studies with both versions of the
< | = DIID(91) W% %" I model (EPED1 and EPED1.63)
5’ : L(J:T-l-\?gg ((1106)) % %‘ e@% """" 1 ¢ 259 cases, factor of ~20 variation in
2 1 AUG (5) e % pressure, ~10 in pedestal beta
s10°F o e & ] — Full set of 137 JET baseline and hybrid
8 I e ] cases with HRTS (M. Beurskens)
& . GAEA) ] — C-Mod and DIlII-D data from JRT 2011
% ,,,, B f:* . (m(u 2) | campaigns (EPED1.63)
e | " Py _ Published studies on JT60-U, AUG, DIIl-D
d | e 5
S |
2100 """" L L L I T T T |

100 101

EPED Predicted Pedestal Height (kPa)
Ratio of predicted to observed height = 0.98 * 0.20 (corr r=0.92)
Consistent with ~10-15% measurement error and EPED accuracy to ~15-20%

EPED1 model accurate to ~20% overall with strong correlation between predicted
and observed pedestal height (no adjustable parameters)

-Captures frends in data
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EPED Predictions and
Optimization for ITER
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Pedestal Prediction for ITER (NF 51 103016 2011)

ITER model profiles with EPED predicted pedestal

© = DII-D (i)ecllscltallel + ITER delzmo)l o 16 T T —
% 102 i 13 77 ]
= ® JET (rhostar) 14L ped .
< [ A C-Mod (1090914) “ ”
2 L - 121 7
L @ ITER prediction (base) % I tOp ‘/ ]
= 3 10| T
%) ] i
810 a 3 8 T
o) [] -
o
= . e ]
o [ TS
§ < 4 i Density (1019 m-3) N i
§100 RN Ll 2} — — Temperature (keV) A\

1 00 1 01 102 O [ f Presslurel(.1 014 Pal') 1 1 1 1 1 1 1

EPED1.6 Predicted Pedestal Height (kPa) 0.85 0.90 0.95 1.00

P.B. Snyder et al NF 51 103016 (2011) Normalized Poloidal Flux (W)

* For ITER baseline, EPED1.6 (full model) predicts a pedestal height of g ,.4~0.6
and a width A ;. 4~0.04 (~4.4cm), for n,~7x10"" m3

— In normalized units, values similar to predictions and observations on existing devices
* Predictions given for pedestal as defined by the tanh function half width (“ped”)

— To connect to core simulations, we define a pedestal “top” that is another half-
width in, inside the sharp gradient region

— Reference EPED prediction is By 1,,~0.75 af the “top”, A,;;,,~0.06, ¥ \;,,~0.94
Recommend using “top” values as the Boundary Condition for core transport studies
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Understanding the Pedestal Allows ITER

Performance Optimization

Optimization of ITER Pedestal Height, EPED1.6

Shaping, collisionality,q ...

Higher Pedestal (Height <& Width)

=

Higher Shafranov shift «————— Higher Core Pressure (near-stiff transport)

—e— Pedestal Value (Global By=1.7)
--o-- "Top" Value (Global BN=1.7)
—=— Pedestal Value (Global By=2.5)
--- "Top" Value (Global BN=2.5) .
ool Larger Fusion Power
0.0

o " 7 8 9 10 11

Pedestal Density (1019 m-3)

 EPED predicted pedestal height increases with density and Shafranov
shift (global 8)

— Low density kink/peeling regime: RMP ELM control and Quiescent H-Mode
operate in this regime (not sufficient condition — more research needed)

— Virtuous cycle: Increasing core pressure improves pedestal height, which
in turn increases core pressure (P, ~Ppeq?)

— Pedestal top values of B ;,,~0.9 can be achieved with optimization,
which allows high predicted global performance in ITER [Kinsey, NF11]
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EPED1 Predictions for ISM ITER
Cases: ITER Citrin




ITER_Citrin Hybrid Cases, Z_4=1.7

 Based on J Cifrin et al Nucl. Fus 50 115007 2010

e All Cases: R=6.2m, a=2m, £ =1.9, § =0.485, B;=5.3T, Z _=1.7

* Case 1:1,=12.2MA, n_,.4=9.35, B \=1.822 (Assumed T, ,=3keV, p,.4<~90kPaq)
— EPEDI (ped): Ppeq=77-2 kPa, B \peq=0.60, A o4(®\)=0.041
— EPED1 (top): pyo,=98.2 kPa, B \10p=0.76, A4, (¥ )=0.062

* Case 2:1,=11.8MA, n_,.4=9.02, B =2.015 (Assumed T, =4keV, p,.4<~116kPa)
— EPEDI (ped): Ppeq=75.2 kPQ, B \peq=0.61, A oq(®)=0.042
— EPED1 (top): piop=97.1 kPa, B \10p=0.78, A, (¥ )=0.063

* Case 3:1,=11.5MA, n_,.,=8.43, B \=2.156 (Assumed T ,=5keV, p,.4<~135kPa)
— EPED1 (ped): ppeg=71.9 kPQ, B peq=0.59, A joq(¥)=0.042
— EPED1 (top): pyop,=92.3 kPa, B \10p=0.76, A, (¥ )=0.063

* Case 4:1,=11.6MA, n_,.,=7.25, B \=2.156 (Assumed T, 4=5keV, p,.4<~116kPa)
— EPED]1 (ped): ppeg=66.4 kPQ, B peq=0.54, A o4(¥)=0.040
— EPEDI (fop): Ppp=85.1 kPa, B ;5,=0.70, A, (¥)=0.063
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ITER_Citrin Hybrid Cases, Z_4=2.5

 Based on J Cifrin et al Nucl. Fus 50 115007 2010

e All Cases: R=6.2m, a=2m, £ =1.9, § =0.485, B;=5.3T, Z _+=2.5

* Case 1:1,=12.2MA, n_,.4=9.35, B \=1.822 (Assumed T, ,=3keV, p,.4<~90kPaq)
— EPEDI (ped): Ppeg=20.0 kPQ, B \peq=0.70, A o4(® \)=0.044
— EPED1 (top): pyop,=114.3 kPQ, 8 155,=0.89, Ay (¥ )=0.066

* Case 2:1,=11.8MA, n_,.4=9.02, B =2.015 (Assumed T, =4keV, p,.4<~116kPa)
— EPEDI (ped): ppeg=87.0 kP, B \peq=0.70, A joq( ¥ )=0.045
— EPED1 (top): piop,=111.0 kPQ, B8 15,=0.89, Ay (¥ \)=0.068

* Case 3:1,=11.5MA, n_,.,=8.43, B \=2.156 (Assumed T ,=5keV, p,.4<~135kPa)
— EPED]1 (ped): ppeq=82.9 kP, B p6q=0.68, A 4(¥)=0.045
— EPED1 (top): pyop,=106.3 kP, B8 \15,=0.87, Ay (¥ )=0.068

* Case 4:1,=11.6MA, n_,.,=7.25, B \=2.156 (Assumed T, 4=5keV, p,.4<~116kPa)
— EPED]1 (ped): ppeg=81.1 kP, B peq=0.66, A o4(¥)=0.044
— EPEDI (fop): pP1op=103.5 kPa, B \;,,=0.84, A, (¥ )=0.066
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Comparison of EPED1 Predictions for

ITER Citrin Cases

1.1
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Increasing Z from 1.7 to 2.5 significantly increases EPED predicted p,4
— Related to density (ie collisionality) dependence of kink/peeling limit
— Can similarly achieve higher predicted p,.q by increasing density
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EPED1 Predictions for ISM ITER
Cases: ITER_Hybrid (ISM
requests 1,2,3)




ITER_Hybrid Cases, Request 1 (1,=11MA)

1..=1.7,2.5

* Request 1: R=6.2m, a=2m, « =1.85, § =0.485, B;=5.3T, | ,=11TMA

* Requested range: n_,,=6.5-10.510""" m3, B,=1.8,2.2,2.6, 3.0

— B dependence is weak for this density range, focus on B =2.2 and show B
dependence later in plots

EPED1 EPED1 EPED1 EPED1 EPED1 EPED1

Neped Loy By PogkPa)  Bupea  Aped(¥y) po(kPa) By Ay (W)
6.5 1.7 2.2 61.5 0.53 0.040 79.2 0.68 0.060
7.5 1.7 2.2 68.1 0.59 0.042 87.6 0.76 0.063
8.5 1.7 2.2 77.2 0.67 0.045 99.0 0.85 0.067
9.5 1.7 2.2 80.9 0.70 0.046 103.7 0.89 0.069

10.5 1.7 2.2 83.4 0.72 0.046 106.8 0.92 0.070
6.5 25 2.2 71.4 0.62 0.043 91.8 0.79 0.064
7.5 2.5 2.2 82.4 0.71 0.046 105.6 0.91 0.069
8.5 25 2.2 83.7 0.72 0.046 107.2 0.92 0.070
9.5 25 2.2 89.1 0.77 0.048 113.9 0.98 0.072

10.5 25 2.2 98.4 0.85 0.050 125.6 1.08 0.076
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ITER_Hybrid Cases, Request 1 (1,=11MA)

1..=1.7,2.5

* Request 1: R=6.2m, a=2m, « =1.85, § =0.485, B;=5.3T, | ,=11TMA

* Requested range: n_,,=6.5-10.510""" m3, B,=1.8,2.2,2.6, 3.0

— B dependence is weak for this density range, focus on B =2.2 and show B
dependence later in plots

 EPED predicted pedestal height increasing with density
— Suggests possibility of QH and RMP ELM conftrol, optimization at high density

ITER_hybrid Request 1 (Ip=11MA), Zs4=1.7, 2.5, BN=2.2

1.2
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ITER_Hybrid Cases, Request 2 (1,=12MA)

1..=1.7,2.5

* Request 2: R=6.2m, a=2m, « =1.85, § =0.485, B;=5.3T, | ,=12MA

* Requested range: n_,,=6.5-10.510""" m3, B,=1.8,2.2,2.6, 3.0

— B dependence is weak for this density range, focus on B =2.2 and show B
dependence later in plots

EPED1 EPED1 EPED1 EPED1 EPED1 EPED1

Neped Loy By PoikPa)  Bypeq  Aped(¥y) po(kPa) By Ay (W)
6.5 1.7 2.2 71.4 0.56 0.039 91.7 0.72 0.059
7.5 1.7 2.2 76.7 0.61 0.041 98.3 0.78 0.061
8.5 1.7 2.2 77.2 0.61 0.041 98.9 0.78 0.061
9.5 1.7 2.2 80.9 0.64 0.042 103.6 0.82 0.063

10.5 1.7 2.2 924 0.73 0.045 118.0 0.93 0.067
6.5 2.5 2.2 76.4 0.60 0.041 97.9 0.77 0.061
7.5 2.5 2.2 82.4 0.65 0.042 105.5 0.83 0.063
8.5 2.5 2.2 934 0.74 0.045 119.3 0.94 0.068
9.5 2.5 2.2 94.4 0.75 0.045 120.6 0.95 0.068

10.5 2.5 2.2 104.4 0.83 0.048 133.0 1.05 0.071
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ITER_Hybrid Cases, Request 3 (1,=13MA)

1..=1.7,2.5

* Request 2: R=6.2m, a=2m, « =1.85, § =0.485, B;=5.3T, | ,=13MA

* Requested range: n_,,=6.5-10.510""" m3, B,=1.8,2.2,2.6, 3.0

— B dependence is weak for this density range, focus on B =2.2 and show B
dependence later in plots

EPED1 EPED1 EPED1 EPED1 EPED1 EPED1

Neped Loy By PoikPa)  Bypeq  Aped(¥y) po(kPa) By Ay (W)
6.5 1.7 2.2 71.4 0.52 0.036 91.6 0.67 0.055
7.5 1.7 2.2 76.7 0.56 0.038 98.2 0.72 0.056
8.5 1.7 2.2 86.9 0.63 0.040 111.1 0.81 0.060
9.5 1.7 2.2 83.6 0.61 0.039 106.9 0.78 0.059

10.5 1.7 2.2 89.4 0.65 0.041 114.2 0.83 0.061
6.5 2.5 2.2 81.4 0.59 0.039 104.1 0.76 0.058
7.5 2.5 2.2 85.3 0.62 0.040 109.0 0.80 0.060
8.5 2.5 2.2 90.1 0.66 0.041 115.1 0.84 0.061
9.5 2.5 2.2 97.2 0.71 0.042 123.9 0.90 0.064

10.5 2.5 2.2 107.4 0.78 0.045 136.8 1.00 0.067
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EPED1 Predictions for ISM ITER
Cases: ITER reference
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ITER_Reference Scenario, Z _=1.7, 2.5

* Reference: R=6.2m, a=2m, £ =1.85, J=0.485, B=5.3T, | =15MA
* Requested range: n_,.,=8.5-10.510""" m=3, B \=1.8, 2.0, 2.2

- B dependence is weak for this density range, focus on B =2.0 and show B

dependence later in plots

EPED1 EPED1 EPED1 EPED1 EPED1 EPED1
Neped L Poea(kPa)  Biypeq  Apo(¥y) po(kPa) By, Ay (W)
8.5 1.7 89.2 0.56 0.035 1134 0.72 0.053
9.5 1.7 93.1 0.59 0.036 118.3 0.75 0.054
10.5 1.7 97.1 0.61 0.037 123.3 0.78 0.055
8.5 2.5 104.9 0.66 0.038 133.1 0.84 0.057
9.5 2.5 104.9 0.66 0.038 133.1 0.84 0.057
10.5 2.5 109.0 0.69 0.039 138.2 0.87 0.058
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Dependence on Global S and Density

are Linked

Density and BN Dependence of EPED1 for ITER Ref and Hybrid Density and Bn Dependence of EPED1 for ITER Ref and Hybrid
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* Atlow density, pedestal is limited by kink/peeling modes with very little dependence on
global B, p,.q increases with density (note: plots above have 74=2)
— For ITER, this "low"” density regime extends to quite high values (12-18 1017 m3)
— This is regime where QH and RMP are accessible, promising for ELM control
— However, pedestal height optimizes at densities above the Greenwald limit!
» Studied range of density is 6.5-10.5. Optimal density for high pedestal is ~12-18 depending on case
e At higher density, peeling-ballooning mode stability is quite sensitive to global
Shafranov shift (ie 8 )
— High performance regimes in existing devices generally operate near optimal density
— How close ITER can get to this optimal density very important (physics of Greenwald limit?)
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Summary: EPED Pedestal Model Tested on JET and

Other Devices, Used to Predict ITER ISM Cases

* Predictive model combines non-local Peeling-Ballooning and near-local KBM

physics g5 Snyder et al Phys Plas 16 056118 (2009), NF 49 085035 (2009), NF 51 103016 (2011)
— Both constraints directly calculated, and each can be independently tested

— No free or fit parameters, reasonably efficient (~1-20 CPU hrs/case)

* Model successfully tested against existing machines over a wide range of
parameters, including dedicated experiments
— JET study finds ~20% agreement with EPED model, consistent with observed pedestal
variation with global beta, triangularity and density in hybrids
— Good quantitative agreement found in studies on 5 tokamaks, more than 250 total cases
studied with ~20% agreement in height and strong correlation (r~0.9)

 EPED model used to predict and optimize the pedestal in ITER

— Hybrid and reference cases studied over range of density and
e EPEDI1 used in most cases, spot-checked with EPED1.63, similar results

~ PBrpea~0.6-0.8, Apeq~0.04-045; By 10p~0.75-1, A155~0.055-.07, ¥ 4,,~0.93-0.945
— Optimizes at higher density and Shafranov shift
* Physics of the Greenwald density limit becomes an important question

* Important to look at pedestal pressure, not temperature, because going to lower density to
raise T,.q Will generally reduce fusion performance

— Understanding/optimization of pedestal provides a powerful lever for ITER to achieve
and exceed its performance goals (P s~Ppeq?)

ytop
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* High resolution measurements allow accurate reconstructions and stringent
tests of P-B pedestal constraint & ELM onset condition

e Pedestal constraint and ELM onset found to correlate to P-B stability boundary
[Multiple machines, >200 cases studied, ratio of 1.05 = 0.19 in 39 discharges ]

* Model equilibrium technique used to apply P-B stability constraint predictively

Can accurately quantify stability constraint [height=f(width)], but need second constraint
for fully predictive model of pedestal height and width
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Calculate KBM Consiraint in Terms of

Measurable Parameters “valiooning critical pedestal”

Model Profiles and Definition of Central Half of Edge Barrier Calculated KBM Constraint using BCP Method
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I I | e Case 1 (Dlll-D-like model equilibrium)
S5 2 0gl ¢ Case2(TER-ike model equilibrium) g
g ) - & | o A=0.089Bpped”? ‘
Q- o =
g i 8 0.6 $
=3 T T
2 | O o4l ~$
>2 Ne (1019 m-3) = L = 3
B | — 7T(keV) § o2l s
o 1L O
S Pedestal (Ay=0.05) = L 3
r Central HaIf of barrler M 50 e
0 M I
0.85 090 095 1700 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Radius (normalized poloidal flux yN) Pedestal Width (A, )

“Ballooning critical pedestal” calculations to quantify KBM constraint
* Model equilibria used to integrate local KBM constraint

* “ballooning critical” when central half of edge at or beyond MHD critical gradient
 Find expected dominant dependence: Byea ~ Apr =A, ~ [D’;/j,ed

 Lump weak dependencies into G function, calculate <G>~0.07-0.1 for standard aspect
ratio tokamaks (0.084 + 0.10 for ensemble of 16 cases), collisionality dependence

EPED1.6: Directly calculate for each case
1/2
A N ﬁp,pedG(V*’g'“) EPED1: Simplified, <G>=0.076

KBM constraint consistent with many observations, eg Z. Yan PRL11, Groebner10, Snyder09
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2011: DIlI-D Upgrade to Thomson System Allows More

Precise Height & Width Comparison

Comparison of EPED1 with Measured Pedestal Height Comparison of EPED1 with Measured Pedestal Width
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Major Thomson upgrade ~doubles resolution (see D. Eldon UP9.069 & R. Groebner GO4.005)
Dedicated expts to vary pedestal height and width (I, scan) and compare to models

EPED1 model compared to measured height and width using both pre-expt predictions
and post-experiment analysis. Wide range of widths and heights achieved.

Good agreement with EPED1 model (24 cases, 14 shots):
-Ratio of predicted to observed pedestal height: 0.98 + 0.15, corr r=0.96
-Ratio of predicted to observed pedestal width: 0.94 £0.13, corrr=0.91
-Ratio of predicted to observed pedestal average pprime: 1.05 +0.16, corrr=0.95
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