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Disruption Event Characterization and Forecasting Research (DECAF*) expanded,
Including first real-time application with high accuracy forecasting

0 DECAF (very brief!) overview

Q First real-time DECAF implementation and operation (high accuracy!)
2 High accuracy offline DECAF analysis

O State evolution formalism (ex: high beta experiment on MAST-U)

0 Example supporting analyses: density limit; counterfactual Al analysis

*DECAF™ patent pending ( visit: https://attractorsolutions.com )
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Continued DECAF development builds from an extrapolable approach
with strong initial success — expanded to real-time in KSTAR

2 Fully automated, physics-based analysis of multiple tokamak device databases
(KSTAR, NSTX/-U, MAST/-U, AUG, DIII-D, TCV, ST-40)

level3 S OMf >>0OM >SVDE X DS > PR >

. . (7.337s) (+0.003s) (+0.589s) (+0.635s) (+0.639s)

a Analyzing all plasma states (continuous and j R
asynchronous events) Level 2 .
“Critical”: (Level 3) disruption if no action taken / KSTAR i

“Proximity”: ( ) potential for “critical” events Zj =2 s g

— 27 g @

“Ordered”™: (Level 1) events indicate steady fe{ /y _:;,',

operation (e.g. L-mode / H-mode, steady ELMing) 7 °*] _2%

— 02 o

o1 29204 _ 1=

0.0 . . . . . . . . 0T
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0 “Forecaster events™: give earliest warningsyumwp " iy T ol F

0 High quantitative success reported (improved to > 99%!)

> 91% true positive, ~ 9% false positive (~1e4 shots, ~1e6 samples)  First real-time DECAF

0 Research continues focused on improving forecasting to i’égf/”:%f;‘; Qt?r‘]’egéggt‘;fd
needed accuracy (98%+ goal for ITER, w/low false positives) ’ d y
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DECAF* Is a physics-based analysis providing understanding of
event characterization and forecasting; modular design and workflow

*patent pending

S.A. Sabbagh, et al.,
Phys. Plasmas 30
(2023) 032506;
https://doi.org/10.106

3/5.0133825

0 Physical event modules
Tokamak T encapsulate disruption
databases Physical event chain events. Examples:
\" modules _/ GWL > Greenwald limit
Code control | Density Limits | <] ~1PB_~ [siand powerbaiance
workbooks ™~ S LON)> Low density
‘1’ | Confinement | ——— S HLB > H-L back-transition
MHD
Main data | Stability |§’ MHD 2 BIF 2 LTM / Bifurcation
structure <> VDE> \DE -ocked mode
$ N Tokamak PRP > Pressure peaking
dynamics \
LOQ, LOWA b and
Output Power/current RKM > "RWM > Kinetic RWM
' - forecasting
processing handllng IPR > Not at requested I,
DECAF | Technical issues | WPC > Wall proximity control
database DIS Disruption
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Real-time (r/t) DECAF deployment in KSTAR: initial real-time software
modules installed, ran in 2022 + more being added

Warning Level

KSTAR PCS 0 Offline and real-time DECAF codes follow similar
design
r/t DECAFE Event Modules
[t measurements %5y 0 Demonstrated plasma shutdown, mitigation, and
DECAF pre- avoidance actuators triggered by rtDECAF
L. programmed level3 SR >S10Q »>> VDE M D5 |
eve
ft DECAF module I G000 (03299 (+03575) 1504359
r DIPR
Plasma ot
measurements \lcontrolled e
rtMHD DECAFE Event shutdown ~ KSTAR LOS
neECE D Handler / itrlggered 061 : r:reshold : -4
—~— 0.34 I
rtECEI / \’Disruption g T  — 3
m v mitigation < 3l I ,
¢ analve OLTM > KSTARPCS || triggered = 02 ! :
[/t analysis Alarms category (MGI) 019/ 30215 ff |
/ I 0.0 . . . . . f \. . 0
NEFIT \ : : 00 05 L0 15 20 25 30 35 40
\,D|sr_upt|on tis) 4
2{’3:?32 rC: Controlled shutdown triggered
triggered
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Island rotation dynamics model is used to compute the critical
frequency to forecast locked mode disruption

0 Possible model of drag for both 0 Utilize DECAF real-
a “slip” and a “no slip” condition:  d(IQ) (IQ) time MHD system
) gt~ laux = Timode == to determine mode,
T _ 2 2D critical frequency
mode —
1+ k304 ;
R. Fitzpatrick et al., Nucl. Fusion 33 (1993) 1049 ,
~ | kz =0
0 Present real-time model, % ch /
assumes “no slip” condition o
T ad .
mode — 2 Q
(} -3 | - 0/2 N
0 Established model, but accurate -+ ||/ Bifurcation (critical) frequency | |
forecasting solution requires s . | | |
Innovative solution approach 0 10 20 30 40 50

()

See J. Riquezes (poster) this workshop
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Real-time DECAF warnings show early LTM forecast of disruption,
and additional LTM warnings for mode locking >> ITER needs

Plasma current quench preceded
by 1.28 s >> ITER needs ~ 50 ms

rtDECAF warning:
LTM-F-01

(mode torque
balance)

|

~JENN N N DN DN D D B N N S B S . -

rtDECAF warning:
LTM-01
(mode frequency)

=

~{EEN I N N N B S S S S S S . -

1 LTM-02

0 :
< Plasma current i(
-200000 - L2298 tDECAF mode torque balance
-400000 -
20000 A
-600000 - : : it b :
19997 MHD odd n signal S
500 A
! 01 '
2 9 & 1 2 3 4 5
S : t(s)
e | Stored energy evolution
TN TR T T R
t(s) ' Wior (9)
- 400000 -
0 Real-time LTM forecaster
significantly precedes key 200000 -
events:
«—
LTM warning preceded by 0.470 s 0- 7

1 2 3 4 / 5
t(s)

W,.; dynamic during mode lock

rtDECAF warning:

3
t(s)
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DECAF triggered MGI — offline analysis shows LTM-F, LTM events
produce early warning; 100% accuracy of real-time forecasts

—_— >(2Ud-:!lfs))>(+cl)3;h:25)>l(+oﬂé§7s) I%-FOIPGIZBS)> l) NO MGI Comparlson D MUCh tlme to trlgger mltlgatlon
—— 'LPR] far more than ITER minimum
o 0 100% accuracy of real-time
6| Tt - e - DECAF Level 3 events (first
- ' 1 . 3 run period)
= S 1T [*E 18 shots; 3 MG
o 2 = -
N o2 7 true positives

11 true negatives

0 100% accuracy of real-time
DECAF Level 3 events (3

0.0 0.5 1.0 1.5 2.0 2

t (s) l

2) MGl triggered

Level 3 = OMf [>> MGI > p OM >> ;Loo i
bv LTMf (2.468s) Wwoms) (+ioo1as) (+0.018s) (+0.024s) - Subsequent run perlods)
EARLY trigger: e : . 35 shots
occurs ~ 0.677s 0.6 f— i pl 20 true positives
——. Threshold -5 @
before disruption = . @ 15 true negatives
in comparison shot = o BV s 2 T
(Shownpabove) i) BN - € 0 Excellent distinction between
011 31404 IJ £ ) e true positives and negatives
e Model: KSTAR-MDLO070622sas2 (version: XP-V1b)
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Critical real-time DECAF warning successfully triggered ECCD power,
and n = 1 rotating field actuator for the first time in KSTAR

0.5 4

MA

0.0 1
500 -

T/s
o

-500 4

5.0 -

2.5+

0.0 1

ECCD power actuation

lp

/ Plasma current

critical level

— dB/dt
]
Magnetic
probe signal
—— r/tDECAFwarning t=3.96s

e Pecs

ECCD power
(triggered o

actuator)

t(s)

-2000 -

n = 1 rotating field actuation

p

L

P

"4

Y i
//
/ Plasma current

| —— dB/dt
Magnetic probe signal

il e T E T

-

n = 1 rotating field
(triggered actuator)

0 1 2
t (s)

DIS

0 Real-time LTM

forecaster significantly
precedes disruption
typically hundreds of

ms to ~ 1s early
warning

See backup slides for
more detail

a NEXT STEP:

demonstrate disruption
avolidance!
Dedicated research

program proposed for
KSTAR

Model: KSTAR-MDL070622sas1 (version: XP-V1a)
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New real-time (r/t) diagnostic acquisition in the KSTAR PCS enabling
an integrated, broadly-scoped r/t DECAF analvsis

————————————————————————————————————————————————————————————————

: KSTAR Test Cell / ECE Screen Room Optical | | mtECEIand | Main Diagnostics Rm
L isolation 1] r/t DECAF | 1G to KSTAR imaging
. / A-to-D | Expansion box connected | (Dolphin) ' development | data server & MDSPlus
' 7| (192 ch) | to main ECEI r/t computer I j:omputer - >
|
- X
eyl N [HDECAF]
:( 1 1G to MDSPlus I L
. 1 |_— ——————————————————————————————————————————————— el
! r/t ECE computer | poiohi Dolphin 'y 1G to MDSPIus
I olphin : r/'t MHD
: (includes Te(R) — network switch | |1 \/:omputer — >
| calibrations 73 ch) L
|
€ 1G to MDSPlus ! [ tDECAF |
F
: rit V, computer : Ly 1G to MDSPlus
l e _ Dolphin
! (includes profile — -l dr/t ?ECAF """""" ->
i | calibration 16 ch) : |1 | development | REM__ .
l - ¥ computer
€ 11G to MDSPIus | !
|
: r/t MSE computer | 0, : | : [ ftDECAF]
! (includes profile T - I KSTAR
| calibration 25 ch) jeemeceeeeu X PCS rt6
: ' PCS Room
|

Main Diagnhostics Room

0 All software development under GIT

version control

Installed
a Real-time MHD

0 Real-time V,, T,

New system
being tested

0 Real-time ECE,
(T.(R), mode ID)

a Real-time ECEI
(2D oT,)

Built

0 Real-time MSE
B pitch angle, B
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The first real-time DECAF module in KSTAR PCS measured T, profile,
ran routinely in 2022 run_campaign

First real-time ECE data (T.(R)) g R/t acquisition of
(red: real-time: black: off-line) heterodyne
v EEC oA ORI core  radiometer system

RE Tl

Te (eV)

gfemmmm— 4 of 76 channels
5 R shown

3‘;0 .............. 6§O ............. 9‘;‘0 ............. 1'2:'.0 .......
' Aapnel 015 Shot#28727

0 Real-time signal
compensated and
calibrated

Te (eV)

Te (eV)

Interface

==

Te (eV)

edge S.H.Jeong, K.D. Lee, et al.,
RSI 81 (2010) 10D922
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True positive rate for disruption forecasting recently found to be very
high in large database analysis (example: NSTX 2009 run campaign)

Confusion matrix

----- Predicted condition -----

99.2% true
positive rate

Positive (P)

1265

Positive (PP)

TPR= TP
(TP + FN)

B*** . i
True Negative (TN)
0 ]

120%

Shot counts
100% < over bars
Total:1413

80% -~

60% -

40% -

20%

Percent of shots

saduejsul g |sne"

0 0 O 0 0
“& Q{y l%(‘ %@ (OO %A %6‘ 6?0 (04, (’}p( 4’4;9 Q'i, 65’» %O 69o

decaf file: NSTX-MDL022522sas2-Vv?2

Trigger event instances

45%
40% 1 Instances
over bars
n 35% - {Total:1391
=
<
30% -
!9
S
25%
- s TP
o w FP
= 20%
=
S
o 15% - :
m E’
o A
10% -
91 2
go 740 72 1
5% =1 T3 T 40 16
0 1
.;; 4 17_ 17 3 2
0% — .
<
9 9 %

% A e % % %
DECAF event

)

0O Present key analysis step: Determining
causality vs. correlation between
warnings and the disruption

critical for all disruption prediction
approaches!
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Model improvements are producing very high accuracy of DECAF
predictions of VDE (KSTAR, MAST-U, NSTX at / near 100%)

Confusion Matrix Results (optimized) SvoE > True positive rates (T /(T +F))
KSTAR NSTX MAST-U Pm KSTAR EEE NSTX EEE MAST-U

100

FP FP %)
0.0% 1.4% S 951

v
S 904

c

FN N FN TN o
0.0% 4.8% 0.0% 1.4% g 857
80 -

Unoptimized Optimized

0 Logical model improvement technique based on physics / diagnhostics can
produce 100% prediction accuracy

Plasmas: KSTAR: 953 (CY2022 run subset); NSTX: 3875 (CY2010 full run); MAST-U: 559 (MUO2 full run)

0 Next-step analysis: improve prediction and forecasting accuracy of all DECAF
events to ITER desired levels (98%-+)

See M. Tobin (poster) this workshop
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MAST High B, MUO2-MHD-02 broadly examining the conditions for
stability of key modes that create beta-limiting operational limits

0 Overall goal (Ii' By) State Occurrence (pre—)3(|;)
Investigate key beta-limiting MHD to determine 3, and other limits, and %
curtail or eliminate such modes to reach maximum By, f,, B 2§

0 Approaches follow techniques used in NSTX 2 1@
Very good progress, yet only 2 of 6 steps completed; VVDE limits found 1’ f 58
IREs (leading to uncertain J profile) eliminated during |, ramp, flat top 0 0 08

‘//”\\

(o)}
o

frequency (kHz)
S
(@)

No tearing “dominant” mode locking; long-lived mode (LLM) dominant
Some information for low, constant |, target (step 4) from XP RT08 DECAE analysis (physics & tech events)

I level3 SVDE > PCS CsD CFP >10Q >> IPR { DI |

(0]
o

N
o

= el

(0.586s) (+0.005s) (+0.006s) (+0.006s) (+0.011s) (+0.012s) (+0.017s)
b : N el
= Leve LOQ
o2 ¢ MHD02 .
; C 11 % RT08 F10 __
: © ] .-
Long-lived mode O L . 3
. v B 2 L] -6 ccy.
S . S . 04 46170 La
kg o | ,
== '/w " \ 25 T - T T T T ! : :: =
d 0.2 (,2'.4 (0)6 0.8 0 1 2 3 4 o0 0.580 0363 o0 0395 0600 | ic 605
Ime (S 1 1[FPR
n Max By E§s) i
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By limit: As planned, MUO2-MHD-02 expanded MAST-U operation in
(I, By) space

(I, By) State Occurrence (pre-XP) (I, By) State Occurrence (MHD-02 in red)

4 3 4 r 32 3
= MUO02-MHD-02 run / =
:g \ /’, :g
3- .3 4 .3
O O

2 0 20 |}2
= S = 5
2 — .
Q. L a

1 § 1 § 1
15 = =
s s

03 03 My

a Lower | than general database somewhat surprising, a positive aspect
a Steps 1,2 of experiment successful in raising B, move to next planned steps
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VDE limit investigation: MUO2-MHD-02 showed expected behavior of
VDE event occurrence In (l;,x) space

(I, x) State Occurrence (I, ) Event Occurrence (VDE)
0 | 3’3 3.0 Event: VDE v
\ 5 \ 2
2 =, 2.5 LB
2 O o
Y— o
O a
2.0 o X 2.0 —2 &
e O
= >
15 -
1.5 S  1.5] -3 o
= o)
ch 9
—
1.0 0 j —4
0) L OO

a Apparent limit to elongation inversely proportional to |,

a VDE critical warning occurs at high elongation, shows inverse [, relation

2023 PPPL TSDW: First Real-Time Application of Disruption Event Characterization and Forecasting and Associated Research: S.A. Sabbagh, et al. (Columbia U.) (7/20/23) 16



State space analysis formalism in DECAF being used as a
generalization of critical (Level 3) warning analysis

T e (Voo i S WL MAST-U High B experiment (Jan 2023) states
‘ { Non-disruptive plasma conclusion
i T i — °* more Level 2 states; richer assembly of events (“QR code”)
1. — om ! : . : T : : : : . :
- Threshold ; i 1o Disruptive conclusion — insufficient trigger states
~~ 0.6 | L(V]
g T il o * Level 3 a clear attractor state; less Events in Level 2 states
- 469%5 Ng Disruptive conclusion — sufficient trigger states
R T TR S o e * more specific states (less spectrum)
t (s)
Level 3 - ) omf ) pCs | usD | cFP pc Yoo | oS | Level 3 m L8 | Ui | L | eis )U" 2o D'SI
0.270s) H0.009s) (+0.017s) (+0.017s) #0.017s) (+0.018s) H0.019s) (+0.020s) (+0.020s) LOO - LOQ
? VDE : e
R — oMf ! | 2
2. == Threshold :10 E 3. L i _4E
’:f‘ ¢ EJ' E 061 A et e L5 3
= ° o Z o | g
i e E < i " E
M2 g > 46984 i —1§
o0 oos  olo  bis oz  o2s s o . ) P °
t (5) . FPR
l=s] Also see V. Zamkovska (talk) Friday
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Density limit: recent analysis shows plasmas disrupt after crossing
__Giacomin edge limit before reaching global Greenwald limit (MAST-U)

1.5 1.5 1.5
44226 44604 44892 46669 46671
44891
44428 46769
Greenwald 44904 Greenwald Greenwald
1.0-——————————-| @ 1.0 e e o o o o o e 19_ 1.0-——————————-|9.
5 1,5 S 16 = 15
IS v. IS E c I S
2 | & E *— 3 1S
= | ‘=-'$ |
- ! | \ = / |
0.0 - ! 0.0 - ! 0.0 . !
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
ne/nE, edge, crit ne/ne, edge, crit ne/ne, edge, crit

Crosses edge limit, but not

a Need equilibrium quantities, Py .. Pag Croomuald Lmit

Currently using TRANSP for Py, J. Berkery, et al., just accepted PPCF (July 2023)

Next steps: Validation; Use proxies for M. Giacomin, 10/21 43 /42 2/3

wider database analysis, real-time etal, PRL 128 | Mim = @AV/0a¥/ P[P RGP/ 2221 (1 4, 2) 1387
, § (2022) 185003
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Innovative counterfactual machine learning introduced for the first
time to generate hypothetical activity contradicting observatlons

)() ()

2 Global MHD (kink / RWM) typically 50

. : S 12.51
do not grow If strong rotating MHD 2 100 .
IS present (e.g. NSTX) - “ -
0 Consider 10 different MHD activity g,j’:“
evolutions that would have kept il
gIObal MHD Stable —g’ TZ‘) ®  Original data ; eod
& 207 Generated counterfactuals § 'gf.
0 Counterfactual generation is al

constrained within bounds based on
NSTX rotating MHD operational
experience

—
-

[a—
—_
L

Counterfactual predictions

oo

2 Examining for use in DECAF for
disruption proximity avoidance

).6

-
)

BUSRF warning level odd-n RMS am

—_— o~ o~ e~ -
-
NN

ooooo
oooooooooooo
'''''

A. Piccione, J.W. Berkery, S.A. Sabbagh, Y. Andreopoulos, .01 : = =] A 9
Nucl. Eusion 62 (2022) 036002 0.0 (0.1 0.2 . 0.3 0.4 (0.5
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DECAF Goal: Enable disruption avoidance in tokamaks for the new,
growing fusion industry

< C 88 @ attractorsolutions.com/solution

Research Team 0 $6.2 billion private
16 researchers across

Att t s I t. - HOME SOLUTIONS . .
Antdciorsaucons 4U.S. institutions Investment funding for
the fusion industry

56 companies!

% # 0 Attractor Solutions, LLC
= was started to prepare to
meet requests from
major tokamak facilities

http://attractorsolutions.com

0 DECAF Team
significantly expanded

come join us!

Please contact:
sabbagh@pppl.qov

Solutions

DECAF™*

¢ analyzing, detecting, characterizing, and forecasting
issues that can stop fusion device operation
¢ understanding enabled by physical event models

e informing fusion devices in real-time of departure
from preferred operation conditions to steer clear of

issues

Next-generation, high performance fusion devices
(tokamaks) require monitoring of the fusion plasma to
operate continuously and to avoid abnormal events that
put stresses on the device. DECAF combines a Hybrid Al
approach with the analysis of massive databases of

present devices to provide high-accuracy forecasting

capability for present and future devices.
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DECAF disruption prediction and avoidance research continues and
has expanded to real-time operation for the first time

0 Multi-device, Integrated approach to disruption prediction and avoidance that meets
disruption predictor requirement metrics (b. Humphreys, et al., PoP 22 (2015) 021806)

Physics-based “event chain” yields key understanding of evolution toward disruptions needed for
confident extrapolation of forecasting, control

Full multi-machine (9) databases. Recent performance (NSTX example): > 99% true positive rate
Supporting physics analysis, experiments run to create, validate models, expand operating space

0 DECAF producing early warning disruption forecasts
On transport timescales: sufficient for disruption mitigation =» focus moving to disruption avoidance

0 DECAF expanded to real-time operation on KSTAR

LTM and LTM forecaster used as critical warnings >LTM-D> >LTM >
Controlled shutdown, MGI, disruption avoidance actuators triggered in real-time by DECAF warnings

100% success rate of real-time system in controlled experiments (greater than 50 shots)

=» We are hiring researchers (all levels, especially control) =» Please contact: sabbagh@pppl.gov €
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Supporting slides follow

2023 PPPL TSDW: First Real-Time Application of Disruption Event Characterization and Forecasting and Associated Research: S.A. Sabbagh, et al. (Columbia U.) (7/20/23) 22



New disruption avoidance actuator: applied rotating 3D field successful in
preventing naturally-occurring 2/1 NTM locking in KSTAR

" L "

Magnetic Natural locked NTM
spectrograms disruption
= 200 .
T i Mode frequency
é 160 . Reference shot H—Tc_zde ]
a 120 i 9Efisﬁapigéﬁ§;d2?‘f]?cl:§gng
S 80/
= 40 2/1 m-smg;osnr
U L
(D) 29204 \\h l
q: O 2 . s T 1 3
Time (s)

Locking
__ 60 S
@) | Mode amplitude n= oM evenporme: o At
N iy 10
o 407 l
©
- Large (= 50 G)
= 2/1 locks/unlocks i
o 207 '
E _ —H)
© oL — ol

0 2

8 t(s)

29205

With n = 1 AC applied
(10~65 Hz, 1 kKAlt)
- 2/1 persists longer

2/1

n= odd even [MC1TO2-1} pair)

fly % 18

b

‘ B
L”a'! 1

0

Large (= 50 G)
2/1 locks/unlocks |
M..J \L
2 8 t(s)

Disruption avoided with

applied AC field

With n = 1 AC applied
(20~130 Hz, 2 kKA/t)
- No disruption

1 T ST PR S F—:

Large (= 30 G) l \
2/1 persists until l .‘
the end of flattop

0 2 46 8101214

t(s)

0 NOTE: applied AC field frequency is << mode rotation (mode rotation sustained due to field alteration at boundary)
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Model improvements are producing very high accuracy of DECAF
predictions of VDE (MAST-U, KSTAR near 100%)

KSTAR Confusion Matrix Results >VvDE » True positive rates (T / (T + F))

EFIT Model Flux loop Model Mag. probe Model W KSTAR EEE NSTX  EEE MAST-U

100 E— ]

36.2% 18.3%

FN TN
0.8% 44.8%

Percent of Shots

EFIT Flux Mag.
loops probes

a0 Database of ~ 650 KSTAR plasmas, full MAST-U
and NSTX run campaigns

N o N -« |1 0 Next-step of analysis: continue to improve prediction
0.9% | 28.0% 04% 61% |: and forecasting accuracy of all DECAF events to
ITER levels

See M. Tobin (poster) this workshop

__________________________________________________
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MUO2-MHD-02 proceeding as planned — quite successful, with good
understanding of the results attained so far with great diagnostics

!

. f | - ————— O More to do! Only reached Step 2 (of 6)
£ g e 18 shots, BUT constraint of 50 ms steps of
J=8 ke 1 1 R s S = the NBI during |, ramp-down development
J TS \ | 8.1 - More approaches next 4 steps to affect MHD
L s i n — : Burst Thomson shows flat T, spots (islands)
B TN e ™M 7 o || O Parameter variations as expected
e B T " 1 The l;and B, = 1.3 are still increasing
O 2. \ 7 o N ' J"U_ 2 The B saturating at ~ 3.3, W, decreasing
o | —. | o 01— Sk The B, is more than double the base
O ~ i , scenario = higher lhootstrap
Z Prad.——— i
05 - S z S :
= ] %, | 0 MUO3-THR-02 campaign thrust XP!
et § 2 {glt Expand stability limit tests (more variations)
00 01 02 03 04 05 06 Oo—.o 01 02 03 04 05 06 Shapmg’ hlgher NBI, MHD spectroscopy, etc
£ ¢ * Expand stability space, inform DECAF analysis
DI5] DI3]
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By limit: As planned, MUO2-MHD-02 expanded MAST-U operation in
(I, By) space

(I, By) State Occurrence (pre-XP) (I, By) State Occurrence (MHD-02 in red)

4 3 4 r 32 3
= MUO02-MHD-02 run / =
:g \ /’, :g
3- .3 4 .3
O O

2 0 20 |}2
= S = 5
2 — .
Q. L a

1 § 1 § 1
15 = =
s s

0 0 0

a Lower | than general database somewhat surprising, a positive aspect
a Steps 1,2 of experiment successful in raising By, move to steps 3 — 6 to go further
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VDE limit: MUO2-MHD-02 showed expected behavior of VDE event
occurrence In (l;,x) space

(I, x) State Occurrence (I, ) Event Occurrence (VDE)
0 | 3’3 3.0 Event: VDE v
\ 5 \ 2
2 =, 2.5 LB
2 O o
Y— o
O a
2.0 o X 2.0 —2 &
e O
= >
15 -
1.5 S  1.5] -3 o
= o)
ch 9
—
1.0 0 j —4
0) L OO

a Apparent limit to elongation inversely proportional to |,

a VDE occurs at high elongation and also shows inverse | relation

2023 PPPL TSDW: First Real-Time Application of Disruption Event Characterization and Forecasting and Associated Research: S.A. Sabbagh, et al. (Columbia U.) (7/20/23) 27



DECAF contains the state evolution

0 DECAF example Level 3
level3 S OMF >SVDE > PCS | USD | IPC > 0OM >>GWL)> chain and Level 2 events

(0.343s) (+0.154s) (+0.259s) (+0.259s) (+0.261s) (+0.264s) (+0.353s)

G Qa Level 1 events are also

Level 2 1) o already identified In
T - DECAF
0.8 {— ow L : s
~~ Threshold e : . |.@ 1 DECAF states can be
< oef A ;Y A 1,3 similarly identified
= o4 | | e Events comprise states
a | : i [PE . :
= ! v L], The highest event level in a
46996 | : ' = state defines the state level
0-00.0 O.'l : 0.'2 0.'3 A 0?4 O.'S 0.'6 0.'7 0}8 =
t (s)
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Experimental advanced tokamak equilibrium and transport analysis
manifests localized reversed shear = sensitive stability at high NICD

Resistive stability

Kinetic equilibrium reconstruction (B pitch angle and q) Ideal stability of profiles

e A'(g=2) —gmin ==Trendline] 3.0

eantvdasagyr 4| 20

q=2 surfacF
1 1 1 0

0.05 5 10 - 15 250
| 0.014 - e -Strons kension stable (solid)
2 0.0 ’ :/ kgt _ 12 ---2975 unstable 0
\:_: 0 q 6 —Wea tien5|on 0| . abs (dashed) 150 |
::Cm -0.05 Magnetj: axis :2225 ?.:100
S - Meaésured 1.8 1.85 1o * ‘ ® < 50
&R T eension 2 3 0
0.15 I 0 Mt 0 50
1.7 1.8 1.9 20 21 22 23 24 1.2 1.6 2 24 0 0.2 0.4 0.6 0.8 1 0
R (m) R (m) Wn
- Spline and polynomial basis function models both 2:5
reproduce MSE measured data — 2
E 15
= Local flat spots form in g profile <

challenging for ideal and resistive stability evaluation = 05

- KSTAR TRANSP shows high non-inductive current ~
evaluation (~ 75% total non-inductive current)

2 4 6 8 10 12 14

Time (s)
x 10" | | |
H#16325 t=2.05s [Beam-driven
I [l Bootstrap
[CJinductive

v

02 04 06 0.8
]‘Ptor

Y. Jiang, S.A. Sabbagh, et al., Nucl. Fusion 61 (2021) 116033
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DECAF MHD mode lock event forecaster provides early warning;
MHD shows tearing and kink-like characteristics in ECEI

DECAF locked mode (LTM), forecaster

Level 3

(LTM-F) events (rtMHD system)

S oMt >>0OM >SVDE >>10Q X DS > PR >

(5.353s) (+0.170s) (+0.181s) (+0.204s) (+0.218s) (+0.222s)
IPR
Level 2 VDE
T™-f
L TUhh::shold i ;ﬂ— > §
__ 05 ; Lo L,
< o] ' o
= mad . -B'E
—Q -2 E
0.2 ©
011 29882 . K
0.0 ' - ] ' o .
5.2 5.3 5.4 5.5 5.6
‘ t(s) /
i | |
ST 1] @ Liriosase
< L triggered 218 ms
: u;:zz mode frequency \! ! before disruption
L ] N I
g St CFI;[IC8.| frequency | l‘ ;L—— LTM event 170
LL I f ; f 1
ity | T ms after it was
e - e forecast

4.0

.t L . .
0 Expand this data/analysis, including real-time!

45 50

5

Magnetic
spectrogram
(toroidal array)

2D ECE
Imaging (ECEI)

80— T - % T T T T T v T
| KSTAR Mode frequency |
™\a  [29882° . n
60 ‘ | b
g *4;\ - | : Il 3
gm \:;:- % ! 5
o LA \,"w'f‘fﬁ% .
L / . ) _ » Bt e ":"- o '-':,1 L‘-‘J:
| n=1 I Y
‘ 8 I 5.0 5.2 I 5.4
Time (s)

\ Tearing (outer)

with core kink

a4 ap

» Kink dominant

ECEl @ t = 4.60063 s 1 ECEl @ t = 4.80023 s 1 ECEl @ t =5.10048 s
0.20 1] 1.
o1s tl 8T, phase J!||t2 H1t3
: inversion : » :_ '
0.10 - aring pari g
0.05 4 : No phase : No phase
—_ | inversion inversion
E 4 <«—> 1] A . 1] . ’
= 000 | (kink parity) | | (kink parity)
—0.05 [ 1
1 1
—0.10 I I .
—0.15 1 ;¢ : :
ode ’
_ -
-0.20 {__uiotation ! I ,
/ 0.20 T — T T T T 1 7 T T T 1 -,;f—
1.9 2.0 2.052.10215 |19 2.0 2.052.10 215 |19 2.0 2.05 2.10 2.15
R [m] R [m] ' R [m] R [m] ' R[m] R [m]
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Initial real-time toroidal velocity, (possible) ion temperature
diagnostic (rtV,) shows very good agreement with KSTAR CES

: : : rtV, tlme evolutlon ZChanneIs rtV rtT radlal roflles
KSTAR real-time V, , T, diagnostic - | ( ) ) B _
- 404]_ 4005_ t=4s é rtv¢
= Bmg 200 § CES|
e ® R=191m-axs ‘
rthh| =il | il : i
+=F control PC F=—pp 2t fi 3':'”2' L
1wt R=2132m-~%a T =
2 4 g & 1;
t (s) OEKSTAR‘27308 | | ‘ -
1.8 1.9 2.0 R 2.1 2.2 2.3
0 rtV, data ™
16 radial channels a Newly-designed, final
=~ _ER : at 1 kHz system (very)
A Newy installed S Offline CES recently installed

| rtVphi patch panel [“=5

analysis at 100 Hz
M. Podesta, J. Yoo (PPPL),

a rtV, and offline CES system share sightlines Y.S. Park (GU), W.H. Ko (KFE)
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NEW real-time toroidal velocity diagnostic (rtV,) delivered to KSTAR,

Installed, undergoing tests

Spectrometer
o Real-time computer

and DAQ

B
. ®
-------
"""""

Q switch to Linux from
Windows system

I'I, Iy I,

)

i S . a first light on last day of
L4 N 2022 run (7/29/22)

New diagnostic — completed installation

| |

M. Podesta, K. Erickson, J. Yoo (PPPL),

Y.S. Park (CU), W.H. Ko (KFE)
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New disruption avoidance actuator: applied entrainment field successful in
preventing naturally-occurring 2/1 NTM locking (2021 KSTAR experiment)

Magnetic Natural locked NTM

" L "

Spectrograms d|Srupt|0n
~ 200 | .
T i Mode frequency ]
é 160 Reference shot HI_-mode ]
f 3D-field lied -
a 120 i 9Eisr;3pted It?y 2?‘F?c:§king
-
o 3807
: 40 2;’1 {Dlstptllng}-
U L
) 29204 \. l
. O I TI';I'I'IB' s 5 T T B
&) Laocking
60
N —
(D | Mode amplitude n= odd even (MCTTOz-12 pair)
—’ Thex 1o ]
o 407 1
© |
o Large (>50G) | I| 7
= 2/1 locks/unlocks :i‘ 1
E 20 i I|. _
= JD _
CG O L el . el ALAL |
0 4 6

8 t(s)

With n = 1 AC applied
(10~65 Hz, 1 kKAlt)
- 2/1 persists longer

2/1

_ 29205 | \; f“

PR [ WA I SN N E_—"

2 4 6 Locki &
Time (s) ﬁ IAAR

n= odd even (MC1To2-1} pair)

fiy =18

Large (= 50 G)

2/1 locks/unlocks

I
I
i

> 4 6

8 t(s)

Disruption avoided with

applied AC field

With n = 1 AC applied
(20~130 Hz, 2 kKA/t)
- No disruption

1 T ST PR S F—:

29207
2 & ¢ _ N ,
T Applied
n=1AC
:T(ucnm pair)

Large (= 30 G)
2/1 persists until

\ N ] { z Vv\,\

0 2 4 6 8 1012 14 t (S)

0 NOTE: applied AC field frequency is << mode rotation (due to boundary value field alteration? analysis continues)
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Kinetic equilibrium reconstruction and transport analysis manifests
localized reversed shear and off-axis current profile

ff' (Tm?rad/Wb) 008 | Pitch Angle (rad) iy Safety fac;tor q . Current density (MA/m?2)
| 0.014 | |
\ _ ----Strong tension
| ----Strong tension - 8 §
4 _\‘ — Weak tension 0.00 0 —Weakt?ension -1
6 |
2 -0.05 — MagneLigi:axis -2 ‘
. Mea?sured 1.8 1.85 10 4 ‘ ---Strong “‘3 ‘:"
0 .0.10 [==-Strong tension 3 | tension \\% ',‘
I —Weajk tension 2 ‘ —Weak ‘
[ (b) (c) tension | (d)
-2 L -0.15 : 0 b1 SRR 4 b S
0O 0.2 04 06 08 1 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 1.2 1.6 2 2.4 1.2 1.6 2 2.4
P, R (m) R (m) 6 R (m)
. . . . ogx10°
= Spline and polynomial basis function models both , 116325 1=2.05 =Beam—driven
— | Bootstrap
reproduce MSE measured data T By
. . <
= Local flat spots form in g profile — 1 »l;
challenging for ideal and resistive stability evaluation > 05
: : . 0
- KSTAR TRANSP shows high non-inductive current ~ 02 04 06 08

]‘Ptor

. —_ 0 -' :
evaluation ( 75% total non-inductive Current) Y. Jiang, S.A. Sabbagh, et al., Nucl. Fusion 61 (2021) 116033
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“Predict-first” KSTAR TRANSP analysis shows expected high

performance plasmas at > 80% NICF

2.5

2
ohi (A/m*)

0.5

Predicted high non-inductive current fraction (NICF) current profiles

><106 81.5% NICF 93% NICF
(a)‘ -Beém—driven (b) | -Be‘am—dr'iven
Bl Bootstrap - Bl Bootstrap
Inductive Inductive

02 04 06 08

[

v

tor

02 04 0.6 08
v

tor

«10° 101% NICF

20

115

(c)

B Beam-driven
Bl Bootstrap
Inductive

02 04 06 08

Y

2 High non-inductive current fraction predicted for 6.5, 7.5, 8.5 MW NBI
The B ranges from 3.0 — 3.5; based on KSTAR plasmas with NICF ~70%

0 Produced high NICF plasmas (2021 run) with ~record g, = 3 in KSTAR (analysis pending)

2023 PPPL TSDW: First Real-Time Application of Disruption Event Characterization and Forecasting and Associated Research: S.A. Sabbagh, et al. (Columbia U.) (7/20/23)

tor

35



Sensitivity of resistive, ideal DCON stability on KSTAR examined for
high non-inductive plasmas — potential use of A’ as stability indicator

Ideal stability of profiles: q shear reversal

Shot 16325,n = = =~

ol

s N120 |
stable (solid) X 100 |
12 4, unstable S 80
= 3,05 (dashed) % 60 I
g ° —3.075 3 40 |
L b}
E 6 —3.15 II 2
3 250
0 200
0 0.2 0.4 0.6 0.8 1
¥ 150
a A’ analysis supporting evaluation of o
modified Rutherford equation as resistive =
stability indicator 50 |

a Less freedom in equilibrium basis functions ~ °
produces less computed stability variation .,

Y. Jiang, S.A. Sabbagh, et al., Nucl. Fusion 61 (2021) 116033
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g = 2 surfac

4 6 8 10 12 14

Time (s)

7.0

6.0

5.0

4.0

3.0

2.0

1.0

gmin
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Critical real-time DECAF warning successfully triggered ECCD power
actuator for the first time

— b s
0.5 - |
< i
= !
]
0o Plasma current i K
500 1 — dB/dt i
]
1
n
= 0 ; 1
Magnetic | Il“““ﬂ IMI" ||'!
=500 1 probe signal |
5.0 { —— r/tDECAFwarning t=3.96s i
]
1
231 critical level
0.01
= e ECCD power
5 08 (triggered o
< actuator)
0.0 .
0 1 2 3 4
37138 t(s)

Real-time DECAF warnings

—— LTMfwarning — ]

ik

S~ i

| (mode
frequency)

—— LTM-01lwaming = —-

warning:

| —— LTM - 02warning

(W, evolution)

warning: |

3.6 3.8 4.0 4.2 4.4
32138 t(s) o1

0 ECCD power from
EC5 triggered by
DECAF

LTM forecaster reaches
critical level att = 3.96s

2 Real-time LTM
forecaster significantly
precedes disruption

Plasma current quench
preceded by 0.440 s
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Critical real-time DECAF warning also triggered an n = 1 rotating field

actuator
— ; Real-time DECAF warnings 0 N =1 rotating field
031 C—2/ - - . from IVCC triggered
s / —— LTMfwarning--------4---==%r-  py real-time DECAF
0o/ Flasma current l 27 LTM forecaster reaches
; critical level att = 3.22s
5004 —— dB/dt '

| O DECAF warnings
warning: successfully tracked

T 0.51 (mode frequency) \{arymg m_Ode onset
times in different shots

{—— LTM -01lwarning =-=---

T/s
o

<

Q

Q

)

@
=t

(@]

o

=

o
o

@
23

Q

-
)

s
o o

— r/tDECAFwarning=g=====-

g
/ t=3.22s

21 critical level —

0.0
2000 = = ;;n?zgd.—ozwarning Q NEXT STEP:
- D3D-mid i . . .
- &l W, evalution) demonstrate disruption
g o P—— - avoidance!
n = 1 rotating rie
g (triggered actuator) F ' , ' | | (Ejlc_)rnlzlréeRtethle XP: U_se
0 1 2 3 225 250 275 3.00 325 350 o ol aCi':Iua;t_IOrr]l
37143 t (s) DIS 32143 t (s) IS 0) = iIeld actuatio
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Pre-programmed n = 1 field applied at same time as critical rtDECAF
LTM-F forecast was made to “simulate” disruption avoidance

) 0-

]
< Plasma current i /
~200000 - i
1
-400000 - i
1
1
-600000 - :
2000-l I l i I ? E I
e B N = 1 applied field :
—~ s 1
£ (80 Hz) i
= 0
g !
~1000 -
:
—2000 4, j : , ;
MHD odd n signal
sl t=2.4
= 2.45
@
E 0
=500 -
1
31556 i
—1000 T T 15 kR T 18 h o8 il
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
t(s)
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3-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-_-'-'“-'-'-'-

t=2.42s

TN
rtDECAF warning: LTM-F-01 o
27 (mode torque balance) i |
15 i n*' i
0+ - E 1 ';
e LT e LT
t=12.9s | |
rtDECAF warning: LTM-01 | |
21 (mode frequency) i ]
1 - i 1 r
N Ll
3 ———— - i ————— [———
rtDECAF warning: LTM-02 i ;
7 (W, evolution) i
14 1 :
0" ! : : : i: i A :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.9
t(s)

0O Forecast worked, but
n=1 AC field did not
prevent TM mode lock

Such an activation was

successful in 2021 “NTM
entrainment” experiment

0 Two differences this
year regarding TM lock
prevention attempt

n =1 applied AC field did

not rotate toroidally (patch
panel setting different)

target plasma different

O rtDECAF disruption
avoidance attempt
possible in 2022 run

alter rtDECAF software to
trigger key actuator

°* n=1field, ECCD, etc.
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Real-time MHD system on KSTAR computed real-time FFTs for first
time in 2021 for real-time DECAF application

0 Real-time MHD analysis Magnetic probe array toroidal mode spectrogram (offline)
computer installed on KSTAR —60° |
T 50 :
Connected to plasma control = 10 |
system (PCS) §30' I
Real-time FFT analysis taken in %20
2021 — comparison to offline \ g0
D N o o 1 2 3 4 6 .
time (s) . J. Riquezes (CU)
DECAF spectrogram (offline FFTs) DECAF spectrogram (real-time FFTS)
n n

)

30 : i 30
» - o \ &
-.' P ry '..' "' J’
| 3 L | ;o f'
N - . , ! e

\ b ' .u'ﬁ,,‘

N
o

frequency (kHz
o G

w

20882
4.4 4.6 4.8 5.0 5.2
time (s)
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The first real-time ECEIl data on KSTAR was taken as well in 2021 run
campalqn

O — rtECEJ channel 004, shot#285.4.o..,§ ..................

a Full 2D poloidal
Cross-section
acquired in r/t -
192 channels!

T, signal (V)

20 40 G0 8i0 i .0

10 ___________________ ;fz'ctreﬁaﬁﬁéi"oéa'"gh;f#"z'és'q'cj"é __________________ ~ 0 3 Of 192 Channels
= | : : shown

>
...........
m ,,,,,,
(- ; ; ; OToee KSTAR #8969
(@) ¥ YR 77 bl R <m ECE images at 5.778937s
(7p}
l_w

~ 0.6 km/s

v

H.K. Park, Adv. in Physics: X, 4:1,
1633956 (2019)

T, signal (V)
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|Ideal stability of four MAST-U projected equilibria shapes were
evaluated for stability by scaling pressure, etc.

4 . :
o - 3 DCON 0 Ideal stability evaluation
2
3 2] pressure profile scans
T |
e N\ __Stable q(0) scans
= unstable . C
. ;‘! ~1] Projected no-wall limit: B ~ 4
© —21 Conventional and BN/Ii ~7
—3/ LowElongation
Conventional 4 S u pe rX
- SuperX o 3 4 5 6 J.W. Berkery, et al., PPCF 62 (2020)
= 0 K25 BN 085007
LowElongation -
8
// i Conventional | ] k25 | 1 SuperX ngﬂvlgemvsi/tith-li
-1 4 6 - : —_ """"""" O—GWww
] i il Between [ 1
§ il limits
. . m2_4.: . i _l_ >\/'-2
51 5 n [ — : - | “ 3
\ x:- D2 / - : : -1
Pi 2 ‘ - \ il Below no-
-2 W - HE. e i o l wall llimit l_2—5an
T Wy 2 D5 d “ I
- O ] 1 LI LI L 1 | 1 LI LI LI 1 i 1 LI LI LI 1 -3
. - AT U 04 05 06 0.7 04 05 06 07 04 05 0.6 0.7
00 05 1.0 1.5 2.0 2.5 I s I
R (m) [ I I
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Review: DECAF provides an early disruption forecast - on transport timescales —
giving potential for disruption avoidance

DECAF Level 3

MHD-n1 >>BIF-n1 >LTM-n1>>PRP > IPR > WPC voe » O DECAF event chain

event chain reveals physics
(0.490s) (+.005s) (+.045s) (+.068s) (+.073s) (+.073s) (+.077s) (+.080s)
Rotating MHD slows,
80, . .
. : B bifurcates, locks
NSTX stability operational space <7 - AP DECAF L [ h
0 T 60 Af Y TMHD | === ! Plasma has an H-L
E:io' LT events i i = back-transition (pressure
S 38' . i Bl peaking warning PRP)
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S.A. Sabbagh, et al., 2020 IAEA Fusion Energy Conference, Paper IAEA-CN-286/1025
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DECAF analysis of MAST showed disruptions with Greenwald limit
violation common in ramp down; MAST-U flattops mostly below limit

MAST disruptivity
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0 MAST flattops reached the Greenwald limit, but
disruptions over the limit were relatively rare

Decreasing |, in ramp down reduces the limit

0 MAST-U flattops usually well below limit

J. Berkery, et al., APS
DPP BP11.00016
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T, profile provides critical addition to D, ELM detection by determining the
radial extent of perturbation — needed to distinguish disruptive MHD
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J. Butt, et al. (APS DPP 2021 TP11.00109)
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Continue to engage plasma theory to reach disruption forecasting
and avoidance goals and produce essential understanding

0 Workflow: use human intelligence, then artificial intelligence
Understanding needed for confident extrapolation across devices
Enhance computational efficiency

0 Many important topical areas (just some examples...)

Density limits: both high and low (stringent evaluations)

Power balance: impurity accumulation, radiative collapse characteristics

Tearing stability: refinement of approaches (e.g. Modified Rutherford Equation)

Tearing characteristics: triggering mechanisms, mode coupling relation to disruption

Confinement transitions: profile dynamics — effect on plasma stability

Scenario resilience / plasma control: plasma state evolution and proximity to disruption

We are hiring post-doctoral researchers+ =» Email: sabbagh@pppl.gov
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