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Abstract

The presented data refer to Bleattered Pellet Injector (SRE)periments carried out at JET in 2019
2020.This preprintis a full version of the data originally presented as psst&fMPDM_2020 and

EPS 2021 The preprintpresents various aspects of the interaction of pellets with plasma, but not
only the effect of pellets oBlectroMagnetic (EM) loadsThe experiment was performed with=

(1.1- 3.1) MA plasma andmainly with Ne + D> pelletcomposition but also with Ar pellet The
CurrentQuench(CQ) W L Rbo, i the key characteristic of mitigation effectivenessgellet with

a high content of Ne or Atan reduce the CQ duration below the upper required JET threshold.
Plasmas with higfthermal +Hinternalpoloidal magnetic) preisruptive plasma energgquire a high

content of Ne pellstto obtain a short CQ duratiofellets with a small amount of Ne (and
DFFRUGLQJO\ ODUJH DPRXQW RI1 ' LQVWHDG RI FDXVLQJ D Pl
Vertical Displacement Event¥DE).

The 63, ZDV DSSOLHG WR SODVPD ZLWK GLIITHUHQW VWBWXV F
prone todisruption postdisruptiveand VDE plasmaThis study shows that SPI effectivenass

terms of CQ duratioand accordingly EM loadsdoes not depend on the state of the plasma, whether

LW LV 3K HbDs@&listkptiveRldsmaSPI has been shown to reduce axisymmetric vertical vessel
reaction forces by about 30% compatedinmitigated disruptions.

On JET, be VDE, whether3 K R W3 FR@al/ays creates the conditions for a toroidal asymmetry

in the plasmasothe VDE on the JET is referred toasymmetric VDE (AVDE).Theinterruptingof

VDE and pevention ofAVDE with SPI has been demonstratétius, theeffectivenessf disruption

mitigationusing SPI has been confirmed.

Keywords: tokamak, disruption, shattered peNdDE

PACS numbers: 52.55.Fa
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1. Introduction

Disruptions ar@ninherent property of taamak plasmas, which cannot be completely eliminated
[1][2]. Theconsequences of disruptions are especially dangerous for large machinksTlded
even more sdor ITER. Disruptions can cause large EleeMagnetic (EM) loads on the tokamak
components and huge thermal loads onRlasmaFacing Componersg (PFCs). Moreover, high
enegy powerful Runaway Electron (RE) beamay arise during disruptionsnd causeserious
damageo the machine

On JET,MassiveGas Injection (MGI) has been routinely used in protection mode both to
terminate pulses when the plasma isisit of disruption, and to mitigate the potentially damaging
impact of disruptions on the vessel and the $2{]3][4][5]. Thus, disruption mitigd@on is meant to
be applied on ofhormal or postisruptive plasmas.

The DisruptionMitigation System(DMS) design for ITER consists @hatteredPellet Injectors
(SPI) that can inject up to 27 pellets (24 from three equatorial ports and 3 from upper ports), which
will be dedicated to the mitigation of EM and thermal loads, and the avoidance and suppression of
runaway electronf6][7][8]. The first demonstration of rapid plasma pulse shutdown using neon SPI
for ThermalQuench(TQ) instigation was done on DiD [9]. DIII-D still provides valuable SPI
studies, especially since it is well equipped with the appropriate SPI diagnsstdc$or example,
one of the latest publicatiof$0].

In 2019,the JET was equipped with an $Riough a collabotave effort of EURATOM, the ITER
Organization, and the US Department of Energy aiming on strengthening the physics basis for
disruption mitigation in ITERThe extensive capabilities of the S#Bistemallows studies on the
efficacy of shatteregellets in reducing th&M and thethermal loads during disruptions and the
avoidance/suppression of the formation of REL][12][13][14][15][16][17][18]. The fully
commissioned system became operational in July 2019.

The SPI system on JET is intended to be used to study the physics of disrinstigatedby
pelletsandis notintended to be usdd protect the machin@herefore, to avoid interferenoé MGl
with SPI, the MGI protection asdisabled for the time window of the SPI experiments.

7TKH &XUUHQW 4 X Hdxb Whei® 3020 th® EQ titne extrapolated from the time taken

to quench from 80% to 20% efe-disruptiveplasma currents UET’.e. time interval between 80 %
and 20% of predisruptive plasma curreng l'Jl’f’?lultiplied by—3 [19], is thekey reliable measuref

mitigation effectivenesg.he isymmetric vessel reaction forces, asymmetrical vessel displacement,
plasma vertical displacememnd bolometricenergy are other essentiameasuredparameters
indicativeof mitigation effectiveness

Inthe SUHVHQWHG H[SHULPHQWV WKH 63, ZDV DSSOLHG PDL

plasmasot prone to disruption. However, the effect of SPI on-dasuptive plasma has also been
3



tested, by using MGI tmitiate disruptions.The suppression of vertical displacement ev¥etsical
Displacement Event{VDESs) and particularly,Asymmetrical Vetrtical DisplacementEvents
(AVDES) by SPI ha alsobeenstudied andlemonstrated on JET.
It should be noted that a full comparison of SPI and Bi&uptionmitigation is beyond the scope
of thispreprint The research questions that we need to ankwdéne ITER DMS are related to SPI
specific issues, especially assimilatipne- and pos{TQ. The dynamics of CQ is mainly determined
by the impurity content (and possibly the distribution of impurities) in a CQ plasma, so a plasma with
the same impuritgontent (regardless of the source, MGI or SPI) will give the same CQ dynamics.
For both SPI and MGI, the assimilation is an open question, but the mechanisms for assimilation have
clear differences. Comparing the assimilation of SPI and MGl is interestthgill allow to improve
themodels, but it is not the scope of thigprint Moreover,comparison of SPI and M@lisruption
mitigation, particularly in terms of assimilated injected matergahottrivial, sincetheinteraction of
pellets and gawith plasmais quite differentfor instancepelletfragments can fly through the plasma
without assimilation In addition, JET MGI uses a gas mixtuf@% D, + 10% A to protect
machineg2][20], and only 14 pulses were performed with a gas mixtuge-(Be), while to mitigate
disruptions INTER, and therefore in the SPI experiments performed atthie€ompositiorof pellet
(D2 + Ne) wagnainly usedHowever, where relevant, MGI data has been shown along with SPI data.
This preprintis a full version of the data originally preseni&spostes at TMPDM 2020 [12] and
EPS 2021[13]. The remainder of thigreprintis structured as follows\ brief description of thdET
SPI systemandbasicdiagnostics of the SPI experimaregiven in sectiorR. The composition of
various aspects of the pellet ablation and assimilasipmesented in sectioB The effect of pellet
parameters on CQ durati@neoutlinedin section4. Theefficacy of SPI on postisruptive plasma
is provided in sectiob. The compsition of various aspect§ AVDE including SPleffectivenessn
AVDE suppressiors detailed in sectiof. The axisymmetric forces data from a large database, along
with SPI data, is given in sectioh The discussion of thpresented datand atstanding issues,
which are the subject of future investigations, aresection8. The results of the given SPI
experiments are summarised in sectioA @etailed description of the JET Shattered Pellet Injector
system is given ithe AppendixA. Pellet speed data movidedin the AppendixB. Some features
of the use offast Visible Cameradnterferometry/Polarimetry, Bolometry, Electron Cyclotron
Emission (ECE) an#ligh Resolution Thomson Scattering (HRTS) diagnostidhe SPI experiment
are covered ithe AppendixC. OD simulation of the interaction of the mixture (Ne + D) with plasma

is given in Appendix D.



2. JET SPI system and diagnostics related to the SPI experiment

In 2019, the three injection barrels of SPI and a gas manifold system supplied by Oak Ridge
National Laboratory (ORNL) were installedH Ttogether with the appropriate vacuum, cryogenic,
mechanical and control hardwdfe}][16][21]. TheJET SPI system is based on the design that was
used on DIHD [22].

The JET SPI is mounted in Octant 1 vertically on the top of the macliiigeire 1. The pellet
injector is arranged to propel the pellets vertically downwards along a fligh#tdloght tube guides
the pellets along the circa 5 metres path to the vacuum végsiblefore entringthe vacuum vessel,
the pellet hits the3aVKDWWHULQJ HOHPHQW" ™ 7KH SXUSRVH RI WKH 3V
pellet into small shards, increasing the surface area of the pellet material and distributing the pellet

material over a increased angl&he spray of shards is directed towards the inner wall of the vessel

within a 15degree half angle corn#6], Figure?2.
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Figurel. JET vessel plan view: SPI, Fast Visible (KL8 an
KLDT) and Infrared (KL12 and KL14) camera views,
Bolometry Interferometry/polarimetry, ECE, VUV, HRTS

and DMV3
The SPI system has three different sibadelsin which the pellets are creatdeellet diameters,

determined by the internal diameter of the barrels, are d = [4.57, 8.1, 12.5] mm and effective
length/diameter ratio are [1.4, 1.6, 1.%4d aradenoted bre as [C, B, Atespectively The injector
can deliver B, H2, Ne, Ne with D shell, Ne+D mixture, Ar and Ar + D sandwich pelletssee
AppendixA for more details.

Themain diagnosticselated to the SPI experimeart the following Figurel andFigure3:
(1) The propellant valve solenoid current diagnostics record the time when SPI pellets were activated

[16];
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Figure3. SPI, Interferometryolarimetry, ECE, VUV, Figure4. Vertical and Horizontal Bolometry
HRTS and Magnetic diagnostic coil and saddle systems, with channel numbering shown.
projection on poloidal crossection.

(2) Microwave cavity diagnostibhatrecordghepresencethetiming and the integrityf pellets[23];

(3) Two fast visible cameras, named KEBWA and KLDT-E5WE provide 2D imaging of fast event
dynamicsn a large volume of JET plasmsl][25][26] , Figurel andFigure5. Both cameras have
wide-angle tangential views of the JET plasma from just below the horizontal midplane. KL8 has a
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Figure5. Lines of sight of the fast visible camera views: left is KLDT camera view from Oct.5 to Oct.4 and
Oct.3; right is KL8 camera view from close to the midplane in Oct. 8 towards Oct 2.

direct view of the SPI, so can provide information about the injedtiing and material trajectory,
while KLDT-E5WE views the part of the plasma toroidally aritickwise from the SPI. Typical
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frame rates of (1Gt20) kHz were used for SPI experiments, with exposure times (frame duration) in
the range Jus x100ps to obtan optimal signal levels. KL8 is equipped with remotely
interchangeable narrow band filters to image spectral lines ofdiens (692.9 nm), Ar atoms
(706.7nm) or Ail *ions (611.5 nm), while KLDIESWE always receives the light over the visible
spectrum (430 £730) nm Infrared Camer&[27] views are shown oRigurel,
(4) Vacuum UV (VUV) diamond detectowW KDW UHFRUGY UDGLDWLRQ ZLWK (!
VUV chamber is connected tbe JET vacuum vessel by a long (~20 m) vacuum pipe, wénelles
a horizontal view of the plasnjas];
(5) Interferometry/polarimetr{29][30][31] ZLWK a P DQG a P EHDPV
(6) Vertical and Horizontal Bolometry Systef32], Figurel andFigure4. Bolometers measure any
energy that hits the bolometric detector, namely radiation (photons) and neutral particles;
(7) Electron Cyclotron Emissiof33];
(8) High Resolution Thomson Scatteripgoviding 63 spatial data points per profile, with a 20 Hz
repetition rate for the duration of a JET pUl34][35];
(9) Magneticqd4][2][19], Figure3.

Some features of the use Bast Visible CameragsCE, HRTS and Bolometry in the SPI

experiment areoveredn the AppendixC.

3. Effect of pellets on plasma, pellet ablation and assimilation

This experiment was performed with ohmic plasma With1.1-2.9 MA, average line density A
§ A®m=2 which corresponds to total number of plasma elecinos§  A°and mainly pellets
with D2 shell and Ne®> composition. The data presented in this section is for the small pellet C,
which is always fired directly by gas, and medium pellet B, fired by mechanical punch. Thus, the
pellets C and B are different not only in amount of Ne, but alspéed of the pellesee Appendix
B for more detailsThe typical time it takes for a pellet to travel frdime SPI cold head tthe plasma
LV a PV IRU VPDOO SHOOHW & . DWRPV J Hratoks: A
Ne/(Ne+D) = 0.60) firedE\ JDV DQG a PV IRU PHGLXP SHOOHW %%
DWRPV ' 2?atorAs: Ne/(Ne+D) = 0.64) fired by mechanical puriigures.

The pellet release time is given by the peak in the breech pressure signal whieR)isnd later
than the peak in the current valve. The JET SPI pressure signal is noisy so it mdigudetdido
better than just saying that the pellet release time is at the end of the current valveiguuis6,

The estimated speed of the pellet C (#95149)(#08 +420)m/s where the speed uncertainsy
causedby uncertainty in the diagnostician's determination of the tihenthe Ne | light becomes
"visible". The pellefragmens cause cooling of the plasma periphery, th@nwhich is the first part
of the MHD phasefollowed byCQ, Figure?7.



JPN: 95149, 95150 SPI Experiment
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Figure6. Pellet speed calculated from pellet flight time between MWC and plasma (the time the first shards

are seen in the plasma by the higfieed KL8 camerequipped with a NEfilter): (a) plasma current, (b)

valve current and MWC signal, (c) Neum intensity.

The HRTS provideSe andne profiles ezery 50 msduringa pulse buis notsynchronisedavith the
disruption event. Howevehy chancedn pulse#95149 theT. andne profiles were measuredith
HRTS during the early pre TQ cooling phaseat t = 24.0326 swhich was the last available HRTS
time before disruptiorfigure7e andFigure8. There is a good agreement betwedIT'S and ECE

01 JPN: 95149 pellet C, ~0.11 g, Ne/(Ne+D) = 0.60, Ne = 3.07-10* atoms
— ()
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= L > Q )
1.9
— b
o Lo~ R=3.20m (b)
V3 3.50m
- 0.5 C 3.60m
0 3.70m = _ _
~L0- .
e L KG1F(2 e Lost interferometry signal ©
=g o0sC KG1F(3) v T
S L KG1F(4) —e-cT v
0
d
oL v % 20 @
>
1~
0
g ) © Sum intensity, Ne | Fast Visible Camera (KL8) (e) |z
_E. r /‘/xL §
) ! ‘ ! \ ‘ ‘ S
24.031 A 24.032 A 24.033 A 24.034 A 24.035 24.036
Time (s) i A

M

Figure7. Small pellet C instigated disruption: (a) plasma current, (b) electron temperature, (c) line density,
(d) light, (e) Nd intensity, (f) Fast visible camera KHBBWA, 50 us exposure time, Nidter, JUVIL
parameter colour map Sk for all frames; the equilibrium shown for illustration purpose only.




diagnostics in the earfyre- TQ cooling phase just before SPI instigateddiseuption which suggests
that ECE diagnostics does not suffer from-afiitat this stageHowever, it sbuld be noted that the
lower Te threshold for JET HRTS diagnostimtil 2022 wasabout 100 eyYso HRTS data are not

shown for plasma peripheriesth R > 3.7 m.

. JPN: 95149 KK3F#7?- 100 s sir
15 JPN: 95149, t = 24.0326 s HRTS and ECE profiles 3 -
" before cooling
2 HRIST. I ++;H¢ +_#,__H__|_¢‘_#¢## t(s) = 24.0315 +
* ECET, | + 3 + TQ: t(s) =24.034 +
| *Jr#*# ki LS Q1) 24.032 X
12 " 24.038 *
4 B X + 24.034 O
quﬁ‘@&%ﬁ 24.034
1.0 q2 i t
—~ x Rk X
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et — X B +
'_w - = + +
- o LT S
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Figure8. T.and rofiles at the last available . . . . .
HIgTS timee befortpdisru tion. 3hows a00d Figure9. Te profiles during TQ, ECE diagnostic
PloNe 9 (KK3F is JET jargon for fast ECE signals). PT€

agreement between HRTS and ECE diagnostics . L .
The lower Tthreshold for existing JET HRTS is icsoglcr)lg_ %%ieuguranon Is (22.5) ms, TQ duratior

about 100 eV.
The small fast pellet C (#95148sults in a prd Q cooling phase duration of ~ 2.5 ms and TQ

duration less than 0.5 nBuring thepre TQ cooling phase, = (24.0315+24.0340) sT. degradation
occurs at the outer region of the plasmamelyin the rangeR ¢ (3.4- 3.8) m of the major plasma
radius, which corresponds to ¢(0.5 +0.6) of the normalisedminor radius whereTe drops almost

to zerq Figure7b andFigure9. The duration of thepre TQ cooling phase correspontts the time
required forthe Te cold front, in terms of the Ne | imagm, reach the magnetic surface located at ~
% of the minor radius.

Then theTe centre crashes during T®igure9. The starting poinbf TQ teken as théime when
coreelectron temperatu&CE)began to falland the end time of theQfwas the time when the core
temperature completelgroppedto the noise levelThe detailed explanatiomow the start and end
points of TQ as well as the duration of C@an be mathematically determined given inthe
"Electron cyclotroremission"subsectiorof Appendix C

It is important to emphasize here that for a small pahlet ECE diagnostic does not suffer from
cut-off, since the drop iECE signalfirst occurson the high toroidal field side of the core.

The TQ phasés also characterised tpurss of MHD which continue beyonthe TQ until theend
of thedistinctive plasma currerspike where ve consider TQ and the current/voltage spike as two
separatgphenomenaAt the MHD phase, noticeable plasma interactions with the outer limiters are

observed, which is seen on the fast visible camera KEBWE without any filterskFigure10.
9



The remarkable observation in JPN 95149 is a very fast, for only-(300) us, collapse of

electron temperature in the plasma céigure9 andFigure10.

JPN: 95149 pellet C, Ne/(Ne+D) = 0.60, Ne = 3.07-10* atoms

10+
MHD (DA/C1M-T001)

10+ MHD phase

1.2 \_/\ . (b)
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0 . ! . ! N | ! . ! .

24,034.0 +0.6 +0.8 +1.0
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N CPsS22.028-10¢

+
-

—~
O
~

FigurelO. TQ, in which the plasma interacts with the limiter, and subsequent frames before CQ: (a)

Mirnov, (b) electron temperature at R = 2.85 m, (c) Fast visible camera (KERWE), 2 us exposure time,
no filter.

For asimilar pulse (#9515Q)theinteraction ofa mediumsizeslow, ~ (150- 180) m/s pellet B
with the plasmais different Figure11. The firstpellet fragmert (in the sense dile | image) are
seenin the plasmay the highspeed KL8 camera, equipped witte Ne | filter approximately9 ms
before thdp spike. Thesepellet fragments cool down the edge of the plasma but does not instigate
TQ. Nevertheless, as for small fast pellet C, the duration optedQ cooling phase for pellet B
corresponds to the time required e | front imageo reach the magnetic surfaloeated at ~ Y6f
theminor radius.

Then, about 2ns before thd, spike,the main cloud of pellet fragmenisrrivescausng rapid
cooling and TQWe believe thaat this phaséhe ECE diagnostics suffefsom cut-off because of
the highdensity, see Append.

It is noteworthythatin pulse #9515(ellet fragmentsaccording to the images of tbéNel line,
areclearlyvisible throughoutCQ even at the end of C@hen the pellet fragments hit thener wall
of the JET Figurel12. Thus, it can be assumed that not all pellet fragments are ablated and far from

all neon assimiladinto the plasma.

10



JPN: 95150 pellet B, ~0.72 g, Ne/(Ne+D) = 0.64, Ne = 2.04-10% atoms

(a)
<20
s L
T 18
F b
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Figurell Medium pellet B instigated disruption: (a) plasma current, (b) electron temperature, (c) line
density, (d) light, (e) Nkintensity, (f) fast visible camera KEBBWA, 50 ps exposure time, Niter,

JUVIL parametercolour map = 5k for all frames; the equilibrium reconstruction is for illustration purpose
only.

i e S pellet B ~0.72 g
g ‘ Ne = 2.04 10% atoms
1 ' A Ne/(Ne+D) = 0.64

CPS22.028-12¢

Figurel2 Medium pellet B instigated disruption but is not fully assimilated by the end of the CQ. Fast
visible camera, 50 ps exposutime, Néd filter, JUVIL parameter colour map = 5k for all frames.

Given apellet speed fopulse#9515Q thepellet can fly” 10 mmduring the exposure time of the
frame (50 ps) Thus each frameanbe interpretedsaa snapshole | images of medium pellet B at

the beginning and at the middle of @€ shown irFigurel3. It can be seen that the cloud of neutral

11



Ne lengthens with timehich indicates aifferent speed of the pellet fragmersesumably during
shateringof thepellets, the fragmentfieterogeneolsslost kinetic energyThe speed of the material,

visible in the Nel images was estimated usirag detailed geometry mapping. KH SOHDGLQJ
fragmentsmoved about 24m D Q G W Kfragiahbsib@éd about 08lm in 7 msbetween two

frames at 24.071 and 24.078s, segure13. So, thefragmentcloud flies with nornruniform speed

with a large spreaih the range (6 £177) m/s.Thus,gas formed during the shattering process affects

the speed of fragmeniaccelerating some and slowing down other fragmi@itis

“JPN: 95

CP‘322A028-1 C

cmap—(é:&) hh - cmap = (1:

Figurel13. Nel image of medium pellet B at the beginning and at the middlé of CQ, 50 pus exposure time.
The cloud of neutral Ne lengthens and widens with time.

The cloud of neutral Ne lengthens amdensas the cloud of fragments moves through the plasma
It could be assumethat the fragments that enterthe plasma early are completely ablated and,
therefore, the front of theloud shown inFigure13 during CQ can be cut off. However, that must be
ruled out because the speed of the front of Meage do not decrease when the pellet flies through
the plasma.

The aam of all Nel images during the interaction of the pellet with plasma, starting from cooling
and further in the process of the CQ for small pellet C (#95149) and medium pellet B (#8%150)
shown in Figure 14. For small pellet C (#95149neutralNe atomsare only visiblenear the entry
point of the pellet into the plasndaring the entire press of interaction of pellet with plasmahus,
this suggest that plasmdully assimilates neutral Ne of the small pelletli€ contrast to this for
medium pellet B (#95150pheutral Ne atoms can be seen even tieginner wall of JET Thus, this
suggests thahe Ne atoms are not fully assimilated and thatmedium pellet B itoo large for a

2 MA Ohmic plasmalisruption instigation and discharge termination
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Figurel4. Sum of all Né images during the interaction of the pellet with plama, starting fronTQre
cooling phase and further in thpeocess of the CQ for small pellet C (#95149) and medium pellet B
(#95150).

Polarimetric plasma density measurements for #95149, #95150 are shewgar&l5. Theraw
polymetric signal was scaled to mattie interferometric signal before disruption and to the end of
the CQ, and timewas also adjusted to eliminate hardware dedagAppendix C for detailsThe
density peak appears late in the @@both pelletsnamely 78 ms after the TQwhich may have
several possible explanatiom®erhaps modehg is needed to explain this observation.

JPN: 95149, 95150 SPI experiment

95149 Ne = 3.07-10%atoms (&)
95150 Ne = 2.04-10* atoms

N
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Figurel5 &RPSDULVRQ HIIHFWLYHQHVV RI SHO O O#aons] withismallH
DPRXQW RI 1H DQG SHOOHW % > 1#atdhs] with mediumBahiount of Me: (a)
plasma current, (b) total bulk plasnilometric powe(BOLO/TOP| Oct.3, (c) VUV energy is hormalised
to bolometry energy, (d) line averaged electron density. The time axis is zereef2fo T

Let's try to evaluatéhe fraction of pellet electrongRrac which are assimilated by the plasma
This can be done with several controversial assumptioamelythere is no loss of pellefectrons
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theshards radial distributiomé aof source of electronsbout the same for small and medium pellets
etc TheeFracquantityis calculated asFrac(t)= (Ne(t) - Neg)/ Nepeles WhereNe(t) is the total number
of electrons in the plasmBlg, is the total number of electrons in the pladmeéore the pellet arrive,
and Nepeletis the total number oflectrons in the pelleThe Ne(t) quantityis calculated adNe(t) =
nel(t) W1, wherendl(t) is polarimetric measuremeandl WKH PHDVXULQJ FKRUG OHQJ
2.2 m.Taking into account the upwards Q-1 m) and inwards (6.2m) plasma displacemendsiring
the CQ when polarimetry is at its maximurthe plasma volume/ is §60 m®. Table 1 showsan
estimate of théractionof pellet electrons assimilated by plasatdhe time when the plasma density
is maximum providedthereareno loss of pellet particle$hus,the estimateof average electron loss
of Ne atomss about40% or4 electrons out of 10 in the Ne at@hthe time when the plasma density
IS maximum

Tablel Theestimateof average electron loss of Ne atoms at the time when the plasma
density is maximumuring the CQ

IPN Pellet maxml (3) | maxNe | Neo | M
Ne atoms| D atoms | Electrons nel (m™) eFrac

#95149 A2l A2l A22 4 A 12A 22 Az 37%
#95150 A22 A2 AZ3 290A 2 77A 2 36%

However, this estimatalso assumed that polarimetry gave a toroidally "averaged" electron
density, which is likely the case given the toroidal arrangement of SPI and polarirgng1.

Despitethelarge difference in thparameters opelles C and B, namelythe numbepf Ne and
D atoms andhespeed of the pelletfeirefficiency, L Q W H hbh\mdasuedadiated energgnd
vesselaxisymmetricforces,during SPlinstigateddisruption is approximately the santégure 15
(forces are not shownlt is worth mentioninghat the bolometric(PPF namé8OLO/TOPI, Oct.3
and VUV shown powerassume toroidal symmetry and therefore can be overestimated or
underestimatefB6]. However,a similar plasmgJPN: 87548}erminated by MGI fired in Octant 3
(where BOLO/TORPI is takerghows théolometricmeasured energy ohly Wrop 8 Pwhich
may indicate thaBOLO/TOPI overestimatthe measured energy SPI experiments.

The tokamak plasma energy consists of the thermal and magnetic energy of the plasma current.
During the entiredisruptionproces, both thermal andome part of poloidahagnetic energy of the
plasma are released to the wall either with plasma particles or radistagmetic energy can
penetrate through the vacuum vessel and attieetnergy balance during the C®hich in turncan
affectTe and accordantlyCQ durationln generalPoynting vectocan be used to estimate fh@ver
flow of an electromagnetic fielthrough the vacuum vessbut this work has not yet been completed.

In addition, stimatingentire poloidaimagnetic energy is challenging due to the presend&T of
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the ferromagnetidron core.However, he thermal andhe internal poloidal magnetic energyst
before disruptioncan be takerfrom equilibrium reconstructionThus, here we use thaternal
poloidal magnetic energy as astimae of I, magnetic energpefore disruption, which is expected
to be dissipated inside the vessel

The thermal +internal poloidal magnetic prelisruptive plasma energ® QXQUQ‘?% expressed as
9 gxéuﬁ 9,V E 9 V2 here 95U plasma thermal energind 9 ;Y& 6—501 #¥ @ B internal
plasma current magnetic poloidal enerflye 9 Gggguantity can be expressed in terms ofdbgput
EFIT parameter$37], as 95‘55‘*@. rdws, GH @, ®. For #95149 and #9515Me internal pre
disruptive plasma enegs areapproximately the sam@amely, 9(;"30985 MJ with 95 Ug 0-
and 9 V&5 0-

Thus,Ohmicplasmawith I, 82 MA and 9 g"éUg@ Q ean be successfully terminatguoviding
relatively short CQduration, by a small pelletC with the amount of neon ~  A?! atoms.
Presumably a high plasma current and a high thermal energy plasma requires more Ne atoms in the
pellet to obtairefficient plasma termination. The next section 6 contains relevant data for this.

The diagnostic advantage of the Ar pellet is that fast visible camera KL8 can be equipped with an
Ar 1l filter that allows the Arimage to be seefrigure16. One can see a strong toroidal asymmetry

of the Ar" ions, which exists during thérst half of the CQ. This first half of the CQ is characterised
by ahighly visible helical structureas shown irFigure16 andFigurel7.

I JPN: 96253
[]
3

1
1
oo T
Sso 1 -
~ao [ Pt
1 [ -
—~ 1 1 [ 's
< ! —a 1 :
=3 pellet B: ~1.09¢g H - !
—1r Ar=1610%atoms ! oo 8
1 1 1 1 : §
r 1 L} L} 1 1 o
1 1 ] ] 1 ?
0 L L L 1 1 1 I | 1 1 I 1 ! ! ' 1 | H I | | | | &
22.580 22.582 22.584 22.586 22.588 22.590 22.592

Time (s)
Figurel6. Medium Ar pellet B instigated disruption: Aimages during TQ and CQ. A strong toroidal
asymmetry of the Aiions, which exists during the entire duration of TQ and CQ.

However,asthe plasma current dropom 2 MA below 1 MA andg on the plasma boundary
increase$rom ~ 5 toapproximatelyabove~ 10, the helical structure is no longer clearly visible and,

in addition, the entire plasma is filled wigr Il light. Thus,at least during the first half of the CQ,
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theinjectedimpuritiesaretoroidally asymmetrical with the source located in the toroidal plane where
pellets are injectedrine structures are clearly visible, for examgtmld spot, where the main pellet
fragments should have been locatéidure16 andFigurel?.

JPN: 96253 t=22.587s
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KLDT-ESWE un-filtered KL8-E8WA Ar Il filter

Figurel7 +HOLFDO VWUXFWXUH LV FOHDUO\ YLVLEOH LQ WKH XSSHU
right image. The lower images do not show a helical structure, the entire vessel filled WithefrKLDT-
ES5WE, 2 us exposure time,-fitered; right KL8-E8WA, 50 ps exposure time, Ar |l filter

The additional electrons created by injeqtetlettend to bauniformly distributed toroidally under

the pressure gradient. However, the heavy ions slow dberoroidal motion of electron3he
plasmamoves alongthe magnetic fieldat theion sound speed, L §f’ wherem is an ion mass.
O

One can try to estimafi usingAr Il images where inthe pulset 96253the 3 $1plasma moves 5
min atime interval letween two framesf 0.5 ms which corresponded 6 810 eV.

Thebolometric measureggowershows a spike after TQ with a smoédh during CQ Figurel5b.
It should be notethat the bolometryPPF name BOLO/TOPI, Oct. 3) hardware time resolug@n
ms see Appendix for more detailsThe bolometricmeasured energgt CQ is about 70-80) % of
the total measured enerfyr the entire process of peHptasma interactiarA similar estimation of
theradiation energy losses with VUVWriechannel inthe middle plane, Oct.7) gives the fraction of
measured energy lossdaring the CQn the range 0{80-90) %. Thus, the main radiation losses
occur during CQHowever, this estimate should be treated with great caution, taking into account
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thatAr 1l light (Figure16 andFigurel17 right) and, presumablihe radiated energy, at least during
the first half of the CQarestrongly toroidally asymmetric

4. Effect of pellet parameters on CQ duration

On the JET, the MGI is usdd protect the machine, namdlg) to terminate pulses when the
plasma is at risk of disruption and (b) to mitigatedbasequencesf disruption[3][20].

Using MGl for these purposdas mandatory in JET ify * 0% RU W KnttbhdiwlOidal
PDJQHWLF SODYVP D [38](38].WAdditionally, @r VDEs, the MGImust be usetbr I,
1.25 MA.Moreover, when plasma Vertical position Stabilisasgatem (VS) signals are polluted by
n =2 modsthe VSmay become inoperahlsothe MGI can be triggered by a certain amplitude of
n =2 mode or byhe signals which detectedtechnical fault of the VS system.

To terminate the pulses when the plasma is at risk of disruption, the MGI is triggered by an
amplitude ofn = 1 locked moder an amplitude of = 1 locked mode normalised lhythat exceeds
a threshold2][40]. To mitigate thelamagingeffects ofdisruption eitherdlp/dt or the toroidal loop
voltage orthe rate oplasma vertical displacement exceeding threshold values isassettigger.

In protection mode, MGWworks withan optimum gas mixture of 10% Ar thi90% carrier gas
which should be either Dor H, depending on the dominant plasma componérie. CQ time
G X U D W4y, BsGhe Rey characteristic of mitigation effectivene8« Ho.2for JET mustbe in the
region of (10+£27.5) ms with the lower threshold given by eddy current force |dadis The upper
thresholdss justified by minimisation ofa) thermal load®n PFG due to cold VDI, whenplasma
positionis not controlled vertically during C@nd (b)axisymmetric(and sidewaysyesselforces
Thus,on the JET, the purpose of tR&Cprotection is to prevent melting of Be at the top and W at
thebottom-outer part of the machine.

The recommended amount of gas to be injected depends on the mgXesuma current during
an entire pulseé? +, where==(2.6- 2.8) depends othespecificdesignof the Disruption Mitigation
Valve (DMV) [20]. For example, the loer limit of the required amount of gas for DMV3, which
satisfis WKH XSSHU UHFRPPH&QBLHG WRVY HVIKRA®G RA éhd 2.2bar:|
for 3 MA maximumly in the pulse Forfurthercomparison with a pellet, the amount of injected gas
is better expressed in atoms:§-1G* Ar + 3.2-1? D) and 6.4-1G* Ar + 9.7-1(*? D) for 2 MA and
3 MA maximumlp in the pulserespectively

The efect of SPIpellets on the duration of theplasma currentjuenchhas been studied and the
dataarepresented belowl'he presented data refer to plasmas Wijth (1.1 +£3.1) MA, thermal +
internal poloidal magnetic pr@isruptive plasma energ9g gxaugie(l.S +14.3)MJ, and (Ne + D) pellet
with Ne fraction, Ne/(Ne + D), in the range (0.82.93), Ar pellet fraction in the range (0.@4..0).
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7KH GHSHQ @k @FNe (BrlAD fractionfor different pre-disruptive plasma currents
shown inFigurel8 7KH GHVLUHG Uddadis BrQwhRythesh@deéd grey araa Figurel8.
TheFigurel8 GDWD VKRZ VWU R @dod N&S(br Qrisfiacdniwiidh 2an also be masked
by dependence of CQ duration on number of(bieAr) atomsin a pellet Moreover, here is a
QRWLFHDEOH g)of GDWWMH URIWQSWRID RWY & 1H 1H ' 8§ ZKLFK L\
paragraphs.

60 JEHW SPI expi 60 JETW SPI expe
o & NepelletC,25MA ¢ Ne pellet A, 2.5 MA| ¢) o® W[ =(8-15)MJ
O Ne pellet C, (1-2) MA O Ne pellet A, 2.0 MA| L ] Ne/(Ne+D)y= 0.6
ArpelletB,2MA  m Ne pellet B, 3.0 MA| o® W= (3-8) MJ
50 - @ Arpellet B, 1 MA < Ne pellet B, 2.5 MA| 50+ € Ne/(Ne+D)E= 0.6
& O Ne pellet B, 2.0 MA b .
| o B WE=15MJ
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40 O 40 - 8 8 Wr=13M]
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Figure18. Dependence of CQ duration on Ne or Ar  Figure19. Dependence of the CQ duration on numl|
fraction, where Z is Ne or Atumber of atoms. The of Ne or Ar atoms in a pelle Y& the predisruptive

G HVLUD Edl8 shpWndy shaded grey area. Allarr | QWHUQDO SODVPD PDJQHWLE
X-point plasmas except "Ar pellet B, 1 MA", which are ¢ ,js shown by shaded grey area
limiter circular plasma.

TKH GHSHQ et GhEndnirribeéd of Ne or Ar atoms in the pelis shown in thé=igure19.
From Figure19it can be seethata pellet witha high content oRle( « A 2?2 atomg can reduce the
CQ duratiorfor plasma with9 gxéUQ"”e15 MJto belowthe upperequiredJET threshold, namel@o2o
" 27.5 msAlso, it was expected, and this is confirmedfgure 18 and Figure 19, that Ar pellets
are more efficient than Ne pellets, which follows frora ttooling rates for Ar and Ne impurities
FDOFXODWHG LQ 3FRURQDO Mg|SNFR[2PAOMH.RQ" VHH )LJ LQ

Moreover for a small amount oftl H $A 2 atoms but still a large Ne fraction «0.6), the
dependence 08020 0n 9 g"auﬁ visible,Figure19. To better see this relationship,Figure20 shows
this data subset a8o20 versus 9 Ja3%The welkmarked dependence @20 on 9 Jafér the small
pelletC presumably reflects the fact that predletC is completely assimilatedee alséigure7 and
Figure 14 left frame However, if pellet is large enougthanpellet fragmentsill fly through the
plasma without assimilatiofseeFigure12 andFigurel14 right frame) since there is ndependence
R Iso200n 9 Q"éuﬁr themedium and largpelless B and A.Thus, a high9 g"éugéﬂasma requires a high

Ne content(and Nefraction) inthe pellet to obtain a short CQ duration.
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It seems that if the injected impurities reddeeluring CQ to a small value, presumabsiow (5
- 10) eV, then an additional increase in the amainmnpurities will not lead to a further decrease of
the Zo20, asalsoshown orFigurels.

0 JET-ILW SPI experiment, Ne/(Ne+D) > 0.6 50 JETHW SPI ex|
O pellet C, Ne = 3.1-10" atoms
B pellets B&A, Ne > 2.0-10” atoms
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Figure20. Dependence of the CQ duration 8 788N Figure 21 Relationship of the CQ duration c

pre-disruptive internal plasma magnetic energy 1 polometric measureeinergy Wrop;, for pulses with9 5

various amounts of Ne in the pellet and Nie¥H{ ' § 0- DQG YDULRXV DPRXQWV |

The Figure 18, Figure19 andFigure 20 show that 2020 never dropped below 10 mis.is worth
mentioning thaFigurel8 andFigurel19are similar to publishefigures 8 and 9of [GerasimoVEPS
20217 - [13] and fgures 8 and 2 of [Jachmich NuclFusion2022] - [15], but using an extended
databaseMoreover, oumewestinterpretation of the observed dependencEigure18 andFigure
19 differsin some point$rom that of[15].

Presumably, the thermal enerigymainly released during the TQ or entire MHD phase, while
plasma magnetic energy is mainly released durin@€@eDespite this declaration, iFigurel9and
Figure20 uses 9 g"éugaﬁot 9 & Y&However the dependeroof the 2020 with 9 Y Siyastestedand
showed a very similar trend as shown the dependen&@}t@%own.

Consider a data cluster whehe sum of the thermal and internal magnetic energﬁgééugaérein
the range (3.9+4.1) MJ. Having a plasma with approximately the sarﬁg‘éuﬁhe bolometric
measured power (PPF name BOLO/TORIring the entire CQ is about the sartte7) MJ,for large
variations in the amount of Ne (red pointsHigure 21). However, with a small amount of Ne =
0.8A 2! (and accordingly a small Ne fraction analarge amount of D) in the pellet (#95106), the
bolometricmeasured energyan be half as much compared to the cases when number of Ne atoms
LQ SH O OM\WFigure2l.

Figure22 explains the exceptionally lolaolometricmeasured energyrori = 3.3 MJ, (compared
to Wropi = 6.0 MJ in the#95113 in #95106, where a small amount of Ne was used in the pellet. In
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pulse #95106, the pellet instigates disruption with dipdecay,and a cold VDE occurs during CQ
phaseMost likely, the CQ duration is affected to a greater extent byldana motion ding cold
VDE than byTe drop. Pulse #9457@ theFigure22 is another example of the use of pellets with a
small amount of Ne, where SPI instigated a disruption followed by a cold VDE. Moreover, second
full scale (in term of thdp spike) disruption occurred during cold VDHEis second disruption
terminateghe ®Id VDE in terms of th@lasma currententroidmotion

Thus, the pellet with small amount of Ne and accordingly large amount of D, instead of causing a
PLWLIJDWHG &4 PD\ FDXVH D 3FR-©da5¢é séerfari@ fidrLdiskuption riitigatorz R U V'
On the other hand, the well mitigated disruptions with the high content of Ne may Hale 3
difference in the CQ duration with approximately the same deposited enErgyre(21).
Accordingly, the power deposited to the PFCs may differ by the same factor 3 and can affect the

lifetime of the plasma facing components.

Figure22 SPI instigate mitigated disruption (#95113 _ _ _ _
and #94579), but a small amount of Ne resultsina ~ F1gure23 Effectiveness of SPI on paisruptive
3SFROG”™ 9'( D SODVPD EX Pplasma: (a) plasma current, (b) plasma current vertice

current vertical displacements, (c) total bulk plasma  Position, (d) Mirmnov signal, (c) Neintensity summed
bolometricpower BOLO/TOP). The time axis is zeroe( OVer the frame. For #95148, Ne | images for the time
t0 Tuis. indicated by the dotted line are showrFigure 24.
Let us estimate the plasnedectrontemperaturgTe), assuming thaa decay time 2rsp Of the
plasmacurrent deend on theratio of theinductance and resistance of the plasmasidering that

resistance and inductance do rmbtangeduring CQ. HereRsp is Spitzerresistanceand . L
8,44 BZ@%’AFt E%"Cis inductanceof the plasmaorus It is worth noting that totalplasma

inductance depends on the plasma elongationisaatfected by JETerromagneat iron core and
plasma- PF coils mutual inductances. Here we wssimple expression for the total plasma

inductance.
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