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* Townsend avalanche theory
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*  Ohmic heating power drop as a parallel plasma response
* Dominant ExB transports as a perpendicular plasma responses

5. Topological analysis of plasma dynamics in the complex EM structure

* New comprehensive understanding of X-point topology
* New guideline for scenario design strategy

6. Summary



= What s

What is Ohmic breakdown?

ohmic breakdown?

* A major method to produce initial plasma in the device
* Electrical breakdown of neutral gas by toroidal electric fields
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Distinct characteristics of Ohmic breakdown

enter Stack
N __‘:‘:3 Conductor Wall
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v" Open magnetic field lines

+ External magnetic fields are dominant

c
e

+ Plasma current is negligible

TF coil —»

v" Very low pitch angle

¢ BRZ/Btor ~1073
* Long connection lengths ( > 1000 m)

t=30ms

v Toroidal electric fields

* Epor=1V/m

0.5

L~1700 m

+ Strongest during normal tokamak operation

Z{m)

-0.5

m) Underlying physical mechanisms have been
obscured for decades




Time-varying complex electromagnetic fields

(time-varying) CS currents + PF currents + eddy currents

0ms 10 ms 20 ms 30 ms 40 ms 50 ms

|Be,l (G)

ext

|E,, (V/m)

15 2
R (m)

# Deep understanding of Ohmic breakdown physics is essential to design
robust and optimized breakdown scenarios



: Breakdown phase Rampup phase
NEREm .
2+ _
0 L1 [P T NP R PR BN DR RPN B
4011, ke ]
20 | -
0 [ P P T R R P B
4 0, Moema .
2+ A/""————‘-
0 e e Brena i T TP SR T BT B
4 - -
L alpha [a u. ]
2 L _
0 i A e T T | L ' iL vﬂ
-10 0 10 20 30 40 50 60 70 80 90 100

9

Lack of experimental observations

Time (ms)
Initial plasma

during breakdown
Cold (0.1-100eV) “
Rarefied (10° — 107 m~3)

# Experimental observations of ohmic breakdown phenomena are very limited

Target plasma
of usual diagnostics

(>100eV)
Dense (>1018 m~




Previous physical concept based on Townsend theory

= Townsend avalanche along B

t=30ms

L~4400 m

Z (m)

L~1700 m

1. Parallel electron transport (vﬂ) is dominant

2. Growth rate is determined by Townsend theory
n(x;) = ng exp(ax))

a = Ap exp(—Bp/E; )

[1] Townsend, J. S. Electricity in Gases. (Punon Knaccuk, 1915).




Field quality analyses of external EM structure

Based on the Townsend avalanche theory... [6] -

D,, intensity (au)
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- Electron avalanche physics are determined by external fields only
- Detail avalanche physics are out of interest

- Evaluations of complex external electromagnetic fields are important

Field quality analysis

[4] [5] [6,7]
0D effective parameters] Empirical condition 2D field-line-integration

L. =025a_Br/B, ErBr/B, > 1000 V/m L= f dl V= f E-dl

All of these considerations are well known and we find that
there are no new physics issues related to achieving plasma initiation in an ITER class tokamak.
[ ITER Physics Basis (1999) ]

[4] R. Yoshino, et al., Plasma Phys. Control. Fusion 39 205 (1997)
6 [5] Tanga, A., in Tokamak Start-up (ed. U. Knoepfel), Plenum Press, New York 159 (1986)
> 4

[6] Lazarus E.A., et al., Nucl. Fusion 38 1083 (1998) 8
[7] G.L. Jackson, et al., POP 17 056116 (2010)



Mystery 1: Very slow avalanche growth rates in the experiments

1 dn,
Relative growth rates (n—e ; )

10%; = For 950 shots of KSTAR ohmic breakdown plasma

KSTAR

- Experimental growth rate

1dn, 1dlI,
ne dt I, dt

1033

- Townsend avalanche

1 dn, 1 1.25 x 10*p
2 (g—— =510 -
o dt (a Leff> Ve a p exp ( £

Townsend’s (s™)

102;

Vae = 43(E/p)

& # Experimental growth rates are 10-100 times slower
100 = 102  10®  10° than Townsend’s predictions

Experiments (s)




Mystery 2: Homogeneous plasma structure along B field line

Townsend avalanche simulation

Ny GE=000/ms g Calculated Ha image

Wall =

: Avalanche tail

Z (m)

= 4
Avalanche head

12141618 2
R (m)

Localized & asymmetric structure

(Exponential density profile along §)

Visible camera from Experiment

Observed Ha image

40 ms

-
\

Elongated & symmetric structure

(Homogeneous density along §)

One-way parallel electron transport (Townsend theory)
cannot make homogeneous structure along B 10




What is the missing physics?

10 T 108
= Townsend theory is not valid for ohmic breakdown e p
M. Valovic, Nucl. Fusion (1987) | 44 | 103
* High plasma potential build-up was observed 30 years ago 2
20 7 u 10
= \
* Townsend theory cannot explain spatial-temporal plasma evolution ) / 10
0 ] K -
t 7]
= The missing physics is the “plasma response”
* Townsend theory ignored any plasma response
* Plasma responses play crucial roles in many discharges such as streamer and lightening E]
— 3
= A systematic theory considering plasma response in the complex EM topology T a ]
is required to understand ohmic breakdown physics ’

¢ 02 038 06 08 1
t [ms]
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Research Scope

= Approaches

* Toroidally symmetric plasma response model

- Provides a simple and clear understanding of the ohmic breakdown physics

* BREAK (Breakdown Realistic Evolution Analysis in tokamak) M.-G. Yoo, CPC, 221 (2017) 143-159

- Multi-dimensional particle simulation based on the first-principle
- Realistic plasma evolution in a complex electromagnetic topology

= Discovery of fundamental physical mechanism of the ohmic breakdown

M.-G. Yoo, Nat. Commun. (2018) 9:3523

Townsend avalanche ) Turbulent ExB mixing avalanche

Plasma response

12




Toroidally symmetric plasma response

J0A
E=———-VV=Eg+Ess

dt
t

self-electric fields

» n<n, (low density)

|Esert )| < |Eextl = Self-electric fields are negligible

» n=zn: (high density)

|Esetf | ~ |Eextyl = Total electric fields is reduced (Eiot) = Eexty + Eseity = 0)
\Eceir1 | » |Eexer | = E X B drift motions

# Self-electric fields play significant roles in the ohmic breakdown

regarding parallel and perpendicular dynamics -




Toroidally symmetric plasma response

Simple 1D case
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Ewot = Eext + Eceir = 0

Plasma response = Debye shielding

Tokamak case
(toroidal periodicity)

RZ
7 lon toroidal ring

(o ® @ @ ®@ ® )

¢ B
EeX

RZ
Ese
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Electron toroidal ring

Eior) = E®. + ES =0

ext,||

Debye shielding via n=0 poloidal electric fields (ER%.)
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Derivation of critical plasma densities (1. ; and 1 1 )

4 lon cloud

1 Plasma

»i(e @ © @6 06 0

Electron cloud

[} |
I |
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> Parallel critical density Nerit |

Z ol
Eself = Eext
TLkT ol
o ysinfg = EJ; cosOp

2
€ 2 (1
6 nz= (#) cot? Op (Eg;(t) <—> = Ny
ZJ ¢ Y

» Self-electric field produced by charge separation
within Debye length scale

nkT,
€o

14

self

y = 1whenw > L
y - 0whenw K L

r=(3)en ()

> Perpendicular critical density 1. |

vExB = 17th e

nkT, cos HB
’ / sin Op
t 0 =
M an B <V> ncrtt 1

nZ
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Parallel response: E | reduction

(®-Z) plane
. , . RZ, .
* Separation force (Efxll) vs. Attracting force (E Self”) X i
i RZI _ _ RZ e ] N
ESN = E?  cos(6p) ERZN = —ERZ sin(65) p.m%& —
v; [I Y B
Ee&ﬁt
B (o)
eoge . . . . Eext
* Equilibrium state in parallel direction %
ol _ RZ,|| FRZ | _ |p® /e
Eext = —Egelt » Escie| = |Eext cot(6p) > 4Ju> | o
ra
(1000 V/m) (1V/m)
J Parallel critical density L
N ] €o 1 2 I |
. . . Ne,) = <ﬁ> COtZ(eB)(Eext)Z <_>
* Cancellation of external electric fields e 4
I _ pol RZI _ (P-Z) plane
Etot - Eext + Eself ~ 0 lon cloud % ®
Parallel transport . (e 00 © @ @)
O]
Heating power $ \
-\ -Eei-t :"
Egc“ BB
Electron temperature § L Eext ~®
i
\E... VEx
Avalanche growth rate & "-‘E”“” és

(e, e e e o 8 )fm

mp Key mechanism for slow plasma formation
Electron cloud ®
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Derivation of critical plasma densities (1. ; and 1 1 )

lon cloud

-{ Plasma
HhIle © @ © @@ Electron cloud
> Perpendicular critical density 1, |
v" ExB perpendicular transport is dominant transports vRZ. > vRZ

in the RZ plane due to very low pitch angle (sin 6 ~1073)
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Perpendicular response: dominant ExB transport

Z lon cloud

-1 Plasma

1@ @60 0 0 06 Electron cloud

w

@ ﬁ.@ ExB vortex

v" Mean ExB across By

=>» Induced by spatial-temporal average ESReZIf

=>» Determine overall plasma flow and position

=)-

<f>><ﬁ¢ E{ P
<vg3>= ! S COSGB(EenXBgz)
B [By

Etﬂ

ext

¢ o~ |~
cotd, (—Eext .B¢)Bﬂ

v" Turbulent ExB mixing along By,

=>» ExB vortices at plasma edges are turbulent
due to negligible viscosity
=>» Plasma rapidly diffuses along By, by turbulent mixing

~

VXV, ==p/(&B)b

» Dominant transport mechanism in the RZ plane

B2 1)2
whenn > ng = (61(;19 )tanz (05) (;) e




Turbulent ExB mixing along B,

& mean ExB across B,

Btb Eext
® ® continous mixing
Byy by turbuelnt ExB ple@t=080ms  x10"
1 L
JII Electron densit
- *- - -* [ —
Iowerﬁdinii V<0 05 Vortex

higher
1 plasma mean ExB
density

) '
V'j||<0l, t

"Mower density/, ¢ >0

+

continous mixing
by turbuelnt ExB

Charge accumulations Turbulent ExB vortices formation Density homogenization along B,
via non-unifrom parallel currents corresponding to charge densities & Cross transports by mean ExB
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ExB mixing avalanche mechanism

1. Cancellation of E oy

= Slow avalanche growth
(Mystery 1 solved)

Perpendicular dynamics _

2. Mean ExB across Bz

=» Determine plasma position

3. Turbulent ExB mixing along Bgz

=» Homogeneous plasma density along Bgz
(Mystery 2 solved)

=» Dominant plasma loss term
(Mystery 1 solved)

"
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Development of particle simulation code

To study the ohmic breakdown physics under a realistic complicated situation
by considering the self-electric fields and kinetic effects consistently

The ohmic breakdown phenomena span a broad range of spatio-temporal scales

S Ax~ (10— 1)m, At~ (10712 -10"2)s

BREAK (Breakdown Realistic Evolution Analysis in tokamak)

- Written in C/C++ language

- 2D/ 3D implicit electrostatic particle-in-cell simulation code

M.-G. Yoo, CPC, 221 (2017) 143-159

- Direct implicit method with D1 damping scheme is adopted to calculate charged particle motion

- 6species (e, H,*, H*, H3*, Hyaq) Hitasy)) are considered

- 26 collision reactions in the energy range of (0.01 — 1000) eV and

plasma-wall interactions are treated by the MCC (Monte Carlo Collision) scheme

- Coulomb collision is calculated by Nanbu’s method
- Self-electric fields produced by plasma space charge are calculated

- Hybrid parallel computing method (MPI + OpenMP)

21



Simulation of the simple ohmic breakdown scenario

Magnetic fields
Bior ~3T (~1/R dependency)

Brz ~ 10 G (Curved shape)

Electric fields

Uniform loop voltage (10V)

Eior~0.6 V/m (~1/R dependency)

Initial condition

Neo = Njp = 106 m™3 T, = Tjo = 0.03 eV
2 different simulations

[w/o self-electric fields ] ﬁ [ with self-electric fields ]

difference

0.57

Z(m) oOf

-0.5¢

(ssnep)

(w/n)

22



Without self-electric fields (Townsend avalanche)
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Phase 1 : Townsend avalanche
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v’ Fast growth rate
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Qe rey:

Phase 2 : Turbulent ExB mixing avalanche

n, @t=0.70 ms
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v’ Slower growth rate
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(eV)

e, avg

(Vim)

EII, avg

Vgz (M/s)

With self-electric fields (OD results)

Townsend avalanche Self-electric fields effect
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10" —a
w° 3 - Drastic decrease of n, growth rate
10° -
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| v' Parallel heating

E!elf cancels out £ e (Eﬂot‘ )

- Heating power is reduced

v Transport

U, |l is reduced

Perpendicular transports become dominant

1 1 1 1 J
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KSTAR Simulation Design

t=30ms

KSTAR reference breakdown scenario

* Breakdown scenarios are designed by considering
eddy currents as a ring model and ferromagnetic
incoloy 908 material effect as a non-linear model [6].

* Magnetic field configurations varies with time (0 - 60 ms)

* Initial condition * Rem)
Ngae = 4 X 1077 m=3
8as . [E] (vim)
neo = Tll‘o =10°m Teo = TiO = 0.03 eV Io.s
« 2 different simulations
E 0 0.25
w/o self-electric fields ﬁ with self-electric fields s
difference B

[6] Jayhyun Kim, et al., Nucl. Fusion 51 083034 (2011)



BREAK simulation of KSTAR ohmic breakdown

Time (ms)

15

20

30 35 40

4 without E_;; (Townsend avalanche)

- Monotonic exponential growth

log,,(n,) without E

self

t=0.0ms

18

16

14

12

10

- Electron Parallel transport

log,4(n,) with E

self

1

O with E__; (Ohmic breakdown)

0.5

- Slowing down of growth rate

- Newly enhanced ExB transports
-0.5
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0D results of BREAK simulation

Phase 1 Phase 2 Phase 3

Heatingup Townsend avalanche Turbulent ExB mixing avalanche

B B d

> > Time (ms) > * PlasmaT, &n,
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F 3
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- Maintaining low Te ( ~ 10 eV)

1 dn, g i i

”E 10" E _‘ With Eeelf e dt =22£lﬂ/.! - g ] -f .
£ | mmmwern s = Lo _rsuys ] - Drastic decrease of n, growth rate
2 11009 v o : slowing down of growth rate ]
€ :gs i ] i i i 1 i L ] i i i ] . .

N —— - — =  Ohmic heating power drop
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Temporal evolution of plasmas

105 Iogw(ne) @t =0.0 ms18 Iogw(ni) @t =0.0ms
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Z (m)

Turbulent plasma evolution during ohmic breakdown

t=0.0 ms
He m™>10° Pe Cim%10%0 V X VExB s <10 E| vim s
9 0.4
8 0.3
7 0.2
6 0.1
5 0
4 -0.1
3 -0.2
2 -0.3
1 -0.4
0 ; ; : -0.5
1.5 2 1.5 2 .
R (m) R (m) R (m)

=>» The plasma evolution during the ohmic breakdown is very turbulent
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Fluctuating and mean Self-electric field

Vim

5 1500 ;
RZ
........... |ERZ,

1000 <E§ezlf>
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E .| cot(6p)
U - - L
0 5 10

time (ms) 32




Turbulent ExB mixing and diffusion

In microseconds scale In milliseconds scale
t=35ms +0.25 us

n, (m'3)

x11g'5 %106
oK
1 g~
T2 15
C
%1021 35
05 3 2> 1
€ g
— — =
é 0 ‘n 2 o2 05
N i/ Le
.05 § 1 1é
| . o
0 1.3 e
P 5 D.1

1.4

~
) -0.1 ’L@

15 —0.2

Faster diffusion along B,

Turbulent ExB transports ‘ +

| Slower mean ExB across B, 33




Simulation results agree well with KSTAR experiments

v’ Drastic decrease of growth rate v Homogeneous plasma structure along B,

KSTAR

. 1 dn.
Relative Growth Rates — . N o~
ne dt A S v- o R R
10% . % Simulation Experimentss
// @® Each shot's average T I S BRL
’ hot nunber 12393 2815/88/87
—_ e T Each shot's errorbar
‘Tm e
c * Tgwnsepd av_alanche
k=) 103 - simulation without E
5
k<] * Full ohmic breakdown
E simulation with Eg
Q
=g ¢ Slowing down by E.s
c 2 |
s 1o
[72]
c
5
=
10? T T
10t 10? 103 10°

Experimental estimation (s)
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Strongly Inhomogeneous Plasma Evolution

Balmer-a )

(a.u
1 | 4
8.5
0.5 i 3
25
0 | 2
1.5
-0.5 1
p @ os5
15 2

—_

0

* How to understand the strongly inhomogeneous plasma evolution in the
complex EM topology?

* Is it possible to predict the overall plasma structures & behaviors?

@ 35



Previous understanding of X-point topology

» Characteristics of X-point region

- Infinitesimal pitch angle
|Brz| = 0, 6 = 0

- Long connection length
L¢ ~ ax |Bior|/|Brz| > 1

- Long confinement time

T~ Le /ey

» Empiricial condition to determine plasma position

N

EyB, oA
> 1000 V/m =

BRZ m.a_
=

» How does the self-electric field come into play
@‘ regarding the X-point topology?

36



Potential structure around the X-point

Potential structure

700

Required self-electric fields to cancel the external fields

600

o0 <E$f> =

400

E¢

ext

~¢ o~ |~
cot 8, (-Eext -B¢)Bﬂ

300

ExB = ExB drifts induced by the self-electric fields
100 e ~
E¥ )xBy |E* 6~
0 <v§§3>=< ]f> =‘ eXt‘COSQB(EﬁxtXBRZ)
B B |

-100

-200

-300
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D)

Comprehensive understanding of X-point topology

epe . . . Lower heating region
Critical plasma densities at X-point region Eppyy <Eoy,
7/

® 03 -0
ncrit’” (08 COtZ (03) — 0

Nerit & tan?(6g) =0 /7

o
o
. #,

Parallel dynamics \ - -@
* Higher heating at X-point region ‘Q o
=

n < (ncrit,” =~ 00)

NG
n> ncrit'” ” , -,

s
o

Perpendicular dynamics /o
* Two inflows + Two outflows by mean ExB g

© Lower heating at other regions

n> ncrit,J_

» Topology analysis on external EM fields predicts overall plasma evolution

» Plasma density would be higher at downstream region 38



Interpretation of KSTAR simulation results

Downstream regions

X1

-i

0.5

o

-0.5

1
-

* Plasma densities are higher at downstream regions
* Plasma temperatures are higher at X-point regions

6 * Balmer line emissions are observed at higher temperature regions
S
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New physical insights on scenario design strategy

Forward By,

IB.,| @t=0.00ms

0.5r

Z (m)
o

-0.51 4

15 2
R (m)

Z (m)

057

Reverse B,

B, @ t=0.00ms

15 2
R (m)

» Same magnitudes, but opposite direction of By,
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New physical insights on scenario design strategy

Forward BRZ
(a)

Empirical condition
|E¢Bg/Bra|

0 2000 4000

(c)

Topology analysis

By Eg

same

- prediction

different

. prediction

*

Reverse BRZ
(b)

(d)

0 2000 4000

.

>

ZalBRGN

By Ey

v" (Previous) Empirical condition

- Same prediction for 2 cases

- High plasma density at X-point region

v (New) Topology analysis method

» Predicted mean ExB

. Downstream region
High plasma density
- Different prediction for 2 cases

- High plasma density at downstream region
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New physical insights on scenario design strategy

Forward B Reverse B
RZ RZ

Iog10(ne) @1t=0.10 ms

051

-0.5¢

15 2 15 2
R (m) R (m)

» Topology analysis method well predicted the plasma behaviors

42



New physical insights on scenario design strategy

Topology
analysis

e

———

¥

0.5 ms 1.0 ms 1.5 ms 2.0 ms 2.5ms

Forward B,
log,,(ne)

Z(m)
1 0.5 (] 05 1

Reverse B,
log,(ne)

Topology analysis method well predicted the plasma behaviors

43



New physical insights on scenario design strategy

Artificial Double Null case 1 Artificial Double Null case 2

By, @ t=16.05ms » BRZ @t=16.05ms

18

16

114

12

10

1 12141618 2

R (m) 1 1.5 2
R (m)

» Plasma behaviors and positions could be predicted by topology analysis
44



New physical insights on scenario design strategy

Artificial Double Null case 1

n, @t=16.05ms

0.5

Z (m)
o

-0.5¢

112141618 2
R (m)

%x101%

Z (m)

Artificial Double Null case 2

0.57

-0.5¢

I"Ie @t=16.05ms

1 1.5 2
R (m)

%1013

3.5

3

12.5

12

» Topology analysis method well predicted the plasma behaviors

» Plasma position could be controlled by designing of X-point topology
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= We propose the first systematic breakdown theory by considering plasma response

. u o . »”
: “Turbulent ExB mixing avalanche” o= 0 ommun. (2018) 9:3523

= Crucial roles of self-electric fields as the plasma response are newly discovered

v' Cancellation of external electric fields (parallel)
- Heating power and growth rate decrease
- Responsible for slow plasma formation
v' Dominant new transport by ExB drifts (perpendicular)
- Dominant transport mechanism especially for heavier ions
- Responsible for homogeneous plasma structure along magnetic field lines

= The new physical insights on the complex EM topology can help designing
robust breakdown scenario strategy

= The theory is getting paid attention in start-up researches

- D.J. Battaglia, et al., “Reduced model for direct induction startup scenario development on MAST-U

and NSTX-U” Nucl. Fusion 59 (2019) 16




