/

\
S —

A
il

=

| g P

2022. 07. 19
2"d Technical Meeting on Plasma Disruption and their Mitigation

ITER Headquarters, France

Jayhyun Kim?, L.R. Baylor®, M. Lehnen¢, S.H. Parka, J.W. Kim2, J.W. Yoo?, D.G. Leed, N.W. Eidietis¢, D. Shiraki?, J.G.
Bak?, D. Kwak', J.H. Jang?, K.S. Lee?, K.P. Kim3, Y.C. Ghim9, G.S. Yunf, K.C. Lee?, J.W. Juhn?

aKorea Institute of Fusion Energy, Korea
bOak Ridge National Laboratory, United States
°ITER Organization, France
dKorea Advanced Institute of Science and Technology, Korea
eGeneral Atomics, United States

fPohang University of Science and Technology, Korea

ITER disclaimer: ITER is the Nuclear Facility INB no. 174. The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.



KSTAR

Abstract

ITER adopts massive particle injection using shattered pellet injection (SPI) as a basic mitigation method to
mitigate three major risk factors that can occur in the process of plasma disruption: heat load, electro-magnetic load,
and runaway electrons. The injected particles composed of a combination of hydrogen and neon increase the
density of plasma through the assimilation process to prevent runaway electrons and emit stored energy in the form
of radiant energy. A safe and effective disruption mitigation strategy in the ITER disruption mitigation system
(DMS) capable of injecting a total of 27 pellets depends on which combination of pellets are injected at what time.
Among these strategies, the most basic issue is whether to sequentially or simultaneously inject hydrogen, which
Increases density, and neon, which emits energy. On the other hand, plasma dilution-cooled by hydrogen becomes
plasma with completely different characteristics from typical tokamak plasma due to its high density and low
temperature. The pellet assimilation in the dilution-cooled plasma and the radiation of stored energy may be
different from those of typical tokamak plasma. However, experiments on dilution-cooled plasma have not been
sufficiently conducted. KSTAR with two SPIs that form a symmetry in the toroidal direction can independently
Inject three different pellets for each SPI. KSTAR has conducted experiments to test the disruption mitigation
strategy of ITER using multiple SPIs and diagnostics capable of diagnosing the plasma disruption process.
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KSTAR disruption research aims to respond to the ITER research plan.
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SPI-single injector.

Pellet injection optimization
for RE avoidance

(incl. TQ and CQ mitigation)

SPI-single injector
demonstration for runaway mitigation

SPI-multiple injections

SPI-multiple injections

Optimization of shard size, velocity, amount, gas vs. shard
fraction, composition (D + impurity) to achieve RE avoidance
with optimum TQ, CQ (incl. wall loads)

Determination of feasibility to dissipate the energy of formed
runaway beams (amount, assimilation) and to improve scheme

Determination of effectiveness of multiple injections to achieve
RE avoidance with optimum TQ, CQ (incl. wall loads)
compared to single injections (incl. timing requirements)

Determination of effectiveness of multiple injection from different
spatial locations to achieve RE avoidance with optimum TQ, CQ
(incl. wall loads)

With different sizes and plasma parameters
(including high Ip tokamak)
With appropriate measurement capabilities

With different sizes and plasma parameters
With appropriate measurement capabilities

With at least two injectors

from the same/similar locations

(toroidal separation not required)

With appropriate measurement capabilities

With at least two injectors
(toroidally well separated)
With appropriate measurement capabilities
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Two identical SPIs are operated in toroidally opposite locations of KSTAR

for symmetric multi-injection (funded/supported by 10 and USDOE/ORNL).

* Low Z (D,), high Z (Ne, Af), and their mixture can be injected selectively.
« Barrel configuration in each year (shallow 12.5 degree shattering tube from 2022)
« 45,7.0,85 mm (2019) - 4.5, 2 x 7.0 mm (2020) > 2 x 4.5, 7.0 mm (2021) = 4.5, 2 x 7.0 mm (2022)

« Typical KSTAR target: plasma volume ~12.9 m3, stored energy ~0.5 MJ thermal, plasma current ~0.8 MA
« 4.5 mm: D# =6.47x10%1, Ne# =3.83x10%! + (D# of shell 1.10x10%%)

« 7.0 mm: D# =2.43x10%?, Ne# =1.54x1022 + (D# of shell 2.70x1021)

+ 8.5 mm:-D#=4-36x10%% - Ne# =2.82x102°+{(D#-of shel-4-00x10%%) < Replaced with 7.0 mm
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Almost all the planned diagnostics for studying disruption mitigation are operational.

-« Optical pellet diagnostics (before shattering) |

- Hoetie ] A ERY ST el (?-port OSPI '« Filtered AXUV (poloidal and toroidal)
#1: -307 | + IR sensor bolometer
#2: -5° '
#3: -33° SR . Divertor IR TV (vertical, 0.25 Mpx@1 kfps)|
#4: -99°
., ECHECeD
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* Filtered AXUV (poloidal) PR NBI L
* Tangential IR TV (100 Hz) D L
* Imaging bolometer (100 Hz) L

* ECE radiometer
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,."G ; :
~ |’ ; ‘ez | e D-alpha monitor (Ne, Ar, He filter)

* Visible filter scope (Ne, Ar, He filter)
SP| * Visible spectrometer

- ECEI 1 (500 kHz) |

« 1064 nm dispersion interferometer (vertical 3 channels) * Hard X-ray monitor
* ECEI 2 (500 kHz) * Neutron detector
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Especially, radiation asymmetry measurements are fully working.

\

/ The toroidal angles in parenthesis are measured from SPI-O.
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Low Z D, injection to avoid REs, and high Z neon injection to radiate stored energy
How to inject them? Simultaneously or sequentially?

KSTAR shot: ['031823'] at 2022/06/24 16:48:38
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Pure D, pellet

Initial densi

Ne+D, mixture pellet

ty: 5x101° m3

* Injection schemes using multiple barrels
« Simultaneous injection:
* Ne+D, mixture pellet (e.g., Ne:D = 10:90)
» Staggered injection:
* Pure D, pellet followed by Ne+D, mixture pellet

« However, pure D, pellet creates a totally different target.

» So called, dilution-cooled discharge
* ~One order higher n, and ~one order lower T,
« Several times of Greenwald density limit

» The effect of following Ne+D, mixture pellet can be different.

« Amount of assimilation
- Total radiated power and radiation asymmetry

7
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For the staggered injection experiments,

the toroidal asymmetry of the dilution-cooled discharge by pure D, was first investigated.

« The density increased by pure D, injection at a point 180 degrees away reached its peak in less than 0.5 ms delay.
« The density behavior showed a stable shape that changed relatively slowly compared to the point of injection.

« Similarly, the radiation peak reached its peak at the opposite point in less than 0.5 ms delay.

« Since we need to compare the bolometer and interferometer 180 degrees apart at the same time,
we need to know the time difference according to the location. SPI-G: pure D, 7.0 mm (#31823) at the interferometer

* SPI-O: pure D, 7.0 mm (#31468) at the bolometer
t=0 is se to time of first touching edge. t=0 is se to time of first touchina edae.

KSTAR shots: ['031823°, '031468°] KSTAR shots: ['031823°, '031468°]
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[A.U.] [A.U.] [A.U., 102° m—3]

[A.U.]
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Single Ne-doped pellet (Ne#:D# = 10:90)

Increased density and radiated energy simultaneously.

« Considering the time delay due to the difference in the position of dispersion interferometer and AXUV bolometer,
the density and radiation seem to rise almost simultaneously at the point of injection.

« The radiation ratio between the injection point and the point 90 degrees away from the injection point is not

as quite large as ~2 when the radiation at the injection point is peak.

KSTAR shot: ['030953'] at 2022/05/16 17:53:16

(a) |
—— RadPw: -5 deg

—— AR=192m: 180 deg

| I
- Measurement
Protsmnnarly N I in differ ecation

—— RadPw: -33 deg
—— Ratio/2: -5 deg/-33 deg

—— RadPw: -99 deg
—— Ratio/2: -5 deg/-99 deg

s

—— RadPw: -307 deg
—— Ratio/2: -5 deg/-307 deg

——

¥

4.002 2.003 2.004

Time [s]

2.005

2.006

4.00;

Toroidal angle from injection location

SPI-O: 10% Ne-doped 7.0 mm pellet
« Ne-doped pellet meets 71, = 5 * 101° m™3
« and several keV of T,

Small time delays (~0.1 ms) of radiation peak
among different toroidal locations (red dashed line)

Red dashed line is more less matched with
estimated thermal quench (TQ) end using eddy-
compensated |, spike.
 The peak is delayed by eddy current.
 Actual Ip spike is typically 0.7~0.8 ms
ahead from eddy-contained I, spike.



KSTAR

Radiation on poloidal cross-section
In single Ne-doped pellet from SPI-O

* As expected, single Ne-doped pellet shows initial strong radiation
from outer lower region of O-port near SPI-O.

 Note that KSTAR SPI has an up-looking bent tube at outer
lower region with aiming plasma core.

KSTAR shot: ['030953'] at 2022/05/16 17:53:16

300 I
| —— RadPw: -5 deg
I —— RadPw: -248 deg
I —— Ratio: -5 deg/-248 deg
1 TQ end
estimated with eddy compensation
150}
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Two radiation peaks of PFAAs are more less
atched with TQ end.
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AXUV tomography 10
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In staggered injection, Ne-doped pellet meets

very dense and cold plasmas already created by preceding pure D, pellet.

» Considering the time delay due to the difference in the position of dispersion interferometer and bolometer,
the density seems to be fully build up and maintained at the injection timing of Ne-doped pellet.

« The radiation ratio between the injection point and the point 90 degrees away from the injection point is
as quite huge as ~7 when the radiation at the injection point is peak.

KSTAR shot: ['031296'] at 2022/06/03 15:16:05

f‘"l'i_' (a, —— [ e
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= e ' S « SPI-O: 10% Ne-doped 7.0 mm pellet
< 00 . = « Ne-doped pellet meets 71, = 3 * 1029 m~3
b ] L]
5.0t — RadPw: -33 deg S « and several hundreds eV of T
— e
5 1 —— Ratio/2: -5 deg/-33 deg o
- 25+t i (D) . ..
2 \ 1= « Time delays (~0.5 ms) of radiation peak
0.0 = y = among different toroidal locations
C
5.0 ' 1 —— RadPw: -99 deg g
5 .l — Ratiof2: -5 deg/-99 deg % « Estimated TQ end is more less matched with
g \ = the peak of radiation at the injection point of
0.0 -l
‘ = Ne-doped pellet.
5.0f y °
= | — RadPw: -307 deg o
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T i i |
0.0 v

1 . . . .
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[MW/m]

In staggered injection: D, from SPI-G, Ne from SPI-O

« In staggered injection, initial radiation pattern on poloidal cross-

Radiation on poloidal cross-section

section of O-port is NOT quite localized near injection location.

300

KSTAR shot: ['031296'] at 2022/06/03 15:16:05

TQ end

150+

estimated with I, spike — 0.75 ms
considering typical eddy effect

The radiation peak of PFAA-D is NC
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AXUV tomography 12
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[A.U.] [A.U.] [A.U., 102° m—3]

[A.U.]

5.0t

2.5

0.0
5.0

2.5

0.0

5.0

2.5

0.0

5.0

2.5

0.0

3.502

Single Ne-doped pellet with high Ne fraction (Ne#:D# = 85:15)

13

shows similar radiation asymmetry with single 10% Ne-doped pellet.

« The radiation ratio between the injection point and the point 90 degrees away from the injection point is not
as quite large as ~1.7 when the radiation at the injection point is peak.

« So far, any meaningful radiation asymmetry due to Ne fraction was not observed
but it needs to be re-tested with intact pellet.

KSTAR shot: ['031459'] at 2022/06/10 14:47:01

(a)
—— RadPw: -5 deg

I Measurement in different location

—— AR=192m: 180 deg

(b

—— RadPw: -33 deg
—— Ratio/2: -5 deg/-33 deg

|
bl J.H-L.amab..“dd“—“'

—_— RadPlyv: -99 deg
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—— Ratio/2: -5 deg/-307 deg

v

Ry m—————
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3.505
Time [s]

3.506 3.507 3.50¢

Toroidal angle from injection location

SPI-O: 85% Ne-doped 7.0 mm pellet

« Ne-doped pellet meets 1, = 5 * 101° m=3

« and several keV of T,
The pellet was broken into 2 pieces during firing,
although the separation is only At=0.23 ms.

Small time delays (~0.2 ms) of radiation peak
among different toroidal locations

Again, estimated TQ end is more less matched
with the peak of radiation at the injection point of
Ne-doped pellet.
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[A.U.] [A.U.] [A.U., 102° m—3]

[A.U.]

Staggered injection of high Ne fraction pellet (Ne#:D# = 85:15)
shows also high radiation asymmetry.

« The radiation ratio between the injection point and the point 90 degrees away from the injection point is
as quite huge as ~5 when the radiation at the injection point is peak.

« Although the density is slightly uncertain due to the fringe jump of dispersion interferometer,
it is certain that the following Ne-doped pellet will encounter very dense and cold plasmas.

KSTAR shot: ['031455'] at 2022/06/10 13:55:00

(@) R
2.0 Not real, jusj fringe jJump —— RadPw: -5 deg
Measurement I [\ —— AR=192m: 180 deg
2.5} B . e
in different location )
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2.5
! Mokl ﬂdM ! = e — —
0.0 nin i | . i
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2.5 i
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* SPI-G: pure D, 7.0 mm pellet
~1 ms delay
« SPI-O: 85% Ne-doped 7.0 mm pellet
« Ne-doped pellet meets 71,~10%° m~3
« and several hundreds eV of T,

« Time delays (~0.4 ms) of radiation peak
among different toroidal locations

Toroidal angle from injection location
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Summary

In order to verify the effectiveness of staggered injection of multiple pellets, a series of
experiments using dual multi-barrel SPIs of KSTAR have been being performed.

By staggered injection, it was possible to form a high density several times Greenwald
density at the injection time of Ne-doped pellet, which mainly causes radiative dissipation of
stored energy.

However, high-density dilution-cooled plasma formed by the preceding D, pellet showed a
tendency to toroidally localize the radiation by the following Ne-doped pellet.
« |t seems that the parallel transport is very limited in the dilution-cooled plasmas.

On the other hand, in the poloidal cross-section of injection location, radiation is observed
In a non-localized pattern compared to the single Ne-doped pellet.
* The nested flux surfaces might already become stochastic by the preceding D, pellet.

Even if it is not the intended staggered injection, staggered injection can occur due to
several factors in multi-pellet injection. It may be necessary to examine the effect of this
case further.

15
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Just back-up slides from here.

17
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ITER needs simultaneous and/or sequential multi-injection of SPIs

for fulfilling the requirements (especially for runaway electron avoidance).

« Raising the density is presently the strategy for runaway electron avoidance in ITER.
» The predicted injection quantities require multiple pellet injection.

« The stored energy should be dissipated while avoiding melting of plasma facing components.
« Heat loads from the radiation flash have to be minimized through multiple injection locations.

 The ITER Disruption Mitigation System has significant injection capabilities.
» 24 pellets in equatorial ports and 3 pellets in upper ports

Equatorial level Upper level
) e e o | [] ‘ ) '
Equatorial ports o [T L TN ‘ C ‘ Hﬂ Upper ports
u \ ae] | 7ﬂ L1 \ | A ya
28.5 mm pellets for # o N\ 1)) lﬁ H\W i ’rr:“' - For post-TQ injection
« TQ heat load mitigation We s/ & [1barrel - * CQ heat load mitigation
« CQ heat load mitigation Q ba‘H?ISf’;? o -,:4‘j,_5_12§-a{rels I PN « CQ EM load mitigation

« CQ EM load mitigation Pcoz
 RE avoidance

* RE energy dissipation

7 P .
/ R AN~
N
Y AN
S AR,
s Fa

rels

= 0o J[T%

[ 1

[1

Courtesy of M. Lehnen
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Two injection schemes of ITER DMS

Fast pre-TQ «—>

Current quench

Thermal
quench
| |
20 30

40 50 60 70
time [ms]

10

| 1 | | | | |

80

10 20 30 40 50 60 70
time [ms]

Top: typical injection scheme
Bottom: staggered injection scheme

Courtesy of M. Lehnen

Main role of each impurity:
» Ne: radiation cooling for dissipating stored energy
« H: dilution cooling (densification) for avoiding
runaway electron formation

Separation of dilution cooling and radiation cooling
 H SPI followed by Ne/H mixture SPI
« Enough densification during slow pre-TQ
* Reduction of hot tail due to dilution cooling

Issues of separation (= totally different target discharge)
» Characteristics of dilution cooled target
« Formation of dilution cooled target
* Pre-TQ time depending on dilution, etc.

 Performance of Ne/H mixture SPI
« Assimilation of Ne/H mixture SPI in dilution-
cooled target
* Radiation characteristics of Ne/H mixture SPI



