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Recall other NSTX-U Physics Operator Training talks
for related information in this talk

¢ NSTX-U Equilibrium Magnetics
¢ Phys. Ops. Training Talk #11 7 Equilibrium magnetics (C. Myers, et al.)

¢ NSTX/NSTX-U EFIT Visualization
¢ Viewing tools: EFITVIEWER: Talk #3 (B. Davis, et al.)

¢ NSTX/NSTX-U RWM PID control and Mode ID algorithm
¢ Phys. Ops. Training Talk #1217 3D Fields (S.P. Gerhardt, et al.)
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NSTX/NSTX-UEFITT1 t 0SS not your

¢ EFIT Implemented for NSTX

¢cSince the start of NSDX|Ilgpemramnisol
ru ’&between—shots

ncludes detailed reconstruction of vessel currents; shaping coil currents

® BK ALSO T diagnostic geometry allows between-shots kinetic analysis
N Ki netic EFI Ts es haortes riunn NoSeTtXw e(efinp ar t
¢ Also Beware! Certain aspects of NSTX EFIT and EFIT as run for DIII-D

ariedifferent
.0. NSTXEFIT MDSplust r ee A EFI TO2o0 tDsmagnetic i) i
istandardo EFI T code requir esUaayse

¢ Code execution
® Imilementation and daily oversight by Columbia U. group on NSTX/NSTX-U

Special analysis requests processed for Team members

¢ Est: 125 equil/shot * 2000 shots/yr * 2 varieties of runs * 10 years = 5 million
NSTX EFITs available for analysis (not including run requests for people, tests)
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Talk Outline

¢ NSTX/NSTX-U EFIT

¢ Between-shots, etc. NSTX EFIT analysis (and some references)

A/Iagnetics-only -3 (S.A. Sabbagh et al., Nucl. Fusion 41 (2001) 1601)

8 , o (S.A. Sabbagh et al., Nucl. Fusion 44 (2004) 560)
artial kinetic — (stabilty analysis with partial kinetic reconstructions)

/BKinetiC with rotation —3 (S.A. Sabbagh et al., Nucl. Fusion 46 (2006) 635)

¢ Access to documentation, analysis, some utilities

¢ NSTX-U EFIT modeling (to date) and present development plans

¢ NSTX active RWM Control

¢ PID control
¢ Model-based RWM State-space Controller (RWMSC)
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Rotating, high b ST plasmas provide opportunity
for advancing equilibrium reconstruction

c Motivation

¢ Eaquilibria are basic and essential components of plasma analysis
%:plasma parameters, profiles, boundary evolution, etc.
Aused for transport / stability analysis, RF studies, power handling, etc.

¢ Reconstructions can be used to determine consistency between
diagnostics

¢ Topics
¢ Philosophy
¢ Summary of reconstruction technigque
¢ Magnetic, kinetic, and kinetic + rotation reconstructions
¢ Application to NSTX
¢ Near-term and future directions
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EFIT provides a flexible equilibrium solution

¢ Solve for (1) poloidal flux, y, and (2) toroidal current, J,
¢ that satisfy the GS equation: D'y = -myRJ,(y ), where
D'y = R?D(Dy/R?); J; = Rpoy() + mf f)44p°R); f(y) =RB;; * @py
¢ that provide a least-squares fit to a set of constraints
¢ Typical constraints for fit
C Di&inostic data - response from plasma and external coils
agnetic (flux loops, I,, coils, diamagnetic loop, stabilizing plates)
APe from Thomson scattering

APi, Vi, Z from charge exchange recomb. spectroscopy (CHERS)
Aield pitch angle from motional Stark effect data

¢ Specified global / local parameters (?, b, q,, edge J)

¢ Specified profile shapes, or boundary
Yields shaping coil currents, diagnostic measurements

L. Lao, et al., Nucl. Fusion 25 (1985) 1611
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EFIT Parameterization of Equilibrium Solution

C Y= Ypasma T Ycoiis: J¢ Solved on rectangular grid
¢ For fitting, J, modeled using various basis functions
¢ polynomial
¥X=S(@y,)
AF FY) ES(y,)
Asolution vectora =[a;, g]

¢ splines
reater profile flexibility, requires greater profile data resolution

¢ External coil currents |, reference flux y
¢ Solution vector for fit
G U= [Ic , &, yref]
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EFIT iterates finding J, and solving for poloidal flux

¢ Constraint equations
¢ D(t) = R x U(t)
(Response matrix R; D(t) = diagnostics data / constraints)

¢ Submatrices of R
lagnostic response to | ;.. Coils Green function matrix G,
ADiagnostic response to J;: Plasma Green function matrix G,
AAny extra data or artificial constraints relating the elements of U

¢ Find U that minimizes c? = S(M, - C,)?/s?
¢ Include fitting weights F: [F A RF x A id Dninimized
¢ Invert by singular value decomposition to find U(t) : (F,R,D: are f(y))

¢ Solve fory
C Y coils SOlved by Green function response given |,

cy Ksma solved by inverting Grad-Shafranov equation
inite difference method, converge to specified tolerance

¢ Boundary /y surfaces determined by contour routine
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NSTX EFIT* alterations required for low A geometry

initial
diagnostics]

—
—1
stabilizing R Do

A Uniform discretization of 21
elements at low aspect ratio '

A Vessel currents required

Lower A components have lower 1 v
resistance | plates | R |
Total vessel currents ~ 0.3 MA; ©
plasma current ~ 1.0 MA flux b
Vessel / plates broken into 30 E ol loops / /
groups (poloidally) Nt | voltage

Wall currents determined by local monitors P ]
loop voltage data (9 loops) “ =
Vessel element resistances pickup A B ]

matched against independent 1tk coils A
model of vacuum field shots [ /555)
A\ stabilizing plates / divertor plates =

currents are included

00 05 10 15 2.0 R(m)_
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Expanded magnetics in 2004 yielded more accurate X-

4 CY 2004 ]
: I = diagnostics
29 = |
ASignificant upgrade to | L
magnetics set in 2004 11} /‘ o lo
[ e [~ ]
57 pickup coils vs. 23 new e q Elf
25 local loop voltage data —~ | pickup i !
vs. 9 for wall current Eof coils :
distribution N (tangential ]
- and normal) P -
Compensation for stray field 3 H
from TF leads f \ f ]
. . -1
AStablllzmg plates / divertor | &
plates currents now better | A
resolved | ‘ =
2 | = ]
[ | | I B [ 4]

00 05 10 15 20 R(m)_
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Expanded magnetics set reproduces 3-D eddy
currents as axisymmetric currents in NSTX EFIT

plate eddy Currents > 10 PPS\U‘U:/ Model Comparison 10 PPSIUL_/ Model Comparison
~ 5|1} | 2
1 41 < S S b
=i 20 ¢ 0
F— "'-'2:.:_:. ) 3 — _5 L I _5 L
2 -10- -10
s 8 PPPOU‘U:/ Moqe\ Com;?orison 10 PPPOU‘LE/ Moqe\ Compom’son
~—~ 3 4|
! = < 4 S i
_/ _.Eil = = c;? \ é [ o L A I F ]
o S Sy . ] = = — O i | %@
-.1 o o =1 ol |‘ { _5 [ | ]
o o : = = = z f 1
S “ o 19 00,10
! \
) A Black points: plate current
J approximated from V,,,, sensors
- p
= A Solid lines: EFIT reconstructed plate
e ES=eas currents using all magnetics data
VALEN SES=ET Fitted currents match 3-D eddy
(J. Bialek) currents as a 2-D analog
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External magnetics data allow basic reconstruction

1 Ow | | 112783
A over 60 attempted variations to find (Png =7 MW) “‘\\

final magnetics modgq (ﬁIlZ FI TO10)

AProfile const fi)ian(is)iok
constraints reproduce g, = 1 ot E
appearance, rational surface position . .
from USXR 1.0 E |, : : 3
allows finite edge current (to model 3 : | E
current transients) 0.0 1 1 '

W

A 4 profil e vaffoi“oRldres 2AfK P o,
pol ynomi &@érdeiimff6 po6, 3 1 :

A Goodness of fit c2 ~ 70 over majority of O?S
pulse for 108 measurements 0-4 q :

b, = 2my<p>/ By

0.
t(s)
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AParti al préscripteoh pianeered with NSTX
EFIT reduces artificial constraint

A Over 110 attempted model variations used to find model

[ A 1o profile variables (5 po.
| o o 112783

Gyl B £ = 0.4455 A External magnetics plus 20 Thomson scattering P,
AN points to constrain P profile shape

Pot=P.+ @OP+, OGP errors summed i

- total error)
ER
i A Diamagnetic flux to constrain stored energy
Greater freedom in ffo basis
’g discharge evolution and for various shots
= 07 A . A
N | Weak constraints on po(0),
i 60 | i LT . .
: - np_art|al KTi et 1 C 019783
1| i . assigned error "\ _ t = 0.4455
: S 40 1141 .
I J =~ I ~
HE B\ B AR 20 -_ -
27 I '{’
I Ll |I| NN B AR AN AR A A O I N N IT
0.0 05 10 15 20 0.0 0.5 1.0 1.5 2.0
R(m) R(m)
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NSTX EFIT equilibria used extensively in stability

analyses
O |,=0.8 MA : by > no-wall limit | |
"B,=044T ; ; VALEN mode A Control room ideal
6 - 0 oet e stability analysis
. - 5MW NBI ﬂﬂ o with DCON
N i time-evolved
4 C / |_VALEN mode growth#g calculations
C . time =15 ms |
: i | A Global mode
2 i growth rates in
| 30Ktz it S adh presence of
f : passive stabilizers
0 ‘ with VALEN
5 -n =1 with- wall» DCON computed mode
0 - eigenfunction
dw ; unstable from DCON
(arb) -0 -
-10 : 108420 by = 108(baBy/1,)
_:LES Y I Y Y [ L
0.0 0.2 0.4 0.6 0.8 DCON (A.H. Glasser)
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High time resolution equilibrium analysis used In
many studies (ELM study example)

2 | | | 1 190] | | |
- W0B015 Dy (arp) || 1 Type | ELMs
ol | | . 1 170! Wit (kJ)l . :
2 . | . 1 1307 w | '
#1215 | MM/VM/L\N\\/\/ Type Il ELMs
0! . | . | 1100 ‘ | . |
1.5 | | | 1 210 ‘ | I ”
- #111543 I 1 Type V ELMs
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05! | . | 190! | . '
4 ' | ' ] 2501 | | ' ] Type V and giant ELM
- #111544 I :
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0! | l 1 1501 | | | )
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Pure toroidal flow allows a tractable equilibrium
solution

¢ Solve b f, By, PR components of equilibrium equation
¢ MHD:rv Bv =JxBT Pp ; r = mass density
bf f(y)=RB,
ADR: 2P4(y,R) / R ysR)[jg Byl r(y,R)w?(y)R4/2 (Bernoulli eq.)
Ao y. Yy =R § .R)lr- m?f )a4p?) (G.S. analog)
¢ Pure toroidal rotation and T = T(y) yields simple solution for p
(Y ,R) = po(y) exp (mgyq Wy )(R* T R?)/2T(y))
¢ Constraints for fit
¢ EFJT reconstructs two new flux functions: P (y ), Py(Y)
LSV r(y) RAw2(y)/2; Py(y) defined so that:
(v.R) = Poly) exp (P, (y )Po(y) (R*T R/ R¢)
¢ Standard input: P,(y ), Py(y) from approximation or transport code

C Nivé approach allowed by NSTX diagnostics
olve for P,(y), Py(y) in terms of measured P(y ,R)|,=0, P4(Y .R)l,=o

@NSTX-U NSTX-U EFIT and RWM Control i Phys. Ops. Training Course Talk #17 (S.A. Sabbagh, et al.) Oct 13, 2015 17



NSTX EFIT reconstructions included T, V¢, Z; profiles by
year 2004 (possible between-shots)

AN
o

" Poloidal flux and pressure
‘ | i A Exact rotation
solution fitting total
and dynamic plasma
pressure at (R, Z=0)

o

A few thousand
shot*times test run

I:)kinetic (kPa)
= N w
o o

o\

Simple estimate
for P, (large error

—~ bars)
Eo0 05 10 15 20
NOCERRGL . 0 s : R(mé\ Stored energy
, PR . 108420 with/without V; =
S 4: t= 0.4038% +/- 3%
| ER ..
-1 | \:_) 3 ; A (RpmaxI Raxis)/a = 8%
! | = F E
i : § 5 A Significantdrop in
: | 0° Cmag” @Nd €% even
i 1 though SOJ more P
? channels and
0403000 05 10 15 20 o ] smaller error bars
R(m) 08 10 12 14 1-6R(m)
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Flux-Te iIsotherm constraint added to NSTX EFIT
reconstructions with rotation in 2005\

30 .
- (b)

v isotherm constralnt

(d)

P
Peak 3
pressure |

f

/

 (mWhb/rad*10) | mag netic axis|

..............

0 05 10 15 20
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A (Rpmaxll- Raxis)/a ~ 18%

A Flux-Te isotherm
constraint required to
ensure assumptions

: made for G-S and

0.0 05 1.0 1.5 2.0 e = Bernoulli equations

05 10 15 20 are obeyed

R(m) R(m) (S.A. Sabbagh et al., Nucl. Fusion 46 (2006) 635) |

—

P, (kPa)

o_nmw.howmo

o s
L
!

114444
t=0.257s
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NSTX EFIT: Diagnostics / model used for different
between-shots analyses

¢ Magnetics-only: (~ 160 measurements/equil)
¢ Model: pressure is a function of poloidal flux; vessel currents included
¢ OH and shaping coll currents, |, flux-loops, pickup coils
¢ Loop voltage monitors (to provide distributed vessel current input)

¢ Partial kinetic (between-s hot s ) : asomimaaqgnep
¢ Thompson electron pressure profile
¢ Diamagnetic loop
¢ MSE (on request)

(~ 200 measurements/equil)

¢ Kinetic + rotation (possible between-shots): adds:
¢ Model: Allows separation of magnetic flux and pressure surfaces
¢ CHERS ion pressure profile
¢ CHERS dynamic pressure profile (1/2 r V?)
¢ Flux-T, isotherm constraint (req. for Bernoulli/G-S equation consistency)

(~ 350 measurements/equil)
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Where to find definitions of EFIT variables and other
EFIT aspects?

¢ EFIT Web page
¢ https://fusion.gat.com/theory/Efit

¢ DIl-D EFIT Tutorial
ttps://fusion.gat.com/theory-wiki/images/8/80/Lao_2013 EFIT_VA4B.pdf

¢ DIII-D EFIT tools: https://fusion.gat.com/theory/Efittools

¢ NSTX/NSTX-U list of variables, EFITVIEWER
¢ http:/Instx.pppl.gov/nstx/Software/Applications/a-g-file-variables.txt (eqdsk vars)
¢ http:/Instx.pppl.gov/nstx/Software/Applications/efitviewer.html

¢ PHOENIX Web page
¢ Phoenix: set of utilities used to run between-shots NSTX/NSTX-U EFIT

¢ http://www.pppl.gov/~sabbagh/PHOENIX/PHOENIXdoc.html
/&NOTE: WEB PAGE BEING UPDATED! (as of 10/13/15)
¢ Contains
inks to popular utilities: (i) 3D B field(R,Z2), (i) mapping, (iiij) EQDSK retrieval
ointers to Green table areas, NSTX/NSTX-U executables, input files
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Where do | find NSTX/NSTX-U EFIT Green tables,
executables, model data files?

¢ Why?
¢ EFIT input files range from being not well-commented to impenetrable

¢ For Who?

¢ People wanting to run NSTX/NSTX-U EFIT stand-alone, interface
between-shots EFIT with real-time EFIT, et al.

¢ NSTX/NSTX-U EFIT Green table areas
¢ /p/spitfire/sl/common/Greens/NSTX/(Month)(Year)

¢ Subdirectory name format: (Month)(Day)(Year)(Version)

ontains EFIT input files to build Green tables, and the tables themselves
¢ These are typically impenetrable ASCII, (or binary)

ontains PHOENIX EFIT model data files

¢ FILENAME: device(Month)(Day)(Year).dat: A well-commented ASCII file
describing the NSTX/NSTX-U EFIT model (using standard EFIT conventions)

¢ FILENAME: diagSpec(Month)(Day)(Year).dat: A well-commented ASCII file
describing NSTX/NSTX-U magnetic diagnostics (standard EFIT conventions)

¢ FILENAME: limiter(Month)(Day)(Year).dat: Specification of the limiter position
¢ Signalsused iInNSTXEFITruns(t he nAsignals fil eo

| ¢ _/p/spitfire/sl/common/plasma/phoenix/cdata (names:isi gnal s o (M
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NSTX/NSTX-U EFIT: Locating resu

ts

¢ Local EQDSK repository
¢ Past: All EQDSK files are saved for between-shots runs on

c (try)

local disk space for ~ past 2 years of run
ADirectory: /p/bigblue/equil_runs/NSTX(-U)/(Mon)(Year)/(shot)(try)

= CO6OxEDFLI nT10a166 <

¢ (try) = &01h1ad6C EF Il T0 2 6 ;

(6parti al

toonnhayg naentail cyss i s

ki ne

¢ Future: All EQDSK files are planned to be available on local

¢ MDSPlus tree

¢ Tags defining executable and Green tables used, etc.
c AStandar do

ANesnt andar do
Includes user-requested analysis (see next slide)

¢ Public utility to rebuild KEQDSK, GEQDSK, AEQDSK files

¢

disks without the need to restore shots

e |

GEQDSK,

AEQDSK
ement s

7 == GREEN_PATH
i KDEF_FILE
/ iz KDEF_PRTH
= HANELIST
o RUN_TYPE

tr
DEF

¢ /u/sabbagh/public/plasma/phoenix/utilities/writekagfromdb
¢ TAR file (IDL code): builds EQDSK files from any NSTX shot

File Edit Data

K () Traverser <@sp

e ®

Help

H4] .ACTIVESPEC...
H4] .CAHERAS. ..
- LCLOCK, ..,

H2] .DERTVED. ..

L= COMHENTS
i CONTROL_DIR
Hz=F CONTROL_PATH
L= EXEC_PATH

Hir' GREEN_DIR

-E_ USERTD

&% LRESULTS. ..

Hi] LEFITOZ. ..
4] LEFITO4, .,
H4] JEFITOS. .

4] LEFITO6, ..

B ACO_INIO... -

5% LNAMELTSTS. . .

== CODE_VERSION
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NSTX/NSTX-U EFIT: DERIVED tree

A () Traverser <@sp (v (%)

File

¢ NSTX EFIT DERIVED tree

¢

¢

¢ All variables on all EFIT trees have labels, units

Edit Data

®

Help F

Supplements the Astandard EF

requested by the NSTX Team

Some examples:
BRZ0, BTZ0, BZZ0: Three B field component profiles at Z =0 -

IVESSEL: Total vessel current \

[ —

t@} NAHELISTS, ..
A3 LRESULTS. ..
HE= CODE_VERSION
£ DATE_RUN
-0 . REODSK. . .

v BRZ0,..
|~ BTZ0,.,
v BZ20,..
v FISRO,,.

— |~ FISRH, ..
v FISRP...
v FIS20...
-l FISIM...
v FISZP, ..
|~ IVESSEL,..

PABZBTZO: Field pitch anglevs. RatZ=0
PDVSRZ0: Dynamic pressurevs. RatZ =0
APPEAKFAC: Pressure peaking factor =

IWALL: Total wall current

APSIVSRZO: Poloidal flux vs. Rat Z = 0 ==

L IMALL. ..
|+ HACH...
—l~ HACHZO,, .
v PABZBTZ0, ..
|~ POVSRZO, ..
v PPERKFAC, ..

QVSRZO0: Safety factor profilevs. RatZ=0

= DATE_RUN
fn JAENDSK. ..
&% DERIVED, . .
W~ BRZ0, , ,

W BTZ0...
W

i\ﬁ

v PSI, ..

-~ PSIVSR20, ..,
- PTOT...
v PTRZ...
v PTVSRZ0, ..
v PYSRZD, .,
|~ PHVSRZO, ..
v OVSR20. ..

_ |~ RPERKPT, ..
7 GEODSK, ..

Ha LEFITO3. ..
HZ] JEFITOM,..

o, DERIVED, . .

i
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How do | run NSTX/NSTX-U EFIT?

¢ Can cases be run stand-alone if desired?

C NXFX/NSTX-U EFIT executables / input files can be found here:
u/sabbagh/public/plasma/equilibrium/efit/exec ¢ executables here
AIp/spitfire/sl/common/plasma/exec C executables here
AIp/bigblue/equiI_runs/NSTX(-U)/(I\/Ion)(Year)/(shot)(try) C Iinput files here
reat e SY MB Qibkl efitxoC | Gxekn tdble directories stated before

Al\lote: no public utilities to build NSTX/-U KEQDSK (data input/control) files
(although Sabbagh / Columbia U. group can build files for you)

cWhy 1 snot 1t easier to build
¢ One Modeling Framework for Integrated Tasks (OMFIT)
zﬂhttp://gafusion.github.io/OMFIT-source/
¢ Sabbagh has been following (extensive) OMFIT thread for a few months

¢ Present plan (by Sabbagh / Columbia U. group) is to interface NSTX-U
EFIT to OMFIT, enabling code execution, analysis display capabilities

\[ his should make running stand-alone NSTX-U EFIT easier
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NSTX-U EFIT Model created and used for vacuum

field test shots and CD-4 plasmas

c New NSTX-U model :
¢ New center stack/eleM
¢ New PF1 (a,b,c) colls !
¢ PF1 coils mandrels (new
conducting regions)

¢ New limiter specification

\

Zim)
@

¢ Model for NAN3DO at e

currents retained

¢ We are close to completing
computation of 2D equivalent of
3D effective resistances

sing the 3D vessel, plate, port _
modeling in the VALEN code f

1.0
R(m)
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NSTX-U EFIT Model created and used for vacuum
field test shots and CD-4 plasmas

Shot 201085
o Time: 28ms
o |, =117 kA
.OO By =-0482T
@ R, =0.8m
Z,=-0.2m
lyan =~ 0.4 MA

wall

¢ Vessel current model essential for these runs
¢ Up to 0.42MA vessel current modeled
¢ Reconstructions challenging at I /1, ~ ¥4, but successful (good magnetics)
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