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KSTAR

EFIT is chosen as standard equilibrium reconstruction code

¢ Needs reconstruction of plasma equilibrium from experimental data.

To understand the plasma equilibrium property such as plasma
current profile, plasma pressure profile, magnetic field quantity, etc

To be used for plasma shape control and for supporting plasma
operation and data analysis.

To be used for calculation of plasma stability and particle transport.

¢ For KSTAR, we installed EFIT code as standard equilibrium reconstruction
code.

EFIT solves Grad-Shafranov equation in (R, Z) coordinates.

Advantages using (R, Z) coordinates :
- new experimental data can be easily included.
- no singular point in solving Grad-Shafranov equation.
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MDSplus : KSTAR Data Acquisition System (1)

MDSplus tree for
experiment data
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MDSplus : KSTAR Data Acquisition System (2) K5TAR

SCS (Supervisory Control System) automatically run the EFIT, which should
be pre-compiled appropriately, using a script file after each shot (between-

shot analysis).

For the between-shot analysis, EFIT uses the diagnostic data in the
PCS_KSTAR tree, which sampling rate is lower than RDATA and stored quickly,

and the results are stored in the EFITO node.
Requirements for automatic analysis

— Shot number

— Snap file

— Number of frames and interval between each frame

For more precise analysis, every researcher can run the EFIT using the

diagnostic data in the diagnostic tree (RDATA tree).
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Adapting EFIT to KSTAR system

Data needed for equilibrium reconstruction is imported directly from

MDSplus data acquisition system.

Data being varied with each shot such as ‘goodness’ of each magnetic probe

(fitting weight in EFIT code) also be imported from MDSplus system directly.

Data being varied in long time such as structure information also be read

from MDSplus system, even though these are not varied with every shot.

The eqdsk files will be temporarily stored in hard disk. eqgdsk files can be

used as input file of another calculation, for example, GATO.
Several supplement codes are made

— As an example, d2mds.f is a fortran code writing eqdsk data to

MDSplus system

US-KSTAR workshop Apr. 15 ‘09




An artificial circular plasma (I, = 200 kA) made by EFIT equilibrium calculaffGhTAR

mode as a test

h EFITD 65x65d 09/01/2008h r010004.001100

date ran =
shot# = 10004

tims,us)= 1100 O 1254
chi2z(mag)= 2.353E-29
routfcm) = 17877
zout(cm)=  0.000
afem) = 858277
elong = 08992

utri tri= -0.02 -0.02
indent =  0.000
V.,A(m3,2)= 9.71 0.863

J(Zmag, KA/m2)

energy(j)= 2.701E+04
betat(%) = 0.20
betap(3) = 0.80
betanIn= 081 025

li(3)li= 183 183
error, # = 8.248E-06 56
delstar = 4 5E-05 45E-05
ux,Ix(cm)=-89.00 -89.00
Jon,Jin = 513 0.00
q1,q95 = 7.15 586
dsep(cm) = 3.497
rmrc{cm)= 1863 1875
zm,ze(em)= 0.00 0.00

betapdw= 1.06 0.00

betatd,w= 027 0.00

wdia(J) = 3.582E+04

wior(J) = 0.000E+00 icp, ivse= 0 0
data used: kf, kp. E= 33 0
ip(ka) = 200.0 fpd, p,E= 1.01.00.0
bto(t)y = 1500 fwbp, fwg= 0.0 1.0
0 flux loops Ze(cm) = 0.000
0 magnetic probes ket, kep= 0 2

1 rogow Ofc Oec

scrapofimm) 40.0 80.0120.0160.0200.0

US-KSTAR workshop Apr. 15 ‘09

NI

Zojegeroma

National Fusion Research Institute




Reconstruction result of previous test equilibrium with calculated MP and FL data f§STAR
testing self-consistency of EFIT installed

h EFITD &5x65d 09/01/2008h mO10004.001101 * USIng same representat|0n Of plasma
date ran = current
shot# = 10004 1257 ,  Gives same betap (0.80), li (1.83),

tims,us) 1101 0

chi2(mag)= 6.139E-12 N\ : plasma shape,

routicm) = 17877
zout{cm) =  0.000
alcm) = 277

elong = 0.992
utriltri= -0.02 -0.02
indent =  0.000
V.AmM2.2)= 971 0.863
energy(jj= 2.6892E+04
betat{%s) = 0.20
betap(3) = 0.80
betann= 0.81 025
li2)li= 183 1.83
error, # = 5. 068E-03 9
delstar = 9.2E-02 9.2E-02
ux. x(cm)= -89.00 -29.00
Jon.Jin = 514 0.00
qlges = 7.15 586
dsep(cm) = 34597
rm,re(cm)= 186.3 187.5
zm.zc(cm)= 0.00 0.00
betapdw= 1.06 0.00
betatdw= 027 0.00
wdia(J) = 2.582E+04
wtor(J) = 0.000E+00 icp, ivs= 0 D
data used: K, kp,E= 220
iplka) = 200.0 fod, p. E= 1.01.00.0
btot) = 1.500 fwbp, fwg= 0.0 0.0
5 flux loops Ze{cm) = 0000
33 magnetic probes kef, kep= 0 2
1rogow Ofc Oec

scrapof(mm) 40.0 80.0120.0160.0200.0

J{Zmag, KA/mZ)
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Attempts to reconstruct equilibrium for a shot #1127 @ 545 ms (for KSTAR
this time, Steve already reconstructed the equilibrium)

7 'Dlaﬁr?ﬂa'turrerﬂ: Ip = 97.1 kA

ENFE
(A/turn)
PF1 693.9
PF2 9.535
PF3 2.689
PF4 -0.0781
PF5 172.9
PF6 594.5

PF7/ -1258.1

= For this case, PF1, 5, 6, and 7
coils are important
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Steve's reconstruction results (presented @ 08" APS)

t=0.545s case (frame#133, 543.1 ms)

a: R=1.16m (vessel wall);

N
o
o
o

Plasma pressure (arb)
(4]
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a
a
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Poloidal flux normalized

®* The plasma center shifted about 10 cm below the midplane

b: R=1.26m (inboard limiter); Significant wall current is on the order of plasma current

ionization resonance layer).

c: R=1.7m (ECH pre- { 0 reconstructed |, = 70 kA

0 reconstructed |, omp = 93kA O measured |y peqs = 95 kAJ
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We analyze 7 vacuum test shots, in which only 1 upper and lower PF KSTAR
coils are charged

This shows PF1 current form of #899
No eddy current @ -2 sec
No currents in all other coils

EFIT and MD data should agree each

other

v EFIT and MD data agree in signal direction and order

v However, there are several MD signals significantly

different from EFIT prediction
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Analysis results of 4 important vacuum shots (1)

: MP’s data showing big difference from EFIT for 4 important
vacuum shots
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Analysis results of 4 important vacuum shot (2) KSTAR

: FL's data showing big difference

. v'Position of MP’s and FL's showing
from EFIT for 4 important vacuum shots big elftierenes fram EET prdieten
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EFIT results w/o vacuum vessel when all bad MD signals are ignored (only 14 ~ KKSTAR

MP’s are used) : converged but looks like fail to get real equilibrium
T

h EFITD 65x65d 09/01/2008h
date ran =

shot# = 1127
t(ms,us)= 545 0
chi2(mag)= 2.967E+01
rout(cm) = 163.77
zout(cm) =  0.000

alcm) =  46.52

4.04

zm,ze(cm)=  0.00 0.00 117 1.64
R(m)

data used: ki, kp, E= 2 10
ipka) = 971 fpd, p, E= 0.0 1.0 0.0
btO(t) = 1.394 fwbp, fwg= 0.0 0.0
0 flux loops Ze(cm) = 0.000
14 magnetic probes kef, kep= 1 0
1rogow 7fc Oec

Lirec = 121.8 kA (big difference of 25%)
Zout, Zm =0cm (< 0 ?)

Very high ggs = 8.63

Not so bad chi2. Number itself is not so = Good condition number (8.697 e4)
important because the serror is arbitrarily put = NO FL's used : converged to worse

as 0.1. However, lower chi2 is better solution when used
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Using all MP’s and FL's (small fitting weight given to bad signals) :
better condition no. & worse chi2

h EFITD 65x65d 09/01/2008h
date ran =

shot# = 1127
t(ms,us)= 545 0
chi2(mag)= 2.648E+02
rout(fcm) = 155.43
zout(cm) =  0.000

alcm) = 38.18

rm,rc{cm)= 161.6 159.9 . :
zm,zc(em)= 0.00 0.00 1.55
' ' R(m)

data used: kf, kp, E= 210
iplka) = 97.1 fpd, p, E= 0.01.00.0
bto(t) = 1.394 fwbp, fwg= 0.0 0.0

5 flux loops Ze(cm) = 0.000
32 magnetic probes kef, kep= 1 0

1rogow 7fc Oec

= Ljrec = 101.8 kA (good)
Zout, Zm = 0 cm (still bad)
High qq¢5 = 6.67
Worse chi2
Better condition no. (1.732 e4)
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EFIT result considering vacuum vessel using all MP’s and FL's w/ KS5TAR
optimized fitting weight

h EFITD 65x65d 03/03/2009h
date ran =

shot# = 1127
t(ms,us)= 545 0
chi2(mag)= 6.376E+00
rout(cm) = 158.64
zout(cm) = -6.995
alem) = 41 39
rm,rc(cm)= 163.9 163.0
zm,zc(cm)= -6.87 -6.84
data used:

ipka) = 971

bto(t) = 1.394

5 flux loops

31 magnetic probes
1rogow 7fc Oec
scrapof(mm) 0.0

9.1

1.59

R(m)
ki, kp, E= 3 2 0
fpd, p, E= 0.0 0.0 0.0
fwbp, fwg= 0.0 0.0
Ze(cm) = 0.000
kef, kep= 1 2

" Iyec=102.0 kA, I, = 55.8 kA

Zout = -6.995 cm
High g5 = 7.53
Good chi2

Good condition no. (6.16 e3)
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Vacuum vessel is modeled as 18

current segments composed of many

filaments. And the total filaments are
mo@than 1000.
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Comparison with Multipole Moments Method results

= [p agrees very well with MMM results

= R of magnetic axis follows only tendency
= Z of magnetic axis agree very well in ramp

down phase
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Paramagnetic material Incoloy908 is used as jacket of CICC (Current In Conduit KSTAR
Conductor) of PF1~5 and TF coils of KSTAR

« BH curve of Incoloy908
« Magnetization is
saturated at around 1 T

of external field

v" We developed a model for
OPERA/TOSCA module
(details of PF1U model is

shown in circle)

N
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For vacuum test shot (# 899 @-2 s), Incoloy908 effects reduce the differences KSTAR
between MD signal and EFIT prediction

EFIT ——
HOS+ —#—
Baling) —¢—

B-field (T}

EFIT ——
3 HD5+ ——
Bn{inc} ——

Il Il
il 18 15 a5 30 35 48 45 a8 bt 1] 66
Hagnetic Probe

Flux loop

These figures show the EFIT result (red), MD signal (green), and OPERA/TOSCA results
(blue) considering Incoloy908
When we consider Incoloy908 effects, the differences become smaller (especially in

flux loop signals), except MP signals presented in circle.
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Norm square calculation shows that disagreement between calculation and MD KSTAR
signal can be reduced when the Incoloy908 effects is considered

EXp no.

EFIT

Bm(air)

Bm(inc)

899 (PF 1)

1.01738E-02

1.03026E-02

3.07682E-03

922 (PF 2)

1.11187E-02

1.12312E-02

2.98956E-03

944 (PF 3)

5.54401E-03

5.58857E-03

1.32241E-03

945 (PF 4)

4.61810E-03

4.68534E-03

7.92198E-04

946 (PF 5)

2.713852E-02

2.83623E-02

1.26519E-02

963 (PF 6)

3.50005E-02

3.95085E-02

1.31540E-02

900 (PF 7)

1.86324E-02

1.74380E-02

1.20323E-02

v For quantitative comparison, we calculate ‘'norm square’

v' norm square=)((cal. value - exp. value)*2) : sum along MP’s and FL's

- norm square = 0, when perfectly same

v Considering Incoloy908, norm square are smallest
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How to count the Incoloy908 effects in equilibrium reconstrudfehAR

Step 1 : reconstruction equilibrium w/o considering Incoloy908 using EFIT

Step 2 : simulation the MD signal for 2 cases, including and not including
Incoloy908, using OPERA/TOSCA module

Step 3 : calculation difference between above 2 simulation results
Step 4 : reduction this difference from original MD signal
Step 5 : re-reconstruction equilibrium using above compensated MD signal

Step 6 : iteration (step 2 ~ 5) till convergence; we hope that only 1 iteration
is enough, because the difference calculated in step 3 is very small to

original MD signal.
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We compare again the MP and FL signal and OPERA results
considering Incoloy908 for fitting weight

. big difference between
OPERA and MP data

it fet
TG THE

A AN S
iy ﬁﬁ w &

E;ﬁﬁﬁﬁéu
e

US-KSTAR workshop Apr. 15 ‘09 NER|F/1Hsaass

National Fusion Research Institute




Re-reconstructed results (15t iteration) using compensated MP's FL's signals KS5TAR
with appropriate fitting weight

h EFITD 65x65d 03/03/20!
date ran =

shot# = 1127
t(ms,us)= 545 0
chi2(mag)= 2.165E+01
rout(cm) = 166.03
zout(cm) = -14.351
a(cm) 48.78

rm,rc(cm)= 173.8 170.3
zm,zc(cm)=-14.62 -14.07

R(m)

data used: kf,kp, E= 320
ipka) =  97.1 fpd, p, E= 0.0 0.0 0.0
bto(t) = 1.394 fwbp, fwg= 0.0 0.0

5 flux loops Ze(cm) = 0.000
31 magnetic probes kef, kep= 1 2

1rogow 7fc Oec
scrapof(mm) 0.0

" =982 KA, I, = 41.5 kA
Zout = -14.4 cm : become worse
High gqg¢s = 13.1
Chi2 is 21.7

Condition no. is 2.9 e5
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Future works

» The re-reconstructed equilibrium very differ from other’s results including fast CCD

camera. The re-reconstructed equilibrium does not reflect Incoloy908 effect. Thus this
is not correct equilibrium. How to add up the flux/field from Incoloy908? O, /s there
another strategy to count Incoloy908 effect?
= Remained works when Incoloy908 does not be considered are :
Serror estimation : should be calculated...
Equilibrium reconstruction in time series
Storing the results into MDS+ system

Improving vessel model using Fourier series representation
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1) Hiroshi Aikawa et al/, Japan. J. Appl. Phys, 15, 2031 (1979)
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