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Abstract 2/40

The talk presents the theory, simulations and physics of VDEs, consistent with JET measurements of
toroidal asymmetries in the plasma current and toroidal magnetic field flux (diamagnetic signal). In 2007,
the Tokamak MHD theory introduced the Hiro currents and gave the explanation of the wall currents in
JET (still called the "halo” currents, despite their opposite direction to measurements). Now, the JET data
on diamagnetic signals support the explanation of the currents to the tiles surface, discovered earlier on
DIlI-D in VDEs and measured on many tokamaks, by the theory introduced Evans currents, while being in
conflict with the conventional "halo”-current interpretation.

The formulated understanding of VDE, which excludes the halo-currents as the players, opens new ap-
proaches for measurements, numerical simulations, and deeper theory development for prediction of the
disruption effects in ITER.
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1 Attached poloidal currents on DIlI-D (1991) 4/40

E.J. STRAIT, L.L. LAO, J.L. LUXON, E.E. REIS. “Observation of poloidal current flow to the vacuum vessel
wall during vertical instabilities in the DIlI-D tokamak”, Nucl. Fusion v. 31 p. 527 (1991)
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FIG. 3. Equilibrium flux plots from EFIT at three times during the vertical instability: (a) 2660 ms,
(b) 2675 ms and (c) 2684 ms. Plasma current was allowed in the hatched region, including part of the SOL.

Large “halo” currents to tiles discovered far away from the last closed magnetic surface:

® Generated by EMF —d(L1,,)/dt in the direction of plasma current due to plasma shrinking

® Force-free in the halo zone
e Flow along a short path in the wall across B;,, and exert a large vertical force to the wall

® Balance the plasma vertically
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Driving voltage (EMF) for halo currents

5/40

6. DISCUSSION

The attached current measured by the armour tile
Rogowski loops in the early stages of the vertical
instability is probably driven by the vertical motion of
the plasma. After the discharge comes into contact
with the vacuum vessel wall during its downward
motion, the cross-sectional area of the plasma begins
to decrease (see Fig. 3). According to Lenz’s law, the
contraction of the plasma boundary across the toroidal
magnetic field should induce a poloidal current which
tends to conserve toroidal flux within the conducting
plasma. The toroidal field points out of the page in
Figs 1 and 3, so the sign of the observed current is
consistent with this prediction. In the present example,
the cross-sectional area decreases at a fairly constant
rate of about 100-120 m?/s in a toroidal field of

1.1 T, which, according to Faraday’s law, would
generate a poloidal electromagnetic force (EMF) of

110-130 V. The total toroidal flux contained in the
discharge before the instability, about 2 Wb, can drive

a much larger time integrated poloidal current (and
hence a larger impulse to the vessel) than the diamag-

netic flux of about 0.03 Wh.

From E.J. Strait et al, NF (1991)

The statement in blue is incorrect.
od
ot

pol =~

There is only a toroidal (in fact along B ) EMF,
alI,edge

_ loop
Utor = voltage = =

due to poloidal flux conservation.

ot

It tries to preserve the plasma current when the

plasma cross-section shrinks.
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2 Overview of theory. VDE and fast equilibrium evolutione/4o

It is right to neglect plasma inertia and consider only the equilibrium evolution
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T =~ = T Ttranspor Tresistive
MHD = T 518 1B/ v —= < e < RS (2.1)
<frus 7
PFCaoil
B°FC This is a SPECIAL, fast equilibrium
Positive edge BUt i evolution, .
current which preserves the magnetic fluxes
\Y

Ipl Localized currents are automatically generated at the plasma sur-
@ face (edge)

e negative (opposite to the plasma current) at the leading side

cqative edge @ POSItive at the trailing side
current

8A’i,surf 8A’pl,core . . j»
PFC _ _ — PFC __ surf — 2
\V/ B ot ot + VBple‘P + &L/ V¢E o (2.2)
PECoil ~ ~ Driving EMF
ol

~
vanishes for m/n=1/0
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Surface currents in tokamaks 7/40

The generation of the surface (edge) currents is the
fundamental tokamak MHD effect

Plasma electrons preserve the alignment of the plasma surface with the
maghnetic field
(B - VO’H) ~ (B-VT,) ~ 0, Borma =0

e Without them the tokamak plasma would not exist - it would be always unstable

e It is a fundamental effect of the real plasma - the plasma“resistivity” determines only
the thickness of the current layer.

e The perturbed plasma generates the same value of the edge current independent of
plasma resistivity - works as a current generator

The simple, 6-functional model of the surface (edge) currents
is perfect
to predict the most robust MHD effects in the tokamak plasma

They are not based on the fictitious theoretical model of “ideal conductivity”
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2.1 The s-functional surface current model 8/40
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“Inertial” phase (non-existent in the real life) of vertical instability

1. Equilibrium in the core with flux conservation determines the distribution of surface currents.
2. §(7T % Epol)dS o< 0zp 1€, force is applied to the surface currents % in the direction of § z,

3. Weak poloidal currents j;,ol = (Vl*:‘ X é’z), are generated in the core. They enter the plasma edge
and make the surface currents force-free.

4. The ( j;,ol X Etor) force in the core is compensated by plasma inertia. It advances the plasma shape.
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2.2 Toroidal Hiro currents along plasma facing surface 9/40

On the way to the wall, the plasma faces the tiles

Force-Free (F-F) F-F edge currents
edge + Evans currents
currents 3 to tiles ]
3 3 3
& & £
5 5 ™l
4 4 4
3 3 3
2 2 2
3 | 2 a
-3 I S g -3 -3
. - ¢ - -
PFCtiles ™ PFCtiles ™ i
=& =& fi =&
Negative surface current a7 Negative surface current a7 Hiro current along tiles G5
=& =& =£
Initial plasma displacement Negative surface current at the leading Hiro, Evans currents, formation of two
edge Y-points
Predicted by the TMHD theory
(a) surface currents at the plasma boundary
(b) Hiro currents along the tile surface in the toroidal direction
(c) Evans currents from the plasma edge to the tile surface
are well reproduced by the new VDE code.
M PPPL
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Intermediate equilibrium maintained by the Hiro currents1o/ao

F-F edge currents
+ Evans currents
to tiles

Hiro currents apply the force to tiles

F-F edge currents
+ Evans current
going to tiles J

Evans currents

Hiro currents

b o n

=3

No place for halo
"currents" I

Evans currents.

“halo” currents
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Plasma shrinking due to decay of Hiro currents 11/40
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During plasma shrinking I,
decays

This generates an additional
poloidally symmetric com-
pensation current at the
plasma edge

At later stage its contribu-
tion enhances the darkness
of the color of the total F-F
edge current

On the way, the kink mode
m/n=1/1 will be developed
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2.3 Beyond the s—functional current model

12/40
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Btor
direction

Extra paramagnetic
forordal flux Q/R

Positive force-free
surface currents

/ - —— J/A/V
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vans current Hiro current Evans current
to the wall along tiles  to the wall
(electrons) (ions)

(

Resistive thickness of the F-F
currents

t 24/t
AFF ~ 9 ~ 3/2
HoO | 7TkeV

The shrinking plasma core re-
leases the plasma particles and
creates the halo zone

The Evans currents in the halo
zone are a fraction of F-F cur-
rents, and are limited by

FEvans dNe
Ipol < 2e o

The Evans currents to the tiles
surface are driven by the loop
voltage and observed as the
currents to the tiles surface

There is no place for other
“halo” currents

The Evans currents are the side effect of MHD instability
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Edge voltage and thickness of the edge F-F currents 13/40

Total Force-Free surface current I¥—F
IHiro IHiro

IF=F ~ |[Hro| = 7{ i Fdl, i+ F~ ~ : (2.3)
Lo 2T Ay

Diffusion of an initially 6-functional edge current into the plasma core

3°%%(a,t) 1o = "7 - 8(a — ap),

.F—F —ay))?
, i 2 _(a—a t 2%, (2.4)
j(a,t) = . e a? A, =2 ~
A Vw ooy 7T,

The associated resistive Voltage U<%9¢(t) at the plasma surface x = 0

-ed Hi Hy
Uedse(s) = 2xR . L o T oo B Dt L (2.5)
o a o 7t 10a T3/4 t,

going down with time.
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2.4 Xiong tiles on EAST 14/40
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© Plasma current . .

= —— Two resistors between 3 shaped Mo tiles

£ | Hiro currents « VxB""© mounted through the thermal contact on a 2
43— cm thick copper heat sink plate, point-wise

— | \_L% grounded
4 2

Resistors —> signals V34 V12

4 types of currents can be distinguished by the Xiong tiles.
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First measurements of Hiro currents in VDE 15/40

Toroidal Hiro currents (~ 0.8kA), opposite to the plasma current, were measured on
EAST in May 2012 for the first time in an axisymmetric VDE

shot 38471

EAST shot 38465 0.6
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3.7‘25 3.‘73 3.7‘35 3.‘74 3.7‘45 3.75 55 5.505 t5i551) 5515 5.52
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Downward VDE Upward VDE

No toroidal asymmetry, n=0, Ipl and Mirnov signals from three cross-sections are identical

Hiro currents in n=0 VDE are NOT SHARED between plasma and the tiles.
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2.5 VDE as a current and voltage generator 16/40

1. VDE instability, acting as a current generator, excites

(a) the Hiro currents in the wetting zone of the plasma facing structures, and
(b) the Force-Free edge currents at the plasma free plasma surface
(c) the resistive voltage ~ 27 Ro jF —F created along the free surface

2. The Hiro currents provide the plasma equilibrium and exert the forces on the vessel.
(All other currents are not the players in forces on the vessel)

3. Plasma motion into the tiles is necessary to maintain the necessary level of Hiro
currents

4. Shrinking plasma cross-section

(a) releases plasma core particles and creates the “halo”-zone
(b) creates additional loop voltage in the halo-zone from the conventional plasma current decay

(c) releases a fraction of F-F currents to the tile surface as the Evans currents, which are measured
as the tile pins currents

The total Evans current is limited by the maximum ion saturation current

e

d
Fvans
Ipol < 2e o

” Ne = /ned%lume (2°6)

As a reference

DIII-D : /IE”““s(t)dt < 2eN,~2-1.6-107".3.10".20,,5 ~ 200 [A- s],
(2.7)
JET : /IE”a”s(t)dt < 2eN,~2-.1.6-10"".3.10".60,,5 ~ 600 [A - s]
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3 JET VDEs. Wall Touching Kink Mode 1/1

17/40

Introduced in 2007 as a key element of disruptions

ﬁ—x ) 3R

Force [i x B}
R

~
( 451 /2R

® .

Top view of cross-sections

Hiro currents™

*named in the honor of Hironori Takahashi

Only negative part of i(w, @) can be shared be-
tween plasma and the wall.

The m/n=1/1 WTKM in VDE always leads to
asymmetry in plasma current measurements.

Hiro currents are predicted by theory of perturbed equilibrium
This makes the Hiro currents prediction unshakable.
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Pick up coils —
a)

Internal discrete b) ‘_'"frqi 18 Coils
Y coils (IDC) k

. il | 14 Saddles

Plan view of JET vessel, showing the toroidal Each vessel octant was equipped
locations of pick up coils and saddle loops with pick up coils (IDC) and
saddle loops

The integrated signals are recorded regularly with 16-bit ADC at 5 kHz
from 3/11/2005 onwards. (The plasma current quench durations > 10ms)

TSD meeting PPPL 9-11 July 2014

S Gerasimov “"Overview of JET asymmetrical disruptions”
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Plasma Current

Calculation ol =9 Bdl
|
ZB d ZHD! Di (I U+IRRL)
ﬂo i=1

First Plasma Current )/, = NR-R,)J [ARAZ
Moment

Calculations Mz 5./;1 LIdRdZ

1 18 1 14 R
0 ; 2z ;
4

T Z Zpilpid pi = (Zrpod rro + Zree L rer)
i=l

Divertor support structure and divertor PF coil cases are not included in calculations (~5% of Ip at
disruption), because there are no reliable measurements. It does not affect the asymmetry calculation.

>

TSD meeting PPPL 9-11 July 2014 S Gerasimov "Overview of JET asymmetrical disruptions”
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Magnetic Diagnostic — Diamagnetic F

Loops........

Pick up coils —

Internal discrete e
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\ i)

\h—v-” /f
Plan view of JET vessel, showing the toroidal #1 and #5 octants equipped with in-
locations of in-vessel diamagnetic poloidal vessel diamagnetic poloidal loops

loops

TSD meeting PPPL 9-11 July 2014 S Gerasimov "Overview of JET asymmetrical disruptions”
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.- El4g-  Radial Vessel Displacement Diag

Displacement
transducers

Transducers measure radial movement
at vertical port of the each vessel octant
with respect to mechanical structure

TSD meeting PPPL 9-11 July 2014 S Gerasimov “"Qverview of JET asymmetrical disruptions”
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3.1

Large VDE on JET (Aug.10,1996, 16:54:12, #38070) 22/40
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EF_}%&: Vessel current during VDE, #38070
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#38070 VDE B4 [upwards
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206 / E
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00F ‘ | T
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8.0 | | | E
60F AM,Z
:o— Oct. 3 - Oct.7 Alpla —
0F A E
: Differences A b_q_
208 | '

1SE

0.0E

In octant 7 the plasma is closer to top of the
vessel than in octant 3.

4

in octant 7.

59.98 60.00 60.02

1.0 —%
05E ﬁ Oct. 3 \Oct]ﬂ‘ M *The current from plasma flows on vessel
‘ 0‘08

60.04 60.06 6. 60.10

The measured Ipla in octant 7 is higher then in octant 3 =
the missing vessel current in octant 7 is OPPOSITE to Ipla!

The “halo” current based interpretation predicts the opposite sign of asymmetry
in the current measurement and contradicts JET Ipla’s.

S N Gerasimov et al, Scaling JET Disruption Data to ITER. W70 7/10/09
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WTKM explained the toroidal asymmetry in Ipl on JET 23/40

Hiro current theory has amazing consistency with experiment in the sign
of the effect and its time dependence. No tricks are necessary.

T mA 7 JET 38070
JET 38070 \
2— L .2—
1~ \ L 0—te=
0- T T E—— -2 T T T
) 59.95 60 t, sec 60.05 60.1 b) 60.02 60.03 60.04 t, SeC 60.05 60.06
IMA~— " | 9ET 38705
, | JET 38705 |
o
o L
__57
[ T T ¥
56.75 56.8 t, sec 56.85 56.9

1
-1 T T T
56.82 56.83 56.84 [, SEC 5685 56.86

(a) Plasma currents I ; in octants 3,7 on JET during the disruptions.
(b) Z7 — Z3 and R; — R3, I; — I5 and its prediction —I°%"/ from the present theory.

surf 4Bcp 6Z7,3 surf 1 1
I, >~ —a LI, Znsg = ffBle = S2p,7,3)
B a B )
H’O'I_f’ll — _2511_90 <ecp + _60> ’ Irivo >~ Isurf — —4&511 £ .
R R Ruo
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Hiro currents explain toroidal asymmetry in Ipl 24/40

100 % success in explanation of the sign of toroidal asymmetry on wall currents on JET
(in contrast to 100 % failure of “halo current”interpretations)

Hiro current theory | dB (Aug. 2014) for the Phase diagram

0.4._
Upward VDEs PSC | Octants| All cases VDE
C-wall 3-7 4429 1673
0.2 Downward VDESs C-wall 1-5 963 299
IL-wall 3-7 371 162
IL-wall 1-5 391, 160
= ol . .
= Vertical axis
6Ipl = pl(‘P + T, t) - Ipl(‘Pa t)
0.2 Horizontal axis:

OMiz = Mirz(p + m,t) — Mrz(p,t)

Halo currents
would have phases
corresponding

-0.44 to upward VDEs

Black color: o = 90° for Octants 7-3
Blue color: ¢ = 0° for Octants 1-5

JG11.287-3c

-1. -0.5 0 0.5 dMIZ, MAm

The currents in the wall measured on JET are
the Hiro currents
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Ip(MA)

AZ(m)

Alp(MA)

3.2 JET asymmetry in the Diamagnetic signal 25/40

J ET Pulse No: 72926
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Rotating m/n=1/1 WTKM

—-100

Loop Voltage
U~-50V
Kink 1/1 amplitude
E~5cm
Hiro currents
o ~ 0.2 MA

Paramagnetic Voltage

|‘f |__| (i tor 1 ‘f
pol] = dt |
Period of rotation

At >~ 3 ms

Paramagnetic Voltage on Diamagnetic loop is consistent with
the local enhancement of Evans currents !!!
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“Locked” m/n=1/1 WTKM on JET (Gerasimov 2014)

26/40

JET Pulse No: 70100
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V(V)

—-200

Loop Voltage
U~-7T0V
Kink 1/1 amplitude
E~8cm
Hiro currents
I ~0.15 MA
Period of rotation
At ~ 25 ms

Paramagnetic Voltage

tor

<2V
dt

d
|Vpor| = |—

Paramagnetic Voltage on Diamagnetic loop is consistent with
the local enhancement of Evans currents !!!
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The theory interpretation of & asymmetry 27/40

1. The halo-zone is toroidally localized in the vicinity of the wetting zone
2. Both Hiro and Evans currents enter the wall structure (Hiro currents escape magnetic probes)

3. The Hiro currents are situated right after the plasma core edge which have the same ® in all cross-

sections
4. The Evans currents have a larger footprint and generate an extra paramagnetic flux

Hiro currents
n the wall

Positive force-free
edge current

Extra paramagnetic /
toroidal_flux /

="

.

Evans currents
to the wall

Lfrrr Emeroas

Negative force-free
edge current

R

Theory suggests that Evans currents in the wetting zone are responsible for asymmetry in 6

MPPPL
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The relevant reference numbers used

28/40

PRINCETON

< me > 3 .10 - average core plasma density
Volume 60 m3 - plasma volume
AR ~ 25 ms - current quench time for assessment of N,

Q = 2en.Voume 600 A-s -total particle charge

The reference limit on the Evans current

5 dN
I=79n8 < 2e = ~ 0.024 M A.
- dt 0.025
For explanation of the 6® asymmetry it is necessary to have
IEvans oP

Ho Lwet ¢ 55’Evans
For rotating mode 72926 it is OK

wet

IE'vansN ‘/pOlAt
MA — 27TI,L0(sSEUanS
0.2  Lue

55Fgms 5

~ 0.01 -

For the locked mode 70100 it seems to be too large
[ Voardt 0.2 LW

JEvans~ Lwet ~ 0.04 - .
MA IJJO(sSEmmS 5STIEL12)ans 5

They may have reached the saturation level causing the drop in §&
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Hiro currents in Large disruption shot 38070 29/40

For 38070 VDE the measured charge carried by the Hiro currents on JET is calculated as
/(I7 — 13)38()7()dt = /I?gg;%dt = 4350 [A . S] > 600 (3.6)

The electric charge of the shadow plasma is approximately two orders of magnitude
smaller than 600 As.

The physics of the Hiro currents is not associated with the “halo”’currents
(limited by the total charge)

Although it is impossible to affect the misuse of “halo”current term in this community,
the “halo”’-name is highly confusing and works against the progress
(and in certain cases in PPP is an assault on the authors of the theory)
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4 Tokamak MHD (TMHD)

30/40

Typical conventiona MHD:
Equation of motion

dv .
P = —Vp + (7 x B) + (hyper-) viscosity.
Equation of state
dp — dp _
—_ - V . V ) _— = — V ° V .
o vp( ) p( )

Ampere’s law
B =(V x A), wji=(V x B).
Faraday’s law

0A . .
———— +(VxB)—-Vo¢F =

5t , o =o(T,).

Q |y

Boundary conditions

(E X @) prasma = (E X @)wau from electrodynamics,

Vi= (V- -@)war =0  from hydrodynamics.
Three levels of MHD

1. Hydrodynamics and MHD of liquid metals. Inertia is important.

2. 3-D numerical plasma codes (with a train of equation irrelevant to MHD)

3. Tokamak MHD - highly anisotropic plasma with negligible inertia.

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

The distance between first two is smaller than between the second and the third.
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Force balance versus plasma inertia in disruptions  31/40
Discharge parameters of 38070:
Ne ~ 3.101° plasma density
Votume =~ 50 m®  plasma volume
'3 < 0.3 m amplitude of the m/n=1/1 perturbation
At 25 ms duration of m/n=1/1 perturbation
Force of plasma inertia

2€ 0.6
F,~ m;n; - Vyume - ~2.1.7-107%".3.10"Y.50.
Ttk t Volume A4y 625 - 106 (4.6)

~ 0.005 [N].
The measured value of the sideways force in this shot is

~24MN=24-10° N > 0.005N

e All existing 3-D codes are driven by plasma inertia, negligible in tokamaks.

The mismatch between 3-D code models and the tokamak reality is
108 in driving forces or 1 0% in the time scale

e Some of 3-D codes (M3D) are dare to claim that they simulate disruptions and the

sideways force in ITER. To operate, they need an artificially strong instability.

The trick M3D uses is a hidden enhancement of ITER 15 MA current to the level of 24
MA, not reflected in the title, abstract, introduction, summary and in presentations
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The set of TMHD equations 32/40

The Tokamak MHD is presented by the following set of equations

1. Equation of motion is split into an equilibrium equation
Vp=(7x B), ¥=19(2), (4.7)

and the plasma boundary advancing equation

" F_ . FZ_ .
A = ——VF, V.—VF|=0. (4.8)
T T
2. Faraday’s (Ohm’s) law in plasma and the wall (with no V')
T VeE 4 (V x B) =2, v=2% (4.9)
ot o t
3. Plasma anisotropy
o=c(®), (B-V)~Do0. (4.10)

4. boundary condition at the wall (determines plasma V,,,,..; to the wall)

~pl _ Pwall jpl Y 3y J ol 4.11
EV'=Fwill — 2 _ _ (V x B) = : (4.11)
I | O-pl o-wall

Force balance across the free plasma surface

|B|I* | FF | B|?
P+ + — ’ (4'12)
20 o ), 210 |

where subscripts i, e’ specify the inner and outer sides of the plasma surface.
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The numerical scheme of TMHD is simply beautiful 33/40

Each of all TMHD equations has its own energy principle leading to a positively defined
symmetric matrix if expressed in terms of finite elements. Stability is guarantied

3-D equilibrium (3-D Hermit elements, block tri-diagonal)

wixBl / <|B|2 (A*f)) .

_Z_/JO {K(‘I" + 9, + ') — 2N (W' + ), + ') (Y — @) + M (g — ¢p)? (4.13)

+Q(®' + ¢, + 'mp)* — 2N (¥’ + ¢, + &'n)) (D' + ¢, + ¥'n
2N (P — ¢0) (B + &, + &'mp) — (B + $)F, + (T + ) (! + 1/9)} daddc¢.
Plasma advancing (3-D Hermit elements, block tri-diagonal)
wr_l / 28" FC A 29" Fy + g + fgaCFéFé + 20" R R+ g<FE ac. (4.14)
2

Faraday’s law (3-D Hermit elements, block tri-diagonal)

1 B
wt = - / {Bt (KB"B" +2MB°BS + QB<B<) + Pt (KJ"J“’ +2M3%5¢ + Q5% )} d’r. (4.15)

r

Sink/source wall current from the plasma (triangle based wall model, small sparse matrix)

W = / {&(V‘ps)z —|—ji¢>5} ds — %%dﬁ&[(ﬁ x Vo) - dil. (4.16)

2
Hiro, eddy currents in the wall (triangle based wall model, stationary matrix)

1 o7 AL OA
szz/{ < )+77|VI|2—|—2<5’- a

5 - ) } ds — j{(ng — ¢S)%dl. (4.17)
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5 The VDE-code for EAST to be a research tool 34/40

Real EAST in-vessel geometry is used for VDE simulations.

N O S O

- Plasma touches the divertor plate and Negative Hiro currents (blue), shown in
Initial unstable plasma generate Hiro currents, ® /&y, = 1 the contact area of plasma

!l Our VDE code shows the contact zone right at the position of Xiong tiles !!!
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Plasma VDE in EAST geometry 35/40

& /By = 0.5 ' P /Py = 0.4 ®/®p = 0.25
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5.1 The real in-vessel geometry is an essential part 36/40

Real EAST in-vessel geometry is used for VDE simulations.

Stabilizer elements (16 toroidal sec-
Vacuum Chamber Double layer vacuum vessel tions)

All associated Greens functions
for wall circuit equations are al-
ready calculated

Only

One toroidal sector of copper stabiliz- . .
ers (8728 triangles) Carbon plasma facing tiles
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5.2 Free-boundary equilibria with ESC-EEC 37/40

ESC-EEC can calculate free-boundary equilibria in both » — z and flux coordinates

The Equilibrium Spline Interface (ESI) is developed for equilibrium codes
instead of present mess in interfacing

EEEEEEE

EEEEEEE

o 2\ il il
/ \ { i
- ! - \ / - | 7 - n /I
: . =N , S A 7 ,
a / | | 1 A “ %Y 7 1 N l’l
. 7, ) . / 7/ - \ " X7 - \ O v,
Z ~ ~ NS5 r \Wscomm=er "
-+ - 4 1 e 4 \"Q 7 = - \”. A 7 =
N ~ 1 - ~ nl -\ \ ~ nl -\ \. ~
=y y B y - y - y
A =l X =l " X
/ - W11/ y A y %, A y
—\\V/ / ==\ TN /) : / S : /
T N \ 1 NN = al XN r~
\ . ! \ . > 5 \ . >3 . \ . B .
Lo 0 [ L1 [0

' (a) ID=00,1,00,00,00 (b) ID=00,01,00,00,00 (c) ID=00,40,00,00,23 (d) ID=00,40,00,00,23

Free boundary ESC-EEC is a step for inclusion of going beyond é-functional TMHD

toward development of the physics of the Evans currents in the halo-zone
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5.3 VDE simulations motivate innovative diagnostics 3s/40

We suggested a comprehensive set of innovative tile diagnostics for Hiro, Evans and SoL
current measurements on NSTX-U

Hiro, Evans, SoL currents tile diagnostics

Xiong tiles

p horHioeurents - Tila sensors for measuring Hiro, Evans, and
A SoL currents and different kinds of diagnos-
tics including

Hiro
currents

1. Hiro current diagnostics

2. Evans current profile diagnostics with
enhanced radial resolution

3. Evans current p-phase diagnostics

4. SolL current measurements

profile sensors
(8 tiles)

¢-phase sensors
(4 tiles)

Evans currents carry important information on plasma-PFC interactions, never touched
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TMHD vs existing MHD simulations

39/40

Regarding disruptions, everything is either wrong or highly irrational in theory and exist-

ing 3-D simulations

The current “Flagship” 3-D MHD codes

TMHD (VDE, Galkin’s DSC codes)

Wrong interpretation of the Eq. of motion
Unresolvable, 4 decades old Courant time step limit problem
It is a non-sense to solve the eq. equation using inertia

Proper extraction of the force balance
Just absent
Fast, stable Newton scheme, tested in 2-D

Numerical plasma grid misaligned with magnetic field
Inability to implement (B - Vo) ~ 0 (Lundquist problem)
Associated train of irrelevant “extended MHD” equations

Adaptive Reference Magetic Coordinates
Consistency with the scale separation
Compact with nothing unnecessary

Simplistic wall geometry
Rare plasma with Spitzer resistivity outside the plasma edge

Wrong, “salt-water” condition at PFC V!*% — ()

3-D, triangle based thin wall surface
Vacuum,o = 0
Plasma neutralization

© O O N O G KW N

Unstructured triangle based numerical grid (intrinsically C-0) for
plasma and

Hermite C-1 elements and block-diagonal
matrixes
Aligned with B and are C-1 automatically

10 | Unjustified use of C-1 triangles, misaligned with B

11 | Crowds of people for serving a single the non-operational code = CodeBuilder, a physicist, Chinese student,
the Head of JET magnetics, & S.Galkin

12| ...

For more than 3.5 decades since the late 1970s the 3-D codes have generated countless “disruption”

simulations

In 1996, JET disruption data and the WTKM theory in 2007 have devaluated them all together
(with the exception of A.Aydemir’s code)
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6 Summary 40/40

1. TMHD created a credible, predictive theory of the VDE in tokamaks, consistent with
observatons and extendable to more details in physics

2. New set of MHD equations, compact and rational, is derived for VDE
3. New stable and fast numerical are formulated for implementation

4. 2-D version of the VDE code is operational and on the way to be a research tool for
the EAST tokamak.

5. New tile diagnostics are motivated for tokamak disruptions

This prepare a transition to further progress in disruption understanding,
which will require the close cooperation
of theory, numerical simulations and experimental measurements and interpretations

The major concern at the moment is that the potentially big effect
of the Hiro currents on the Be plasma facing tiles in ITER
is being neglected in its disruption analysis
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