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Abstract
Thepresenteddata refer to theShatteredPellet Injector (SPI) experiments carriedout at JET in2019–2020.
Thispaper is a full journal versionof thedataoriginallypresentedasposters atTMPDM_2020and
EPS_2021.This paperpresents various aspects of the interactionofpelletswithplasmaandassociated
disruptions.The experimentwasperformedwith Ip= (1.1–3.1)MAplasmas andmainlywithNe+D2pellet
composition, but alsowithArpellets.TheCurrentQuench (CQ) time,τ80−20, is thekey characteristic of
mitigation effectiveness.Apelletwith ahigh contentofNeorAr can reduce theCQdurationbelow the
upper required JET threshold. Plasmaswithhigh (thermal+ internal poloidalmagnetic)pre-disruptive
plasmaenergy require ahigh contentofNepellets toobtain a shortCQduration.Pelletswith a small amount
ofNe (andaccordingly large amountofD), insteadof causing amitigatedCQ, create the conditions for a
‘cold’VerticalDisplacementEvents (VDE). The SPIwas applied toplasmawithdifferent status:mainly to
normal (‘healthy’)plasma, i.e. notprone todisruption, post-disruptive andVDEplasma.This study shows
that SPI effectiveness in termsofCQdurationand, accordingly, EMloadsdoesnotdependon the stateof the
plasma,whether it is ‘healthy’orpost-disruptiveplasma. SPIhasbeen shown to reduce the axisymmetric
vertical vessel reaction forcesby about (30–40)%compared tounmitigateddisruptions.On JET, theVDE,
whether ‘hot’or ‘cold’, always creates the conditions for a toroidal asymmetry in theplasma, so theVDEon
the JET is referred to asAsymmetricVDE (AVDE). The interruptingofVDEandpreventionofAVDEwith
SPIhasbeendemonstrated.Thus, the effectivenessof disruptionmitigationusing SPIhasbeenconfirmed.

1. Introduction

Disruptions are an inherent property of tokamak plasmas, which cannot be completely eliminated [1, 2]. The
consequences of disruptions are especially dangerous for largemachines like JET and evenmore so for ITER.
Disruptions can cause large Electro-Magnetic (EM) loads on the tokamak components and huge thermal loads
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on the Plasma FacingComponents (PFCs).Moreover, high-energy powerful Runaway Electron (RE) beamsmay
arise during disruptions and cause serious damage to themachine.

On JET,MassiveGas Injection (MGI) has been routinely used in protectionmode both to terminate pulses
when the plasma is at risk of disruption, and tomitigate the potentially damaging impact of disruptions on the
vessel and the PFCs [2–5]. Thus, disruptionmitigation ismeant to be applied on off-normal or post-disruptive
plasmas.

TheDisruptionMitigation System (DMS) design for ITER consists of Shattered Pellet Injectors (SPI) that
can inject up to 27 pellets (24 from three equatorial ports and 3 fromupper ports), whichwill be dedicated to the
mitigation of EMand thermal loads, and the avoidance and suppression of runaway electrons [6–8]. Thefirst
demonstration of rapid plasma pulse shutdown using neon SPI for ThermalQuench (TQ) instigationwas done
onDIII-D [9]. DIII-D still provides valuable SPI studies, especially since it is well equippedwith the appropriate
diagnostics related to the SPI experiment, see, for example, one of the latest publications [10].

In 2019, the JETwas equippedwith an SPI through a collaborative effort of EURATOM, the ITER
Organization, and theUSDepartment of Energy aiming on strengthening the physics basis for disruption
mitigation in ITER. The extensive capabilities of the SPI system allows studies on the efficacy of shattered pellets
in reducing the EMand the thermal loads during disruptions and the avoidance/suppression of the formation of
RE [11–18]. The fully commissioned systembecame operational in July 2019.

The SPI systemon JET is intended to be used to study the physics of disruptions instigated by pellets and is
not intended to be used to protect themachine. Therefore, to avoid interference ofMGIwith SPI, theMGI
protectionwas disabled for the timewindowof the SPI experiments.

TheCurrentQuench (CQ) time, τ80−20, where τ80−20 is the time extrapolated from the time taken to quench
from80% to 20%of pre-disruptive plasma current Ip

dis (i.e. time interval between 80%and 20%of pre-

disruptive plasma current Ip
dis multiplied by 5

3
) [19], is the key reliablemeasure ofmitigation effectiveness. The

axisymmetric vessel reaction forces, asymmetrical vessel displacement, plasma vertical displacement and
bolometric energy are other essentialmeasured parameters indicative ofmitigation effectiveness.

In the presented experiments, the SPIwas appliedmainly on normal (‘healthy’) plasma i.e., plasmas not
prone to disruption. However, the effect of SPI on post-disruptive plasma has also been tested, by usingMGI to
initiate disruptions. The suppression of Vertical Displacement Events (VDEs) and particularly, Asymmetrical
Vertical Displacement Events (AVDEs) by SPI has also been studied and demonstrated on JET.

It should be noted that a full comparison of SPI andMGI disruptionmitigation is beyond the scope of this
paper. The research questions that we need to answer for the ITERDMS are related to SPI specific issues,
especially assimilation, pre- and post-TQ. The dynamics of CQ ismainly determined by the impurity content
(and possibly the distribution of impurities) in aCQplasma, so a plasmawith the same impurity content
(regardless of the source,MGI or SPI)will give the sameCQdynamics. For both SPI andMGI, the assimilation is
an open question, but themechanisms for assimilation have clear differences. Comparing the assimilation of SPI
andMGI is interesting andwill allow to improve themodels, but it is not the scope of this paper.Moreover,
comparison of SPI andMGI disruptionmitigation, particularly in terms of assimilated injectedmaterial, is not
trivial, since the interaction of pellets and gaswith plasma is quite different, for instance, pellet fragments can fly
through the plasmawithout assimilation. In addition, JETMGIuses a gasmixture (90%D2+ 10%Ar) to protect
machines [2, 20], and only 14 pulses were performedwith a gasmixture (D2+Ne), while tomitigate disruptions
in ITER, and therefore in the SPI experiments performed at JET, the composition of pellet (D2+Ne)wasmainly
used.However, where relevant,MGI data has been shown alongwith SPI data.

This paper is a full journal version of the data originally presented as posters at TMPDM_2020 [12] and
EPS_2021 [13]. The remainder of this paper is structured as follows. A brief description of the JET SPI system
and basic diagnostics of the SPI experiment are given in section 2. The composition of various aspects of the
pellet ablation and assimilation is presented in section 3. The effect of pellet parameters onCQduration are
outlined in section 4. The efficacy of SPI on post-disruptive plasma is provided in section 5. The composition of
various aspects of AVDE including SPI effectiveness onAVDE suppression is detailed in section 6. The
axisymmetric forces data from a large database, alongwith SPI data, is given in section 7. The discussion of the
presented data and outstanding issues, which are the subject of future investigations, are in section 8. The results
of the given SPI experiments are summarised in section 9. A detailed description of the JET Shattered Pellet
Injector system is given in the appendix A. Pellet speed data is provided in the appendix B. Some features of the
use of Fast Visible Cameras, Interferometry/Polarimetry, Bolometry, ElectronCyclotron Emission (ECE) and
HighResolution Thomson Scattering (HRTS) diagnostics in the SPI experiment are covered in the appendix C.
0D simulation of the interaction of themixture (Ne+D)with plasma is given in appendixD.
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2. JET SPI system anddiagnostics related to the SPI experiment

In 2019, the three injection barrels of SPI and a gasmanifold system supplied byOakRidgeNational Laboratory
(ORNL)were installed at JET togetherwith the appropriate vacuum, cryogenic,mechanical and control
hardware [14, 16, 21]. The JETILWSPI system is based on the design that was used onDIII-D [22].

The JET SPI ismounted inOctant 1 vertically on the top of themachine, figure 1. The pellet injector is
arranged to propel the pellets vertically downwards along aflight tube. Aflight tube guides the pellets along the
circa 5metres path to the vacuumvessel. Just before entering the vacuumvessel, the pellet hits the ‘shattering
element’. The purpose of the ‘shattering element’ is to fragment the pellet into small shards, increasing the
surface area of the pelletmaterial and distributing the pelletmaterial over an increased angle. The spray of shards
is directed towards the inner wall of the vessel within a 15-degree half angle cone [16], figure 2.

The SPI systemhas three different sized barrels inwhich the pellets are created. Pellet diameters, determined
by the internal diameter of the barrels, are d= [4.57, 8.1, 12.5]mmand effective length/diameter ratio are [1.4,
1.6, 1.54] and are denoted here as [C, B, A] respectively. The injector can deliverD2,H2,Ne,NewithD2 shell,
Ne+D2mixture, Ar andAr+D2 sandwich pellets, see appendix A formore details.

Themain diagnostics related to the SPI experiment are the following,figures 1 and 3:

(1) The propellant valve solenoid current diagnostics record the timewhen SPI pellets were activated [16];

(2) Microwave cavity diagnostic that records the presence, the timing and the integrity of pellets [23];

(3) Two fast visible cameras, named KL8-E8WA and KLDT-E5WE provide 2D imaging of fast event dynamics
in a large volume of JET plasmas [24–26] ,figures 1 and 4. Both cameras havewide-angle tangential views of
the JET plasma from just below the horizontalmidplane. KL8 has a direct view of the SPI, so can provide
information about the injection timing andmaterial trajectory, while KLDT-E5WE views the part of the
plasma toroidally anti-clockwise from the SPI. Typical frame rates of (10–20) kHzwere used for SPI
experiments, with exposure times (frame duration) in the range 1μs–100μs to obtain optimal signal levels.
KL8 is equippedwith remotely interchangeable narrow bandfilters to image spectral lines ofNe I atoms
(692.9 nm), Ar I atoms (706.7 nm) or Ar II+ ions (611.5 nm), while KLDT-E5WE always receives the light
over the visible spectrum (430–730)nm. InfraredCamera’s [27] views are shownonfigure 1;

Figure 1. JET vessel plan view: SPI, Fast Visible (KL8 andKLDT) and Infrared (KL12 andKL14) camera views, Bolometry,
Interferometry/polarimetry, ECE, VUV,HRTS andDMV3.
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(4) Vacuum UV (VUV) diamond detector that records radiation with E > 5.5 eV (λ < 226 nm). The VUV
chamber is connected to the JET vacuumvessel by a long (∼20m) vacuumpipe, which enables a horizontal
view of the plasma [28];

(5) Interferometry/polarimetry [29–31]with∼195μmand∼119μmbeams;

(6) Vertical and Horizontal Bolometry Systems [32], figures 1 and 5. Bolometers measure any energy that hits
the bolometric detector, namely radiation (photons) and neutral particles;

Figure 2. SPI shatter tube (in red)fitted in guiding tube in the Intermediate Vertical Port (IVP) inOctant 1 sectorD.

Figure 3. SPI, Interferometry/polarimetry, ECE, VUV,HRTS andMagnetic diagnostic coil and saddle projection on poloidal cross-
section.
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(7) ElectronCyclotron Emission [33];

(8) High Resolution Thomson Scattering providing 63 spatial data points per profile, with a 20 Hz repetition
rate for the duration of a JET pulse [34, 35];

(9) Magnetics [2, 4, 19],figure 3.

Some features of the Fast Visible Cameras, ECE,HRTS andBolometry that are critical to interpreting SPI
experiment data are covered in the appendix C.

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

This experiment was performedwith ohmic plasmawith Ip= 1.1–2.9MA, average line density ne·l≈ 2·1019

m−2, which corresponds to total number of plasma electrons ne·V≈ 6·1020 andmainly pellets withD2 shell and
Ne+D2 composition. The data presented in this section is for the small pellet C, which is always fired directly by
gas, andmediumpellet B, fired bymechanical punch. Thus, the pellets C andB are different not only in amount
ofNe, but also in speed of the pellet, see appendix B formore details. The typical time it takes for a pellet to travel
from the SPI cold head to the plasma is∼20ms for small pellet C (JPN 95149, JPN is the abbreviation of ‘JET
pulse number’, 0.4mmD-shellfilledwith 100%Ne,∼0.11 g;Ne= 3.07·1021 atoms, D= 2.02·1021 atoms:Ne/
(Ne+D)= 0.60)fired by gas and∼60ms formediumpellet B (JPN 95150, amixture of (Ne+D)withoutD-shell,
∼0.72 g;Ne= 2.04·1022 atoms, D= 1.17·1022 atoms:Ne/(Ne+D)= 0.64)fired bymechanical punch, figure 6.

The pellet release time is given by the peak in the breech pressure signal which is (1–2)ms later than the peak
in the current valve. The JET SPI pressure signal is noisy so itmay be difficult to do better than just saying that the
pellet release time is at the end of the current valve pulse,figure 6.

The estimated speed of the pellet C (#95149) is∼(400–420)m/s, where the speed uncertainty is caused by
uncertainty in the diagnostician's determination of the timewhen theNe I light becomes ‘visible’. The pellet
fragments cause cooling of the plasma periphery, thenTQ,which is the first part of theMHDphase, followed by
CQ,figure 7.

TheHRTSprovidesTe andneprofiles every 50msduring a pulse but is not synchronisedwith the disruption
event.However, by chance inpulse#95149 theTe andneprofilesweremeasuredwithHRTSduring the early
pre-TQcooling phase at t= 24.0326 s,whichwas the last availableHRTS time before disruption,figures 7(e) and8.
There is a good agreement betweenHRTS andECEdiagnostics in the early pre-TQcooling phase just before SPI
instigated the disruption,which suggests that ECEdiagnostics does not suffer fromcut-off at this stage.However, it
should benoted that the lowerTe threshold for JETHRTSdiagnostic until 2022was about (50–100) eV, soHRTS
data are not shown for plasmaperipherieswithR> 3.7m.

Figure 4. Lines of sight of the fast visible camera views: left is KLDT camera view fromOct.5 toOct.4 andOct.3; right is KL8 camera
view from close to themidplane inOct. 8 towardsOct 2.
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Figure 5.Vertical andHorizontal Bolometry systems, with channel numbering shown.

Figure 6.Pellet speed calculated frompellet flight time betweenMWCand plasma (the time thefirst shards are seen in the plasma by
the high-speedKL8 camera equippedwith aNe Ifilter): (a) plasma current, (b) valve current andMWCsignal, (c)Ne I sum intensity.
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Figure 7. Small pellet C instigated disruption: (a) plasma current, (b) electron temperature, (c) line density, (d)VUV, the same signal
with different amplification, (e)Ne I intensity, (f) Fast visible camera KL8-E8WA, 50μs exposure time,Ne I filter, JUVIL parameter
colourmap= 5 k for all frames; the equilibrium shown for illustration purpose only.

Figure 8.Te and ne profiles at the last availableHRTS time before disruption.Te shows good agreement betweenHRTS and ECE
diagnostics. The lowerTe threshold for existing JETHRTS is about (50–100) eV.
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The small fast pellet C (#95149) results in a pre-TQ cooling phase duration of∼2.5ms andTQduration less
than 0.5ms.During the pre-TQ cooling phase, t= (24.0315–24.0340) s,Te degradation occurs at the outer
region of the plasma, namely in the rangeR� (3.4–3.8)mof themajor plasma radius, which corresponds to ρ�
(0.5–0.6) of the normalisedminor radius, whereTe drops below the diagnostic operating limit, figures 7(b) and
9. The duration of the pre-TQ cooling phase corresponds to the time required for theTe cold front, in terms of
theNe I image, to reach themagnetic surface located at∼½of theminor radius.

Then theTe centre crashes during TQ, figure 9. The detailed explanation how the duration of TQ can be
mathematically determined, is given in the ‘Electron cyclotron emission’ subsection of appendix C.

It is important to emphasize here that for a small pellet, the ECEdiagnostic does not suffer from cut-off,
since the ECE signal drop occurs first on the high toroidal field side and then on the lowfield side of the core.

The TQphase is also characterised by bursts ofMHDwhich continue beyond the TQuntil the end of the
distinctive plasma current spike, wherewe consider TQ and the current/voltage spike as two separate
phenomena. At theMHDphase, noticeable plasma interactionswith the outer limiters are observed, which is
seen on the fast visible cameraKLDT-E5WEwithout anyfilters, figure 10.

The remarkable observation in JPN95149 is a very fast, only about 300μs, collapse of electron temperature
in the plasma core, figures 9 and 10.

For a similar pulse (#95150), the interaction of amedium size slow,∼(150–180)m/s, pellet Bwith the
plasma is different, figure 11. Thefirst pellet fragments (in the sense ofNe I image) are seen in the plasma by the
high-speedKL8 camera, equippedwith theNe Ifilter approximately 9ms before the Ip spike. These pellet
fragments cool down the edge of the plasma but does not instigate TQ.Nevertheless, as for small fast pellet C, the
duration of the pre-TQ cooling phase for pellet B corresponds to the time required forNe I front image to reach
themagnetic surface located at∼½of theminor radius.

Then, about 2ms before the Ip spike, themain cloud of pellet fragments, arrives causing rapid cooling and
TQ.We believe that at this phase the ECEdiagnostics suffers from cut-off because of the high density, see
appendix C.

It is noteworthy that in pulse#95150, pellet fragments, according to the images ofNe I line, are clearly
visible throughout CQ even at the end of CQwhen the pellet fragments hit the innerwall of the JET,figure 12.
Thus, it can be assumed that not all pellet fragments are ablated and far from all neon assimilated into the
plasma.

Given a pellet speed for pulse#95150, the pellet can fly� 10mmduring the exposure time of the frame
(50μs). Thus, each frame can be interpreted as a snapshot. Ne I images ofmediumpellet B at the beginning and
at themiddle of CQ are shown infigure 13. It can be seen that the cloud of neutral Ne lengthens with timewhich
indicates a different speed of the pellet fragments. Presumably during shattering of the pellets, the fragments

Figure 9.Te profiles during TQ, ECEdiagnostic (KK3F is JET jargon for fast ECE signals). Pre-TQ cooling phase duration is (2–2.5)
ms, TQduration is about 300μs.
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heterogeneously lost kinetic energy. The speed of thematerial, visible in theNe I imageswas estimated using as
detailed geometrymapping. The ‘leading’ fragmentsmoved about 1.24m and the ‘tail’ fragmentsmoved about
0.46m in 7ms between two frames at 24.071 and 24.078s, see figure 13. So, the fragment cloud flies with non-
uniform speedwith a large spread in the range (66–177)m/s. Thus, gas formed during the shattering process
affects the speed of fragments, accelerating some and slowing downother fragments [21].

The cloud of neutral Ne lengthens andwidens as the cloud of fragmentsmoves through the plasma. It could
be assumed that the fragments that entered the plasma early are completely ablated and, therefore, the front of
the cloud shown infigure 13 duringCQcan be cut off. However, thatmust be ruled out because the speed of the
front ofNe I image do not decrease when the pelletflies through the plasma.

The sumof all Ne I 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) andmediumpellet B (#95150) are shown infigure 14. For
small pellet C (#95149), neutral Ne atoms are only visible near the entry point of the pellet into the plasma
during the entire process of interaction of pellet with plasma. Thus, this suggests that plasma fully assimilates
neutral Ne of the small pellet C. In contrast to this formediumpellet B (#95150), neutral Ne atoms can be seen
even near the innerwall of JET. Thus, this suggests that theNe atoms are not fully assimilated and that the
mediumpellet B is too large for a 2MAOhmic plasma disruption instigation and discharge termination.

Polarimetric plasma densitymeasurements for#95149,#95150 are shown in figure 15. The rawpolymetric
signal was scaled tomatch the interferometric signal before disruption and to the end of theCQ, and timewas
also adjusted to eliminate hardware delay, see appendix C for details. The density peak appears late in theCQ for
both pellets, namely 7–8ms after the TQ,whichmay have several possible explanations. Perhapsmodelling is
needed to explain this observation.

Let's try to evaluate the fraction of pellet electrons (eFrac)which are assimilated by the plasma. This can be
donewith several controversial assumptions, namely all pelletmaterials remain in the plasma at least until the
plasma density reaches itsmaximumvalue, the shards radial distribution (as a of source of electrons) about the
same for small andmediumpellets, etc. The eFrac quantity is calculated as eFrac(t)= (Ne(t)−Neo)/Nepellet, where
Ne(t) is the total number of electrons in the plasma,Neo is the total number of electrons in the plasma before the
pellet arrive, andNepellet is the total number of electrons in the pellet. TheNe(t) quantity is calculated asNe(t)=
nel(t)·V/l, where nel(t) is polarimetricmeasurement and l themeasuring chord length in plasma is≈2.2m.
Taking into account the upwards (∼0.1m) and inwards (∼0.2m) plasma displacements during theCQ,when

Figure 10.TQ, inwhich the plasma interacts with the limiter, and subsequent frames before CQ: (a)Mirnov, (b) electron temperature
at R= 2.85m, (c) Fast visible camera (KLDT-E5WE), 2μs exposure time, nofilter.
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polarimetry is at itsmaximum, the plasma volumeV is≈60m3. Table 1 shows an estimate of the fraction of
pellet electrons assimilated by plasma at the timewhen the plasma density ismaximum, provided there are no
loss of pellet particles. Thus, the estimate of average electron loss ofNe atoms is about (30–35)%or 3–4 electrons
out of 10 in theNe atomat the timewhen the plasma density ismaximum.

However, this estimate also assumed that polarimetry gave a toroidally ‘averaged’ electron density, which is
likely the case given the toroidal arrangement of SPI and polarimetry, figure 1.

Despite the large difference in the parameters of pellets C andB, namely, the number ofNe andD atoms and
the speed of the pellets, their efficiency, in terms of τ80−20,measured radiated energy and vessel axisymmetric
forces, during SPI instigated disruption is approximately the same, figure 15 (forces are not shown). It is worth
mentioning that the bolometric (Processed Pulse File, PPF, nameBOLO/TOPI,Oct.3) andVUV shownpower
assumes toroidal symmetry and therefore can be overestimated or underestimated [36]. However, a similar
plasma (JPN: 87548) terminated byMGIfired inOctant 3 (where BOLO/TOPI is taken) shows the bolometric
measured energy of onlyWTOPI≈3.8MJ, whichmay indicate that BOLO/TOPI overestimates themeasured
energy in SPI experiments.

The tokamak plasma energy consists of the thermal andmagnetic energy of the plasma current. During the
entire disruption process, both thermal and some part of poloidalmagnetic energy of the plasma are released to
thewall eitherwith plasma particles or radiation.Magnetic energy can penetrate through the vacuumvessel and
affect the energy balance during theCQ,which in turn can affectTe and, accordantly, CQduration. In general,
Poynting vector can be used to estimate the powerflowof an electromagnetic field through the vacuumvessel,
but this work has not yet been completed. In addition, estimating entire poloidalmagnetic energy is challenging
due to the presence on JET of the ferromagnetic iron core.However, the thermal and the internal poloidal
magnetic energy just before disruption can be taken from equilibrium reconstruction. Thus, herewe use the
internal poloidalmagnetic energy as an estimate of Ipmagnetic energy before disruption, which is expected to be
dissipated inside the vessel.

Figure 11.Mediumpellet B instigated disruption: (a) plasma current, (b) electron temperature, (c) line density, (d)VUV, the same
signal with different amplification, (e)Ne I intensity, (f) fast visible camera KL8-E8WA, 50μs exposure time, Ne Ifilter, JUVIL
parameter colourmap= 5 k for all frames; the equilibrium reconstruction is for illustration purpose only.
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Figure 12.Mediumpellet B instigated disruption but is not fully assimilated by the end of theCQ. Fast visible camera, 50μs exposure
time, Ne Ifilter, JUVIL parameter colourmap= 5 k for all frames.

Figure 13.Ne I image ofmediumpellet B at the beginning and at themiddle of CQ, 50μs exposure time. The cloud of neutral Ne
lengthens andwidenswith time.
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Figure 14. Sumof all Ne I images during the interaction of the pellet with plasma, starting frompre-TQ cooling phase and further in
the process of the CQ for small pellet C (#95149) andmediumpellet B (#95150).

Figure 15.Comparison effectiveness of pellet C [Ne/(Ne+D)= 0.60,Ne= 3.07·1021 atoms]with small amount ofNe and pellet B
[Ne/(Ne+D)= 0.64,Ne= 2.04·1022 atoms]withmedium amount ofNe: (a)plasma current, (b) total bulk plasma bolometric power
(BOLO/TOPI, Oct.3), (c)VUVenergy is normalised to bolometry energy, (d) line averaged electron density. The time axis is zeroed to
Tdis [2].
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The thermal+ internal poloidalmagnetic pre-disruptive plasma energyWtot
dis is expressed as

= +W W W ,tot
dis

p
dis

imag
dis whereWp

dis is plasma thermal energy and


ò=
m

W B dVimag
dis

p
1

2

2

o
is internal plasma current

magnetic poloidal energy. TheWimag
dis quantity can be expressed in terms of the output EFIT parameters [37], as

m=W li R I0.25 .imag
dis

o o p
2· · · For#95149 and#95150 the internal pre-disruptive plasma energies are

approximately the same, namely,Wtot
dis ≈4MJwithWp

dis≈0.4MJ andWimag
dis ≈3.6MJ.

Thus, Ohmic plasma, with Ip≈2MA andWtot
dis ≈4MJ, can be successfully terminated, providing relatively

short CQduration, by a small pellet Cwith the amount of neon∼3.07·1021 atoms. Presumably a high plasma
current and a high thermal energy plasma requiresmoreNe atoms in the pellet to obtain efficient plasma
termination. The next section 6 contains relevant data for this.

The diagnostic advantage of the Ar pellet is that fast visible cameraKL8 can be equippedwith anAr IIfilter
that allows the Ar+ image to be seen,figure 16.One can see a strong toroidal asymmetry of the Ar+ ions, which
exists during thefirst half of the CQ. This first half of the CQ is characterised by a highly visible helical structure,
as shown infigures 16 and 17.

However, as the plasma current drops from2MAbelow 1MAand q on the plasma boundary increases from
∼5 to approximately above∼10, the helical structure is no longer clearly visible and, in addition, the entire
plasma isfilledwith Ar II light. Thus, at least during the first half of the CQ, the injected impurities are toroidally
asymmetrical with the source located in the toroidal planewhere pellets are injected. Fine structures are clearly
visible, for example a cold spot, where themain pellet fragments should have been located, figures 16 and 17.

The additional electrons created by injected pellet tend to be uniformly distributed toroidally under the
pressure gradient. However, the heavy ions slow down the toroidalmotion of electrons. Presumably, the plasma
moves along themagnetic field at the ion sound.

In the JPN 96253, the ‘Ar+ plasma’ frontmoves at a speed of 5mms−1 in the time interval between two
frames 22.5865 s and 22.5870 s (time interval 0.5ms). Consider a plasma consisting of one type of ions, then the

ion sound speed be expressed as »v ,s
ZT

m
e

i
wheremi is an ionmass andZ is ion charge. ThenTe can be

Figure 16.MediumAr pellet B instigated disruption: Ar II images during pre-TQ cooling phase andCQ. A strong toroidal asymmetry
of the Ar+ ions, which exists during thefirst half of CQ.

Table 1.The estimate of average electron loss of Ne atoms at the timewhen the plasma density ismaximumduring theCQ.

Pellet

JPN Ne atoms D atoms Electrons max pol. (3)nel (m
−2) maxNe Neo max eFrac

#95149 3.07·1021 2.02·1021 3.27·1022 4.5·1020 1.2·1022 1.7·1021 31%

#95150 2.04·1022 1.17·1022 2.16·1023 2.9·1021 7.7·1022 35%
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estimated from the speed of sound:Te≈10/Z eV. The charge of the Z ion is unknownbut can be expected to be
in the range Z= 2–5. Thus, Te duringmitigatedCQ should be in the range 2–5 eV.

The bolometricmeasured power shows a spike after TQwith a smooth fall duringCQ, figure 15(b). It should
be noted that the bolometry (PPF nameBOLO/TOPI,Oct. 3) hardware time resolution∼2ms, see appendix C
formore details. The bolometricmeasured energy at CQ is about (70–80)%of the totalmeasured energy for the
entire process of pellet-plasma interaction. A similar estimation of the radiation energy losses withVUV (one
channel in themiddle plane, Oct.7) gives the fraction ofmeasured energy losses during theCQ in the range of
(80–90)%.Thus, themain radiation losses occur during CQ.However, this estimate should be treatedwith great
caution, taking into account that Ar II light (figures 16 and 17 right) and, presumably the radiated energy, at least
during the first half of theCQ, are strongly toroidally asymmetric.

4. Effect of pellet parameters onCQduration

4.1. UsingMGI on JET
On the JET-ILW, theMGI is used to protect themachine, namely (a) to terminate pulses when the plasma is at
risk of disruption and (b) tomitigate the consequences of disruption [3, 20].

UsingMGI for these purposes ismandatory in JET if Ip� 2.0MAor thermal+ internal poloidalmagnetic
plasma energy� 5.0MJ [38, 39]. Additionally, for VDEs, theMGImust be used for Ip� 1.25MA.Moreover,
when plasmaVertical position Stabilisation system (VS) signals are polluted by n= 2modes theVSmay become
inoperable, so theMGI can be triggered by a certain amplitude of n= 2mode or by the signals which detected a
technical fault of theVS system.

Figure 17.Helical structure is clearly visible in the upper images, it can be seen ‘cold spot’ on the upper right image. The lower images
do not show a helical structure, the entire vesselfilledwithAr II. Left KLDT-E5WE, 2μs exposure time, un-filtered; right KL8-E8WA,
50μs exposure time, Ar IIfilter.
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To terminate the pulses when the plasma is at risk of disruption, theMGI is triggered by an amplitude of
n= 1 lockedmode or an amplitude of n= 1 lockedmode normalised by Ip that exceeds a threshold [2, 40]. To
mitigate the damaging effects of disruption, either dIp/dt or the toroidal loop voltage or the rate of plasma
vertical displacement exceeding threshold values is used as a trigger.

In protectionmode,MGIworkswith an optimumgasmixture of 10%Arwith 90% carrier gas which should
be eitherD2 orH2 depending on the dominant plasma components. TheCQ time duration, τ80−20, is the key
characteristic ofmitigation effectiveness. The τ80−20 for JETmust be in the region of (10–27.5)ms, with the
lower threshold given by eddy current force loads [41]. The upper threshold is justified byminimisation of (a)
thermal loads on PFCs due to coldVDEs, when plasma position is not controlled vertically during CQand (b)
axisymmetric (and sideways) vessel forces. Thus, on the JET-ILW, the purpose of the PFCprotection is to
preventmelting of Be at the top andWat the bottom-outer part of themachine.

The recommended amount of gas to be injected depends on themaximumplasma current during an entire
pulseµ aI ,p whereα= (2.6–2.8) depends on the specific design of theDisruptionMitigationValve (DMV) [20].
For example, the lower limit of the required amount of gas forDMV3,which satisfies the upper recommended
threshold of τ80−20� 27.5ms, are 0.7 bar·l for 2MA and 2.2 bar·l for 3MAmaximum Ip in the pulse. For
further comparisonwith a pellet, the amount of injected gas is better expressed in atoms: (1.8·1021 Ar+
3.2·1022D) and (5.4·1021 Ar+ 9.7·1022D) for 2MA and 3MAmaximum Ip in the pulse, respectively.

4.2.Dependence of theCQduration onpellet content
The effect of SPI pellets on the duration of the plasma current quench has been studied and the data are
presented below. The presented data refer to plasmaswith Ip= (1.1–3.1)MA, thermal+ internal poloidal
magnetic pre-disruptive plasma energyWtot

dis = (1.5–14.3)MJ, and (Ne+D) pellet withNe fraction, Ne/(Ne+
D), in the range (0.02–0.93), Ar pellet fraction in the range (0.04–1.0).

The dependence of τ80−20 onNe (or Ar) fraction for different pre-disruptive plasma currents is shown in
figure 18, where the grey shaded area indicates the desired region for JET. Thefigure 18 data show strong
dependence of τ80−20 onNe (orAr) fraction, which can also bemasked by dependence of CQduration on
number ofNe (or Ar) atoms in a pellet.Moreover, there is a noticeable scatter in the τ80−20 data for pellets C,
Ne/(Ne+D)≈0.6which is discussed in the following paragraphs.

The dependence of τ80−20 on the number ofNe or Ar atoms in the pellet is shown in the figure 19. From
figure 19 it can be seen that a pellet with a high content ofNe (� 2·1022 atoms) can reduce theCQduration for
plasmawithWtot

dis � 15MJ to below the upper required JET threshold, namely τ80−20� 27.5ms. Also, it was
expected, and this is confirmed byfigures 18 and 19, that Ar pellets aremore efficient thanNe pellets, which
follows from the cooling rates for Ar andNe impurities calculated in ‘coronal approximation’, see figure 2 in [42]
or Fig. 2.14 in [43].

Figure 18.Dependence of CQduration onNe or Ar fraction, where Z isNe orAr number of atoms. The desirable JET τ80−20 is shown
by shaded grey area. All are X-point plasmas except ‘Ar pellet B, 1MA’, which are a limiter circular plasma.
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Moreover, for a small amount ofNe≈3·1021 atoms, but still a largeNe fraction (� 0.6), the dependence of
τ80−20 onWtot

dis is visible,figure 19. To better see this relationship, infigure 20 shows this data subset as τ80−20

versusW .tot
dis Thewell-marked dependence of τ80−20 onWtot

dis for the small pellet C presumably reflects the fact
that the pellet C is completely assimilated, see alsofigures 7 and 14 left frame.However, if pellet is large enough,
then pellet fragments willfly through the plasmawithout assimilation (see figures 12 and 14 right frame), since
there is no dependence of τ80−20 onWtot

dis for themedium and large pellets B andA. Thus, a highWtot
dis plasma

requires a highNe content (andNe fraction) in the pellet to obtain a short CQduration.
It seems that if the injected impurities reduceTe duringCQ to a small value, presumably below (5–10) eV,

then an additional increase in the amount of impurities will not lead to a further decrease of the τ80−20, as also
shownonfigure 15.

Thefigures 18–20 show that τ80−20 never dropped below 10ms. It is worthmentioning that figures 18 and 19
are similar to publishedfigures 8 and 9 of [Gerasimov EPS 2021] - [13] andfigures 8 and 2 of [JachmichNucl.
Fusion 2022] - [15], but using an extended database.Moreover, our newest interpretation of the observed
dependence infigures 18 and 19 differs in some points from that of [15].

Presumably, the thermal energy ismainly released during the TQor entireMHDphase, while plasma
magnetic energy ismainly released during theCQ.Despite this declaration, infigures 19 and 20 usesW ,tot

dis not

W .imag
dis However, the dependence of the τ80−20 onWimag

dis showed a very similar trend as the dependence onW .tot
dis

Consider a data cluster where the sumof the thermal and internalmagnetic energies, W ,tot
dis are in the range

(3.9–4.1)MJ.Having a plasmawith approximately the sameW ,tot
dis the bolometricmeasured power (PPF name

BOLO/TOPI) during the entire CQ is about the same, (5–7)MJ, for large variations in the amount ofNe (red
points infigure 21). However, with a small amount ofNe= 0.8·1021 (and, accordingly, a small Ne fraction and a
large amount ofD) in the pellet (#95106), the bolometricmeasured energy can be half asmuch compared to the
cases when number ofNe atoms in pellet� 1.5·1021,figure 21.

Figure 22 explains the exceptionally low bolometricmeasured energy,WTOPI= 3.3MJ, (compared toWTOPI

= 6.0MJ in the#95113) in#95106, where a small amount ofNewas used in the pellet. In pulse#95106, the
pellet instigates disruptionwith slow Ip decay and a coldVDEoccurs during CQphase.Most likely, the CQ
duration is affected to a greater extent by the plasmamotion during coldVDE than byTe drop. Pulse#94579 in
thefigure 22 is another example of the use of pellets with a small amount ofNe, where SPI instigated a disruption

Figure 19.Dependence of theCQduration on number ofNe orAr atoms in a pellet, Wimag
dis is the pre-disruptive internal plasma

energy. Small and large circles (and diamond) indicate Wtot
dis in the (8–15)MJ (and (3–8)MJ) ranges. Large circles and diamonds

indicate the largeNe fraction,� 0.6. The desirable JET τ80−20 is shown by shaded grey area.
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followed by a coldVDE.Moreover, second full scale (in termof the Ip spike) disruption occurred during cold
VDE; this second disruption terminates the coldVDE in terms of the plasma current centroidmotion.

Thus, the pellet with small amount ofNe and accordingly large amount ofD, instead of causing amitigated
CQ,may cause a ‘cold’VDE,which is theworst-case scenario for disruptionmitigation. On the other hand, the
wellmitigated disruptionswith the high content ofNemay have 3-fold difference in theCQdurationwith
approximately the same deposited energy (figure 21). Accordingly, the power deposited to the PFCsmay differ
by the same factor 3 and can affect the lifetime of the plasma facing components.

Figure 20.Dependence of theCQduration on Wimag
dis on pre-disruptive internal plasma energy for various amounts of Ne in the pellet

andNe/(Ne+D)� 0.60.

Figure 21.Relationship of the CQduration on bolometricmeasured energy,WTOPI, for pulseswith Wtot
dis ≈4.0MJ and various

amounts ofNe atoms.
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4.3. Te estimate duringCQ
Let us estimate the plasma electron temperature (Te), assuming that a decay time, τL/Rsp, of the plasma current
depends on the ratio of the inductance and resistance of the plasma considering that resistance and inductance

do not change duringCQ.HereRsp is Spitzer resistance, and ⎡⎣ ⎤⎦
m= - +L R ln 2o o

R

a

l8

2
o i( ) is inductance of the

plasma torus. It is worth noting that total plasma inductance depends on the plasma elongation and is affected by
JET ferromagnetic iron core and plasma - PF coilsmutual inductances. Here we use a simple expression for the
total plasma inductance.

The parallel Spitzer resistivity is expressed as h = W
l-5.15 10 m ,

Z

T
5 lneff

e
3 2· ·( )
/

where lnλ is the Coulomb

logarithm. The relationship betweenCQ linear extrapolation, τ80−20, and exponential decay, τL/R, is
t t= -- ln 0.8 ln 0.2 L R80 20

5

3
( ) / ≈2.3 τL/R. Herewe takeZeff from the simple 0Dmodel as á ñ =Z T0.78 ,eff eCQs

0.5

see appendixD. An estimate ofTeCQ, the plasma temperature inCQ, for lnλ= 10 is given in table 2.
The calculated value ofTeCQ is quite reasonable if we take into account the dependence of the cooling rates

on the electron temperature. Thus, the estimated temperature duringCQ for the pulses shown infigure 15 isTe

≈(3–5) eV. In 2022, the JETHRTS has been upgraded to allow lowTe (down to 1 eV)measurements during CQ
and validate themethods used. It can be noted here, that the upgradedHRTS diagnostic, generally confirmed
our assessments.

5. Effectiveness of SPI on post-disruptive plasma

In the presented experiments, the SPIwas appliedmainly on normal (‘healthy’) plasma i.e., not prone to
disruption.However, the disruptionmitigation ismeant to be applied on off-normal (includingVDE) or post-
disruptive plasmas. The data presented here refers to the Shattered Pellet Injector (SPI) experiments conducted

Figure 22. SPI instigatemitigated disruption (#95113 and#94579), but a small amount ofNe results in a ‘cold’VDE (#95106): (a)
plasma current, (b) plasma current vertical displacements, (c) total bulk plasma bolometric power (BOLO/TOPI). The time axis is
zeroed toTdis.

Table 2.The estimate of the plasma temperature inCQ.

τ80−20 (ms) 12 18 23 29 41 59

TeCQ (eV) 2 3 4 5 7 10
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at JET in 2019–2020, where only a few pulses were dedicated to the experiment with post-disruptive plasma and
therewas only one successful pulse#95148, whichwasmentioned in [12–15]. Considering that nothing like this
was done in JET until 2022, herewe present a fresh look at this unique experiment.

In this experiment the disruptionwas initiated by injection ofD2 using theDMV3 (see figure 1). TheDMV3
wasfilledwith a small amount of D2, namely∼0.1 bar·l, which corresponds to∼4·1021 deuterium atoms. The
injected gas led to an increase in density from∼6·1019m−2 to∼10·1019m−2 (channel 3 onfigure 3)which led to
amajor disruption, see#95145 onfigure 23. The amount ofD2 injectedwas chosen as aminimumamount of
injectedD2 that resulted in amajor disruption. A small,∼20%, decrease in injectedD2 caused onlyminor
disruptionwithout CQ.

The#95145 pulsewas used as a reference pulse for SPImitigation. The small pellet C, whichwill no longer
be available on JET after 2020, withNe= 3.1·1021 atoms,Ne/(Ne+D)= 0.60was fired into the post-disruptive
plasma so that the pellet entered the plasma∼10ms after the disruptionwas initiated byMGI, see#95148 in
figure 23. It should be noted that pulses shown onfigure 23were originally presented in [12–15], butmore
details are given here.

In fact, the pellet in#95148 pulsewas split into two large fragments (and possibly another small fragment in
front), which can be seen onfigure 23(d) and left frame onfigure 24. In the reference pulse#95149, inwhich SPI
fired at the ‘healthy’ plasma, the pellet looks like a single fragmentwith perhaps an additional small fragment in
the tail. Although the SPIfired in different plasmas in#95148 and#95149, the pellet integrity is also different,
the CQ rates are very similar, infigure 23(a) shows by the red and green curves. In pulse#95148, thefirst large
fragment of the pelletflew through the plasma, which indicates that the cold post-disruptive plasma cannot fully
assimilate even less than half of the small pellet C, right frame onfigure 24. The second large fragment become
invisible (Ne I radiation)when Ip drops to about 1MA, but the pellet is still in the bulk plasma, whichmay
indicate thatmost of theNe atoms are ionized.However,more data andmodelling are needed to better
understand this observation.Moreover, taking into account that the CQ in pulses#95148 and#95149 has
approximately the same Ip rate, it can be concluded that both hot and cold plasmaswill ‘digest’ the amount of
injectedmaterial tomaintain the lowest possible plasma temperature, which ultimately determines the duration
of theCQ.

During theCQ (aftermajor disruption initiated byMGI), the pellet causes aminor disruption, which is
accompanied by a characteristicMHDburst, figure 23(c). Here we can assume that aminor disruption followed
by a fast CQ interrupts the verticalmotion of the plasma centroid. It is worthmentioning that, like#95106

Figure 23.Effectiveness of SPI on post-disruptive plasma: (a) plasma current, (b) plasma current vertical position, (d)Mirnov signal,
(c)Ne I intensity summed over the frame. For#95148,Ne I images for the time indicated by the dotted line are shown infigure 24.
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(figure 22(b)) a coldVDE also developed during the slowCQ in the reference#95145 pulse,figure 23(b). A
similar effect, namely, the loss of plasma vertical stability due to aminor disruption caused by a small amount of
MGI gas in the AUG,was noted in [44].

Comparing two pulses when the identical pellets arefired at post-disruptive (#95148) and ‘healthy’ plasma
(#95149), it can be seen that SPI efficiency, in terms of τ80−20, does not depend on the state of the plasma,
figure 23.

Thus, post-TQplasma can be effectivelymitigated, thereby prevent first wallmelting. It can also be
tentatively concluded that cooling andTQphases are not significant for efficiency of the SPI tomitigate CQ
when pellets content a sufficient amount ofNe for a given plasma.

The following section 6 presents data fromdemonstration of suppression of aVDEwith SPI.

6. Suppression of AVDEby SPI

In JET, the non-mitigated disruptions usually occur as asymmetrical disruptions that are accompanied by
sideways forces and in turn cause noticeable sideways displacements of the JET vacuumvessel [4, 19, 45–47].
Moreover, the sideways force can rotate and if the frequencies are close to the structural natural frequencies of
themachine components, this can causemajor dynamic amplifications of the loads [19, 48]. On JET, the
duration of theCQ and, accordingly, the duration of rotation is short compared to resonance period of the vessel
[49]. Thus, dynamic amplification of the sideways force is not an issue on JET.However, in ITER the situation
can be reversed, namely the duration of rotation can be greater than the resonance period [50], so theremay be a
problemof resonant amplification of the sideways force.

Directmeasurement of sideways forces on JET (and any othermachines) is not possible, however the
sideways forces can be estimated from the first plasma current verticalmoment (MIZ)which are directly
measured bymagnetic diagnostics:

p
=F B M

2
1Noll

T IZ ,∆ ( )

where

= +M M MIZ IZ IZ51
2

73
2∆ ∆ ∆ is themodulus of the first vertical plasma currentmomentwith

= -M M MIZ IZ IZ51 5 1∆ and = -M M M ,IZ IZ IZ73 7 3∆ whereMIZ1 for octant 1, etc. Formula (1)was proposed
byNoll in [45] and neatly deduced by Riccardo in [51]. Later it was shown byZakharov that formula (1) gives the
upper estimation for sideways force [52].

Figure 24.Ne I image of small broken pellet C. The time corresponds to the vertical dotted lines infigure 23.
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Asmentioned above a directmeasurement of sideways forces is not possible, however the sideways forces are
responsible for the sideways displacements of the vessel. The vessel sideways displacements aremeasured at
vertical ports of each octantwith respect to the JETmechanical structure [51]. The large database on JET shows
sideways vessel displacement with proportionality to the directional impulse of sideways forces, calculated by
expression (1), thus, JET data confirm the validity ofNoll's formula [4].

Noticeable sideways vessel displacement and sideways forces exist in a large proportion of JET non-
mitigated disruptions, where the development of the plasma toroidal asymmetry precedes the drop to unity of
q95 [4]. TheVDE always creates conditions for plasma toroidal asymmetry, i.e., sideways forces, and because of
this a VDEon JET is called anAsymmetric VDE, seen infigure 25. The safety factor q95 starts to decrease after
plasma transition fromX-point to limiter configuration, which creates the conditions necessary to grow the low
m, n kinkmode. TheAVDEhas two phases, namely afirst axisymmetric phasewhich ismainly pure vertical
displacement (m/n= 1/0mode) and a second asymmetrical phase characterised bym/n= 1/1 dominatedmode
[4, 19]. Therefore, sideways force and vessel sideways displacement start in the second phase of AVDE [4].
Sometimes between these two phases one can see aweakly pronounced toroidal asymmetry in the region 2> q95
> 1, presumably anm/n= 2/1mode, figure 25. The plasma current centroid vertical position calculated asZc1
= Ip1/MIZ1with Ip1= octant 1 plasma current andMIZ1= octant 1first plasma current verticalmoment etc, then
plasma current centroid vertical displacementsΔZc1=Zc1 -ZocwithZoc= pre-VDE plasma current centroid
vertical position.

Since 2011, JET-ILWhas been operating with an allmetal Be/Wcompositionwall whichwas originally
planned for ITER [53]. In JET-ILW, high heatfluxes (or alternatively runaway electrons or arcs) have led to
damage of PFCby berylliummelting and thermal fatigue of tungsten [39, 54]. TheAVDEs are especially
dangerous due to high heatflux density and plasma surface currents that the plasma shares with the ‘wall’ in
wetting zone [4, 19, 47, 55].

Early operation of the JET-ILWcan be divided into three slots: 2010–2012 (ILW-1), 2012–2014 (ILW-2) and
2014–2016 (ILW-3). Thefirst indications ofmelting of berylliumwerementioned in [55], and consistent data on
UpperDumpPlate (UDP)meltingwith focus on the ILW-2 (2012–2014) operational campaignwas described in
[54]. Therewere 14 upwardVDEs between JPN84408–84950, and the visual inspection ofUDP tiles performed
before and after JPN 84408 shows signs ofmelting, as shown infigure 7 of [54].

Figure 25.Two phases of VDE: axisymmetric (m/n= 1/0) and asymmetric (m/n= 1/1): (a)plasma currents, (b) plasma current
vertical displacements, (c) safety factor from standard EFIT reconstructions, (d) sideways force calculated byNoll’s formula. The time
axis is zeroed toTdis.
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JPN 84832 provides a unique opportunity to demonstrate the effect of AVDEonUDP, figure 26. TheVDE
on this pulse arose due to a fault of the plasma vertical position control system. Thefirst phase of theVDEwith
duration of∼15ms leads to an increase in the temperature of the berylliumUDPbut still below themelting
point of 1278 °C.At this phase the temperature rises approximately evenly on opposite sides of themachine
(specifically in octants 3,4 and 7,8), which is recorded by calibrated infrared cameras,figure 26(d). The second
asymmetrical phase of VDE starts at about t= 11.581 s, where the slowly rotating clockwisemode exists for
about∼36ms,figure 26(c). Thus, a toroidal asymmetric plasma-UDPwetting zone arises.

Themode phase calculated from the difference of the first current verticalmoments of two pairs of
orthogonal octantsΔMIZ51 andΔMIZ73 shows the toroidal angle at which plasma touches the ‘wall’, namely a
centre of wetting zone (figure 26(c)). The exposure time for Frame 2 covers a portion of the asymmetrical phase
of theVDEduringwhich themode (a centre of wetting zone) rotated fromOctant 6 through toOctant 1, passing
throughOctants 4 and 3where it could be observed by theKL14 infrared camera.

In the plasma-UDPwetting zone, in addition to heat flux, the plasma surface current, that are necessary for
plasma equilibria,must be shared by the plasmawith the edges of theUDP. Presumably, on the opposite side, the
plasma detached from theUDP. The asymmetric temperature behaviour is clearly observed during
asymmetrical phase of AVDE, seen in comparison between Frame 2 of each camera infigure 26.

The standard (‘intershot’ in JET jargon)EFIT reconstruction at the last stage of theVDE axisymmetric phase
shows that plasma sits on the lowfield site of theUDP, figure 27(a). Figure 27(b) highlights the totalmelt
accumulation on the lowfield site of theUDP as an effect of all VDEs during the ILW-2 (2012–2014) JET
operational campaign.

To avoid plasma toroidal asymmetry and correspondingly sideways forces and asymmetric thermal load on
thewall, it is necessary to prevent q95 dropping below∼1.5 by interrupting uncontrollable verticalmotion of the
plasma.

JET shows thatmassive gas injection (MGI) is a reliable tool tomitigate plasma toroidal asymmetry during
theCQ. TheMGI, which is compulsorily used tomitigate disruptions, significantly reduces the Ip asymmetries
in JET [4].

Testing the effectiveness of SPI on the upper AVDEwas done using ohmic#95110 (where the pelletfired
butmissed the plasma) as a reference pulsewith Ip= 1.14MA andBT= 1.2 T, seen infigure 25. A small pellet C
withNe/(Ne+D)= 0.60wasfired prior to the preprogramedVDE so that the pellet arrives at a desirable time
during theVDE, figure 28. The arrival of the pellet obviously causes a TQ, followed by a fast CQ.As result of this,
the exponential verticalmovement of plasma current centroid vertical displacement is interrupted, namely
vertical displacement evolution goes into a stationary state or reverses with a slowmotion.Moreover, the drop of
q95 is reversed, which prevents the development of AVDE, and therefore completely eliminates (up to the noise
level) or significantly reduces the sideways forces. The effectiveness of SPI can be estimated from themodulus of
impulse of sideways force, ò=Imp F dt.Noll Table 3 summarises the effectiveness of SPI onAVDE,where
ΔTzs-pa=Tzs –Tpa is difference between the time the pellet interrupts aVDE (Tzs) andwhen the pellet arrives in
the plasma (Tpa),ΔZca is plasma current centroid vertical displacement atTpa andΔZzs is plasma current

Figure 26.Asymmetric VDEheating of berylliumUDP, left: (a) plasma currents, (b) plasma current centroid vertical position, (c)
phase of themode, (d)maximum temperature of theUDP recorded by the cameras KL14 andKL12. Right images: Frame 1 and Frame
2 of KL14 andKL12 infrared cameras, Be temperature range: (500–1000)°C.
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Figure 27. (a)EFIT reconstruction shows in the end of axisymmetric phase of VDE, see figure 26. (b) shows the cumulativemelted
damage on the low field side of theUDPs during the inspection performed at the end of the 2012–2014 JET operational campaign.

Figure 28.The suppression of VDEby SPI, pellets instigate TQ followed by fast CQ. Pellets stops exponential verticalmovement of
plasma: (a) plasma current, (b) vertical displacement of plasma current centroid, (c)Ne I intensity, (d) safety factor, (e)Noll’s sideways
force. The time axis is zeroed toTdis.

Table 3.Effectiveness of the SPI, pellet CwithNe/(Ne+D)= 0.60, onAVDE.

JPN ΔTzs-pa (ms) ΔZpa (m) ΔZzs (m) ΔZpa/a ΔZzs/a Imp (kNs)

95108 3.50 0.12 0.23 0.13 0.24 0

95109 3.20 0.36 0.50 0.38 0.53 0.01

95153 1.80 0.64 0.72 0.67 0.76 0.2

95110 N/A 0.98 N/A 1.03 N/A 1.4
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centroid vertical displacement atTzs, hereΔZ is relative to pre-VDEplasma vertical position andΔZ/a isΔZ
normalised on pre-VDEminor plasma radius.

The JET pellet trajectory was optimal for the upwards VDE,figure 29. Thus, the shattered pellet plumeflies
in direction of the plasma centre evenwith a large vertical displacement of the plasma. From table 3 it can be seen
that the pellets which arrive in the early phase of theVDE (#95108 and#95109,ΔZpa/a� 0.38) significantly
eliminate the sideways impulse:more than 100 times reduction in sideways force impulse compared to non-
mitigatedVDE. Evenwhen a pellet enters a developedVDE (#95153, atΔZ≈0.67a) a decrease in impulse is still
noticeable, namely by a factor of 7. It is worthmentioning that there is a delay of severalmilliseconds (table 3,
ΔTzs−pa) between themoment the pellet enters the plasma, and themoment pellet instigates a disruption, which
is effectively terminates the hotVDE.Moreover, theΔTzs-pa delay decreases for a plasmawith a large vertical
displacement, apparently due to the fact that the plasma and the pelletmove towards each other.

7. Effectiveness of SPI on axisymmetric forces

Electro-magnetic loads are due to the currentflowing during theCQ in the conductive vessel [4, 5, 19, 46]. On
JET, the consequence of EM loads is a complex oscillatory deformation of the vessel withmain axisymmetric roll
and asymmetrical sidewaysmodes ofmovement of the vessel [49]. The vessel reaction forces aremeasured by 4
strain gauges installed on the restraints between vessel and themechanical structure in each octant, respectively,
32 gauges in total. The vertical vessel reaction force is calculated as the average projection of allmeasured octant
forces onto the vertical axis. Then, for each pulse, themagnitude of the axisymmetric vertical vessel reaction
force, Fz,, is defined as amaximumpeak to-peak inmeasured force over time.

Here it is necessary to emphasize the difference between the vessel reaction force and force acting on vessel
during disruption, Fv. The Fv depends on the instantaneous value of the plasma current, as Fv∼ I .p

2 However, the
integral effect of the Fv force on a vessel depends on the force impulse. Nevertheless, themeasurablemagnitude
of the vertical vessel reaction force, Fz, is a parameter that has been used as one of the essential criteria for the safe
operation of JET.

Themagnitude of the vertical vessel reaction forces as a function of pre-disruptive plasma current Ip
disover

the large JET disruption database is shown onfigure 30. It was thought that Fz dependsmainly on the I .p
dis 2( ) In

figure 30, the black dotted line is the upper bound of non-mitigated disruptions and the blue dashed line is the
upper bound of SPI andMGImitigated disruptions, where both lines use the functional relationship∼I .p

2 We

believe that for Ip
dis � 2.5MA the experimental points do not rise to the upper bound of non-mitigated

disruptions because the database is limited for large plasma current. Data such as that shown infigure 30was

Figure 29.Plasma configurations at the time of the arrival of the pellets (dotted line) and stoppage of the verticalmovement of plasma
(solid line). The direction of the pellet’s trajectory is shown by the black dotted line.
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used by the JETMachine ProtectionWorkingGroup (MPWG) tomake the case for usingMGI tomitigate
disruption. The difference between upper bound of non-mitigated disruptions (black dotted line f1= 0.65·Ip

2)
and the upper bound of SPI andMGImitigated disruptions (blue dashed line f2= 0.4· Ip

2), which are two
parabolas, is 38%,figure 30.

Thus SPI (andMGI) reduce the axisymmetric vertical vessel reaction forces by about (30–40)%compared to
unmitigated disruptions, which theMPWGconsidered to be a significant benefit. Here, we can conclude that
themitigation of vertical force Fz can be equally performed by both SPI andMGI.

However, it should be noted here that JETMGImainly uses a gasmixture of 90%D2+ 10%Ar
(corresponding to 95.7%Datoms+ 4.3%Ar atoms) [2], while SPI experimentmainly carried outwith pellet
(D2+Ne)which is intended for use at ITER. Also, according to JET's experience, the effectiveness of anMGI
depends on the particular design of theMGI [2], but on the other hand, pellet fragments can fly through the
plasmawithout assimilation. Therefore, a direct comparison of SPI toMGI is not trivial, and any attempt to
compare SPI toMGI should be treatedwith great caution.

8.Discussion

This paper presents various aspects of the SPI experiments conductedwith ‘healthy’ and post-disruptive plasma
at JET in 2019–2020. The pellet plasma interaction startedwith pre-TQ cooling phase, when pelletmaterial
cause cooling of the plasma periphery, then anMHDphase, which includes the TQ as the initial phase followed
by current quench.

Plasma disruptions cause largemechanical stresses on the tokamak components, which are detected on JET
as a complex, damped vessel oscillation, where themainmotionmodes are axisymmetric roll and asymmetric
sideways displacement. There is a peak displacement of the vessel in the order of severalmillimetres, while the
vessel can also experience violentmechanical forces in excess of a fewMN [2, 4].

Both ‘hot’ and ‘cold’AVDEs are dangerous for two reasons: firstly, the plasma surface currents that the
plasma shares with the ‘wall’ canmelt berylliumPFCs [56], and secondly, AVDEs can create large sideways
forces acting on the vessel. Both destructive impacts were observed on JET-ILW.On JET theVDE always creates
conditions for plasma toroidal asymmetry and because of this theVDEon JET is called anAsymmetric VDE.

Figure 30.Themagnitude of the vertical vessel reaction force as a function of pre-disruptive plasma current. Black dotted line is the
upper bound of non-mitigated disruptions. Blue dushed line is the upper bound of SPI andMGImitigated disruptions.
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TheVDEhas two phases, namely axisymmetric with dominantmodem/n= 1/0 and asymmetric with dominant
modem/n= 1/1. Thus, VDEmitigationmust be performed at the initial axisymmetric phase.

JET experiments have demonstrated the interruption of a hotVDEwith SPI. A small pellet Cwasfired prior
into 1.2MAOhmic plasmawith the preprogramedVDE so that the pellet arrives at a desirable time during the
VDE. The pellet instigates a disruption, namely TQ followed by fast CQ. Presumably, the current which the
plasma shares with the ‘wall’ (andmaybe the induced vessel current), completely changes the time evolution of
the plasma current centroid vertical position (Zc). The exponential Z-movement is interrupted, and vertical
movement goes into a stationary state or reverses with a slowmotion. At the same time, the rate of Ip drop
increases, which leads to an increase or stops the drop in safety factor q95. This apparently excludes the excitation
of them/n= 1/1 kinkmode responsible for AVDEwhich causes a large sideways displacement of the vessel.
Thus, themain result of the experiment was prevention of AVDEby SPI: the exponential growth of the plasma
current centroid vertical position is interrupted andZc stabilised. In this regard, the effect of SPI is similar to the
effect ofMGI [2].

The reasonwhy a disruption ‘stops’VDEs is still an open question, and it is a subject of the future
experiments and simulations. However, two hypotheses have been proposed so far, both related to the current
shared by the plasmawith the ‘wall’, which are briefly described below.

Hot VDEs are usually not associatedwith conventional plasma disruptions, i.e., the thermal quench and
current/voltage spikes. On JET, conventional plasma disruptions, regardless of the cause of the disruption (SPI,
MGI or ‘natural’), have been found to interrupt VDEs in terms of plasma current centroid verticalmotion (the
subject for other publication).

It is believed that a conventional plasma disruption is associatedwith kinkmodesm� 2. Thus, a possible
reason for suchVDE stabilization could be the contact of the plasmawith conducting plasma facing components
(‘wall’)due to the developedm/n= 2/1 helical deformation of the plasma boundary. At some toroidal angle the
plasma surface touches both low and highfield sides of the conducting ‘wall’. The result is an electrical circuit (in
fact, two of them: below and above the plasma)which embraces themagnetic flux of a strong toroidal field. Fast
vertical displacement becomes prohibited due to the conservation of the toroidalmagnetic flux. The inductively
excited plasma-wall currents compensate the vertical driving force and provide the force balance in vertical
direction, thereby considerably slowing down the verticalmotion.

Another possible explanation, proposed byArtola based on the 2D JOREKmodelling [57], is that during the
VDE, even after TQ, the exponentialmotion of the core plasma continues in the same direction.However, due
to the fact that the temperature of the core plasma drops and becomes similar to the temperature of the halo
plasma, a flat toroidal current profilefills the entire area inside the ‘wall’. Thus, plasma core and plasma current
centroidmotions become independent. Thismeans that SPI (or the TQ) stops theVDEonly from the point of
view of the plasma current centroid, but not from the point of view of the plasma core. Recent 2D simulations
with the extendedMHDcode JOREK generally support Artola's explanation [58]. Both experimental evidence
andmeticulousmodelling are needed to confirm these hypotheses.

Nowwewant to touch on the topic of TQ as the initial disruption phase, which is not only important for
experimentingwith SPI, but is ofmore fundamental importance. The internalMHD instabilities (such as
internal reconnections [59]), as awidespread explanation are associatedwith a single toroidal wave number n
(typically n= 1) ofNeoclassical TearingMode (NTM) or ResistiveWall TearingMode (RWTM) [60], which
drives islands on separate resonant surfaces nq=m.

Numericalmodelling of#95149 pre-TQ cooling andTQphases usingM3D-C1was presented in [61]. The
modelling uses an extended-MHDcode developed for the study of non-linear transient events in tokamaks,
togetherwith a neutral gas shieldingmodel for the ablation of frozen pellets within the plasma, and the non-
coronal equilibriummodel KPRAD for tracking impurity charge states and radiation. In both 2D and 3D, this
modelling shows a pre-TQ evolution of radiation and temperature profiles consistent with experiment.
According to simulation, only a very small amount (∼4%) of neon is ablated during pre-TQ cooling phase. In
the 3D simulation, a progressive destabilisation of 2/1 and 3/2MHDmodeswas observed in the pre-TQ cooling
phase, then instability causes the onset of TQ.

Simulation of radiation response and theMHDdestabilization during the TQ,with 3Dnon-linearMHD
simulation using the JOREK code, can be found in [62]. According to simulation of JET, with almost no q= 1
surface and a lower shear near the q= 2 surface, the 2/1mode is able to nonlinearly couple with the 3/2mode in
the core thus triggering the TQwhen the fragments arrive on the q= 2 surface. A strong radiation toroidal
asymmetrywas found before and during the TQwhich gradually relaxes during the TQ and is completely
eliminated by its end.However, this simulation result appears to be inconsistent with the JET observations, as
shown infigures 16 and 17, where a strong toroidal asymmetry of the Ar+ ions is visible even during thefirst half
of the CQ.According to JOREK simulations, the globalfield line stochasticity exists even at the onset of the TQ,
however it still takesmany turns to travel between the core and the edge region along thefield lines. Thus, high
parallel electron thermal conduction is able to lower the core temperature, on the other hand the parallel
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transport of injectedmaterials from the edge into the core is slow. Later as stochasticity grows, the core becomes
easily accessible from the edge. According to simulation of JET case (figure 4 in [62]), only 10%of the injectedAr
accumulates at the end of TQ,which seems to be consistent withfigure 16.

According to the JOREK andM3D-C1models, stochasticity ofmagnetic field can happen only due to non-
linear effects of the internalmode as a result of pre-TQ cooling. It is worth noting here that plasmas can exist
with low q(a)≈1.5 in tokamak discharges, including on JET [2].Moreover, a full-scale (in termof the Ip spike)
disruption can occur even after the TQ i.e. in a cold plasma, see#94579 infigure 22. Thus, pre-TQ cooling and
TQare not absolutely necessary conditions for the onset of theMHDphase of a disruption.

The remarkably fast thermal quench in the plasma centre (#95149,figures 7 and 9)distinguishes theWall
TouchingKinkMode (WTKM) [52, 63] as the reason of TQ fromother interpretations based around internal
reconnections [59]. TheWTKMmode is a free boundary kinkmodewhich is the strongest and fastest kind of
MHD instability in tokamaks. TheWTKM is also consistent with JET observations of visual wall touching
throughout the entireMHDphase (from the beginning of TQ to the end of the plasma current spike)when
magnetic perturbations are also detected.

Thismodemakes plasma touch thewall structure in a toroidally localized zone, which generates awide
spectrumof both poloidal and toroidal wave numbersm, n. TheWTKMgenerates electric currents in thewall
(calledHiro currents)which are always opposite in direction to the bulk plasma current. This generates thewell-
known ‘negative’ voltage spike in disruptions, while the resistive decay of the ‘negative’Hiro currents leads to the
positive spike visible in plasma currentmeasurements.

9. Summary

The presented data refer to the SPI experiments (with the pellet diameter of [4.57, 8.1, 12.5]mmandmainly
Ne+D2 composition) carried out at JET in 2019–2020. This study provides extensive experimental data on the
interaction of pellets with plasma and associated disruptions. Belowwe list the keyfindings of this study:

• SPI efficiency, in terms of τ80−20, does not depend on the state of the plasma, ‘health’ or post-disruptive.

• Apellet with a high content ofNe or Ar can reduce theCQduration to below the upper required JET
threshold, τ80−20< 27.5ms, for plasma up to 3MAand the pre-disruptive internal plasmamagnetic energy
up to 15MJ.However, τ80−20 never dropped below 10ms that the lower required JET threshold.

• Injecting additional amount ofNe does not provide any further reduction of the τ80−20 for ‘healthy’ plasma
(Ohmic,� 2MA). If pellet is large enough then pellet fragments willfly through the plasmawithout
assimilation.

• Plasmaswith a high pre-disruptive plasma energy require pellet with a high content ofNe or Ar to obtain a
short CQduration, provided that the pellet does notfly through the plasma.

• TheNe fraction in the pellet does not affect the CQduration except for pellets with a small fraction ofNe,
namelywhenNe/(Ne+D)< 0.5.Moreover, pellets with a very small amount ofNe (∼1·1021) and lowNe
fraction, Ne/(Ne+D)≈ 0.1, instead of causing amitigatedCQ, create the conditions for a ‘cold’VDE.

• The duration of the pre-TQ cooling phase dependsmainly on the speed offired pellet, the duration
corresponds to the time required forTe cold front (in terms ofNe I image) to reach themagnetic surface at∼½
of theminor radius.

• The interrupting of VDE and prevention of AVDEwith SPI has been demonstrated.

• The disruptionmitigationwith SPI orMGI reduces the axisymmetric vertical vessel reaction forces by about
(30–40)%compared to unmitigated disruptions, which is considered a significant benefit.

JET unique experimental data that can help to improve the understanding of disruptions and to develop and
to calibratemodels, which could be used to predict the loadswith futuremachines, such as ITER.
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AppendixA. JET shattered pellet injector system

In 2019, the three injection barrels of SPI and a gasmanifold system supplied byOakRidgeNational Laboratory
(ORNL)were installed at JETILW togetherwith the appropriate vacuum, cryogenic,mechanical and control
hardware [14, 16, 21]. The JETILWSPI system is based on the design that was used onDIII-D [22].

The SPI ismounted inOctant 1 vertically on the top of themachine, see figure 1 andfigure 31 (see alsofigure
1 in [14],figure 3 in [16]). The pellet injector replacedDisruptionMitigationValve (DMV)#1, the original fast
acting valve of the JETMGI system [3, 4, 64].

The SPI systemhas three different sized barrels inwhich the pellets are created. The injector can deliverD2,
H2,Ne,NewithD2 shell, Ne+D2mixture, Ar andAr+D2 sandwich pellets. The geometric parameters of the
pellets are presented in table 4.

Pellets are formed in the cold head area in the injector barrels, figure 32(a). The length of the cold head zone
determines the pellet length. The pellet injector is arranged to propel the pellets vertically downwards along a
flight tube through theMicrowaveCavity (MWC), figure 32(c).

The SPI shatter tube, which fits into a guiding tube, is in the Intermediate Vertical Port inOctant 1 sectorD.
Aflight tube guides the pellets along the circa 5metres path to the vacuumvessel. Theflight tube is not

Figure 31.General view of the SPI installation inOctant 1.
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continuous but has several breaks to allow for aMWCdiagnostic, pumping gaps for removing the propellant gas
and valves (see for details [16]). The sequence of the pellet route starts with the cold head of the injector
(figure 32(a)), then through gate valves and collector barrels (figure 32(b)) to the collector, where pellets are
collimatedwith a shallow funnel into a single injection line, to the flight tubewith a protection valve before the
MWCand then to the nextflight tube (figure 32(c)). After that the pellet enters the SPI shatter tubewhich has an
S-bend and afinal sharp bend at its exit to shatter the pellet just before its entry into the JET vacuumvessel at an
angle of∼28.4 degrees to vertical, figures 2 and 35. The purpose of the ‘shattering element’ is to fragment the
pellet into small shards, increasing the surface area of the pelletmaterial and distributing the pelletmaterial over
an increased angle. The spray of shards is directed towards the innerwall of the vessel within a 15-degree half
angle cone [16].

The total path of the pellets from the cold head of the SPI (where the pellets are formed) to the vessel (the
point of exit of the pellets) is 6654mm,which consists of 1932mmpassage from the cold head to theMWCand
4722mm fromMWC to the point of entry to the vessel.

The pellets are fired by high-pressure propellant gas, where the ejection of a pellet occurs either due to the gas
blow itself, or with the help of amechanical punch driven by the propellant gas. The propellant gases are
removed asmuch as possible to avoid propellant gas influencing the plasma before the solid shattered pellet
material arrives. On JET SPI experiments the propellant valves are operatedwith propellant gas pressures of
50–58 barD2.

Initial commissioningwas carried outwithout pelletfiring, with the propellant gas alone beingfired into the
empty JET vacuumvessel.With valves closed on the pumping ducts, less than 0.4%of the propellant gasfired
with no pellet wasmeasured in the torus. Thus,most of the propellant gas being pumped away by the vacuum
system from several points along the flight tube [16]. Another test was carried outwhen propellant gas was fired

Figure 32.The sequence of the pellet route from (a)Cold head of the injector, then (b) throughGate valves andCollector barrels to (c)
Collector and Flight tubewith Protection valve to theMicrowaveCavity (MWC) and next Flight tube to the vacuumvessel.

Table 4.Pellet geometrical parameters.

Pellet Diameter (mm) length/diameter ratio

C 4.57 1.4

B 8.1 1.6

A 12.5 1.54
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into an empty torus, where 2mbar·l wasmeasured.With a pellet it will be even less since the pellet helps deflect
the gas sideways when crossing the gaps.

Operation of the cryo-system showed it was possible to reach temperatures of 7K in the SPI cold head. Pellet
formationwas typically performed between (7–9)K forNeon andDeuterium to ensure pellet reproducibility. It
takes four hours to pressurise the liquidHe (LHe) dewar and then a further 2 h for the cold head to reach the
operational temperature from room temperature once the gaseousHe (GHe)flow is switched on. The
temperature obtained is very stable with some slight drift due to the changing pressure in the LHe dewar.

In the initial stage of commissioning, pellets of different species were formedwithoutfiring them. Known
quantities (volume andmass) of gas were fed into the cold head barrels which then corresponds to the volume
(andmass) of the solidmaterial contained in the pellet. These test pellets were sublimated by closure of the
return line of theGHe to raise the temperature of the head to 30K. The rapid sublimation of the largest pellets
was a challenge for the vacuum system, necessitating the isolation of the turbo-pump. Formation of pellets that
were not subsequently firedwas generally avoided, where possible.

Firing the pellet without a punch had a reliability issue, namely the pureD2 pelletsfired reliably but a large
fraction (� 10%–20%) ofNemixture pellets did notfire andwere assumed to be stuck in the cold head of a
barrel. This is due to the fact that the shear strength of neon ismany times (∼5) higher than that of deuterium
(the shear strength of argon is three to four times stronger than neon atmuchwarmer temperatures) [65].

Ne pellets could befiredwith orwithout a shell being formed.However, Ne pellets preparedwith 0.4mm
shell of deuterium firedmostly reliably and any pellets firedwith the punchwere fully reliable. Punches can be
mounted on the two largest barrels, A andB; barrel C cannot befittedwith a punch. The puncheswere originally
developed for usewith Argon pellets, where in our experience it is not possible to obtain anAr pellet with a
deuterium shell. In our experience, attempting to create aD-shell Ar pellet results in Ar deposition at the outer
ends of the pellet in contact with the barrel, and the argon does notfill the centre of the pellet.

The three barrels operate independently, thus the pellets in the three barrels can befired independently or at
the same time. The pelletmay break during the acceleration process, which can potentially affect fragmentation
during the shattering process [11].

To allow the pellet to befired easily a heater in the head is switched on prior to the trigger to heat the pellet up
to∼12 K. It should be noted that the head heating technique before pellet firemay not be possible to use for SPI
in protectionmode in a long pulsemachine such as ITER.

Figure 33.The sequence of events during SPI experiment frompropellant valve opening to disruption: (a) plasma current, (b)
solenoid valve current, (c)MWCdiagnostic records pellet presence and time, (d) fast camera shows the arrival of a pellet in the plasma.
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The SPIs on JETutilize custom fast acting solenoid valves (figure 36)developed atORNL for pellet
applications. The valves have an internal plenumvolume of 5 cm3 and an external 75 cm3 close coupled volume
to provide enough gas to accelerate the pellet and to close the valve when the current pulse ends. TheseORNL
valves can open in less than 1mswhen actuated by a 180 VField Effect Transistor switched power supply that
provides a 30A current pulse to the solenoid coil [16].

On JET, when the plasma andmachine are ready, a trigger is given to the SPI control system and the solenoid
coil is opened for the propellant valves tofire the pellets, which is achievedwith a 2ms 15A solenoid current
pulse,figures 36 and 33.

In 2022, the SPI has been upgraded to improve the integrity of pellets, arrival jitter of the pellets and better
pellet speed control. The expected nominal pellet speeds are∼300m s−1, however, the speed can be increased by
adjusting the propellant valve opening time to delivermore gas. Themain 2022 changes are:

• barrels A-12.5mmandC-4.57 mmhave been replacedwith new barrels with 10mmdiameter to allow
multiple injectionwith identical pellets;

• the punches have been removed and inserts have been installed into all three-barrel breeches to reduce the
breech volume for better pellet speed control.

One of themain changes with the SPI is the production of slower pellets that will result in larger fragments
andmuch less gas formationwhen the pellet is shattered. The penetration of these fragments is predicted to be
greater and thereforemay change themitigation characteristics.

The data presented in this paper refers to JET operations in 2019–20 only. It is worth noting that some parts
of the JET SPI system are not compatible with tritium, therefore SPIwas not tested during TT andDT
operations.

Appendix B. Pellet speed

The pellet speed is an essential SPI parameter becausewhenmitigation is needed, themitigation actionmust be
taken as soon as possible. On the other hand, the speed of the pellet affects how it shatters and how fragments of
the pellet interact with the plasma. The distance of the pellet source from the plasma combinedwith the speed
determine howquickly themitigation can be performed.

The central length of the pellet trajectory from the centre line of theMWC (figure 34) to the exit point
(figure 35) is 4722mm. To enter the bulk plasma, pelletsmust alsofly through the shadowof the limiters and the
ScrapeOff Layer (SOL)where the plasma has low density and temperature, figure 38. For a typical divertor
configuration, the total thickness of the limiter shadow region and SOL is about 400mm≈130mm (thickness of
a shadowof the limiter region)+ 270mm (thickness of a SOL), thus the length of the pellet trajectory from the
centre line of theMWC to the SOL is 4852mmand to the separatrix is∼5122mm.

The time of entry of pellets into the plasma can be determined using various diagnostics, namely the high-
speedKL8 camera equippedwith a special filter (Ne Ifilter forNe+D2pellets or Ar I (Ar II)filter for pellets
containing Ar), ECE, VUV andMirnov coil, figure 39.However, VUV,MHD, interferometry and bolometry
signals are not good candidates for detecting pellet entry into plasma, since these diagnostic data reflect the status
of plasma sometime after pellet entry into the plasma. In addition, bolometry also involves an intrinsic delay due
to thermal inertia (see also appendix C).

The Fast Visible Camera, KL8, and ECE edge channel (ρ≡ r/a= 0.96, where a is the plasmaminor radius)
detect the arrival of the pellet at about the same timewith diagnostic time resolution of+/− 100μs,figure 39,
whereas it would be expected that edge coolingwould be delayedwith respect to visual evidence of the pellet
plume.One possible explanation could be that a small fraction of propellent gasmay travel in front of the
shattered pellet plume because the gas sound speed exceeds the speed of the pellet fragments [16]. However, this
causewas ruled out by a test where propellant gas (He at nominal pressure)was firedwithout a pellet into a JET
plasma. The plasmawas not affected and none of the diagnostics showed any indication. A small amount ofHe,
namely 2mbar·l that wasmeasuredwhen propellant gas was fired into an empty torus, would not be expected to
have influenced the plasma.

There are other sources of the gas, namely, the gas that formed during theflight of the pellet when interacting
with theflight tube and funnels and the gas that formed during the shattering process [21, 66]. The pellets
interactionwith the funnels is extremely brief and in lab tests does not change the pellets so the amount of gas
generated from such interaction is likely quite small, but we have noway tomeasure it. Themain source of gas is
clearly from the pellet shattering process and has beenmeasured to be a significant fraction of the pellet for fast
pellets.
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Figure 34.MicrowaveCavity (MWC) diagnostic records pellet presence and time. It also allows the integrity of the pellet to be shown.

Figure 35.The entry point of the pellet into the JET vacuumvessel. The shatter tubewith the shattering element is in red. (The green
objects aremushroom limiters).
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Figure 36.The propellant valves (shown in orange, blue, and brown) are opened tofire the pellets. The solenoid coils are under the
orange covered part of the valves.

Figure 37.MWC indicates (a) the number of intact/broken pellet pieces, (b) for given substance theMWCamplitude is proportional
to pelletmass.
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Therefore, cooling of the plasma edgemay occurwhen the gas crosses the separatrix, but the shattered pellets
are still in the SOL. It is reasonable to assume that the intensity ofNe I line becomes visible whenNeon atoms
appear in the SOL.However, small size pellet C can fly at∼500m s−1 speed (see this section below), allowing the
pellet to cross half of the SOLwidth (∼100mm) in 200μs, which is the timing accuracy of theKL8 diagnostics,
i.e., the time between two frames. Another possible explanation, is that some of small pellet fragments
accelerated by the gas generated by fragmentation process [21]. These fragments can travel ahead of themain
cloud of fragments, reach the plasmawithout producing enough light to be visible above the noise level in the
KL8 images. This explanation is supported by the observation in pulse#95150withmedium size pellet B, as

Figure 38. Shattered pellet plume trajectory. To enter the bulk plasma, pelletsmustfly through the shadow of limiter and the SOL.

Figure 39.Pellet arrival in plasma detected by various diagnostics: (a)Te edge channels of ECE, (b)Ne I sum intensity, insets are KL8
camera cut images, (c)VUV light in themid-plane, (d)Mirnov signal.
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covered in the next section.Moreover, the detection of the pellet arrival requires a visual analysis of the image by
a diagnostician, which can introduce additional and, rather, themain error in determining themoment of the
arrival of the pellet.

In this paper, the time offlight of theNe+D2pellet ismeasured by recording the time of passage of the pellet
through theMWCand the time the first shards are seen in the plasma by the high-speedKL8 camera equipped
with aNe Ifilter, figure 6. Further, the distance from the from the centre line of theMWC to themiddle of the
SOL, namely 4987mm,was used to calculate the speed of the pellet.

The gas generated during the shattering process affects the speed of fragments, accelerating some and
slowing down other fragments. Here, themeasured speed refers to the fastest leading cloud ofNe surrounding
pellet fragments which, first becomes visible. The calculated speed of the pellet when it enters the plasma exceeds
the calculated speed of the unbroken pellet when passing between cold head and theMWCby (30–50)%,where
data is taken from figure 6.Moreover, amore significant increase (50%) is observed for the slow pellet. This
confirms that the acceleration of the pellet by the gas formed during shattering significantly increases the speed
of the leading edge of theNe cloud.

The dependence of the speed of pellets on themass of pellets for various compositions and sizes of pellets is
shown infigure 40. The speed of a pellet depends on various factors, namely themass of the pellet, the diameter
of the barrel, andwhether amechanical punch is used. In general, lowmass pellets should be faster than high
mass pellets. Thus, for a given size of pellet (i.e. barrel), largeNe fractionmakes the pellets heavier and therefore
slower.

However, comparison between barrels can be verymisleading. The larger barrel has less restriction for the
propellent gas, and the propellant valves gas flows are not the same despite being operatedwith the same current
pulse of 2ms and initial propellant gas pressure. Thus, amedium size pellet B is faster than a small size pellet C
with the samemass, see red and deep blue points infigure 40.

Punches can bemounted on the two largest barrels, A andB. Barrel C cannot befittedwith a punch. The use
of themechanical punch significantly reduces the speed of the pellets compared to pellets propelled directly by
gas, but only for themedium size pellet B.However, there is no difference in speed for the large pellet A observed
for both punched and non-punched pellets,figure 40.

This is because the punch is driven by the propellant gas and some of the propellant gas energy is lost when
the punch is driven, and also due toflow restriction caused by themechanical punch. Formediumpellets B the

Figure 40.The pellet speed for pellet C (4.5mm), pellet B (8.1mm), pellet A (12.5mm) as a function of pelletmass.
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speed is reduced by a factor of two compared to the non-punch pellets, see deep blue and light blue points in
figure 40.

AppendixC. Features of the use of somediagnostics in the SPI experiment

Microwave cavity diagnostic
The pellet isfired down a flight tube passing through anMWCdiagnostic (figures 32(c) and 34), which records
its temporary presence and the integrity of the pellet (figures 33(c) and 37) and then the pellet travels further
along its flight tube to the vacuumvessel, figures 2 and 35. TheMWCdiagnostic includes a passive resonant
cavity, lowpowermicrowave source and amicrowave detector, figure 34. The low power uses coaxialmicrowave
cables to connect to a vacuum feedthrough on the actual cavity. The return from the cavity goes to amicrowave
detector whose signal is amplified and then digitised. Themicrowave source is a dielectric resonator oscillator
that provides some tunability to adjust to the cavityQ resonance. TheMWCchanges resonancewhen the pellet
dielectricmaterial is in the cavity, typically for less than amillisecond. The resonance change is proportional to
themass of the pellet and that is what theMWCmeasures.

The amplitude of theMWC signal does not solely depend on themass of the pellet. The dielectric constants
for solidD2,Ne andAr are different and that is what changes theQ-factor of the cavity and determines the
magnitude of the signal. If the pellets were all D2 then themagnitudewould be proportional to theD2mass.

When the pellets pass through theMWC, the number of peaks in theMWCsignal reliably indicates the
number of intact/broken pellet pieces. Figure 37(a) shows an intact pellet (JPN 95150, red curve) and the broken
pellets of two (JPN 95147, black curve) and three (JPN 95113, blue curve) fragments. Due to the noise level on
the cavity signal in the currentMWCdiagnostic setup, a pellet integrity diagnosis was only possible for pellets A
andB. Barrel C pellets, which have the smallest diameter, could be observed but broken pellets were either never
observed or hidden in the noise,figure 37(b). In principle if the cavity were tuned properly to be in the linear
regime of sensitivity (frequency) the sumof the fragment amplitudes would be equal to the single pellet
amplitude.

Fast visible and infrared camera diagnostics and analysis
Fast visible cameras. Two fast visible cameras, namedKL8-E8WAandKLDT-E5WEprovide 2D imaging of fast
event dynamics in a large volume of JET plasmas [24–26].

Both cameras havewide-angle tangential views of the JET plasma from just below the horizontalmidplane
(figure 4). KL8 has a direct view of the SPI, so can provide information about the injection timing andmaterial
trajectory, while KLDT-E5WEviews the part of the plasma toroidally anti-clockwise from the SPI, as shown in
figures 1 and 4. Typical frame rates of (10–20) kHzwere used for SPI experiments, with exposure times (frame
duration) in the range 1 μs–100 μs to obtain optimal signal levels. KL8 is equippedwith remotely interchange-
able narrow bandfilters to image spectral lines ofNe I atoms (692.9 nm), Ar I atoms (706.7 nm) or Ar II+ ions
(611.5 nm), while KLDT-E5WE always receives the light over the visible spectrum (430–730)nm.

Fast visible cameras are PhotronAPX-RS high speedCMOS cameras. For SPI experiments these were
typically operated at frame rates of (10–20) kHz. The exposure time (frame duration) can be set independently of
the frame rate to optimise the camera signal level, and values between 1 μs–100μs were used depending on the
plasma and pellet configurations and species being observed.

KL8 views the plasma using a lost-light pick-off from an infrared viewing endoscope [67], and due to the use
of gold coatedmirrors in the endoscope ismainly sensitive towavelengths> 500 nm. It is equippedwith a
motorised filter wheel which allows selection of ‘un-filtered’ imaging or one of 3 narrow band interference filters
for specific spectral lines – for SPI experiments particularlyNe I (692.9 nm), Ar I (706.7 nm) or Ar II (611.5 nm).
The endoscope is located 28.5 cmbelow JET’s geometricalmidplane, 67.5° clockwise toroidally from the SPI
(viewed from above) and views anti-clockwise around the torus, figure 1. This gives KL8 a direct view of the SPI
injection, viewing the poloidal plane of the injection at an angle∼18° away frompurely ‘side-on’, and therefore
providing good localisation of the injectedmaterial within the plasma cross-section (figure 4, right). The
effective focal length of the optical system is∼4.7mm, giving an image scale at the SPI injection plane between 18
mm/pixel near the lowfield side to 26mm/pixel near the highfield side.

KLDT-E5WE views the plasma via anothermirror-based endoscope [68], 28.5 cmbelow themidplane and
168.75° clockwise toroidally from the SPI location, viewing clockwise around the torus,figure 1. Due to being
almost toroidally opposite the injector it does not have a direct view of the SPI but can observe the effect on the
plasma and transport ofmaterial. It integrates over thewhole visible spectrumbetween∼430–730 nm. The
design of the in-vessel optics are the same as in [69], with the top and bottomhalves of the view formed using two
separate entrance pupils and firstmirrors. This results in theKLDT-E5WE image having a horizontal split, with
some volume of the plasma reproduced twice on the camera sensor close to the image centre, figure 4 left. The
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effective focal length of the optical system is∼4.2mm, giving a spatial scale of∼2.8–3 cm/pixel in the part of the
plasmawhere the transported SPImaterial isfirst seen.

Tomakemeasurements of injectedmaterial position, speeds and size of the shatter plume, features in the
imagesmust bemapped to 3D real space in the plasma. To do this the viewing geometry of both cameraswas
calibrated using theCalcam code [70], which uses well known computer visionmodels to relate image
coordinates to real space vectors. Formeasuring the shard plumes fromKL8, since the camera data are only 2D,
an additional assumption is required to constrain the position along camera’s viewing direction. In this workwe
have taken, for each pixel, the positionwhere that pixel’s sight-linemakes its closest approach to the nominal
centre line of the SPI trajectory. This assumption is chosen based on cylindrical symmetry of the injection, and in
principle gives a reasonably symmetric error bar on the obtained positions which depends on thewidth of the
shatter plume at that location.

Infrared cameras (analogue). The infrared cameras are namedKL12 (views octants 6, 7 and partially 8) and
KL14 (views octants 4, 3 and partially 2). Themain purpose of the infrared cameras is real-time PFC temperature
assessment. The cameras typically operate at 50Hz rate and 20ms exposure time.

Frames of visible and infrared cameras can be visualised and analysedwith the specific software JUVIL (JET
Users Video Imaging Library) created to handle all the cameras of the JET viewing system [27].

Interferometry andpolarimetry
Themulti-channel Far Infrared (FIR) Interferometer/polarimeter has 4 vertical and 4 lateral channels, 3 of
which are shown onfigure 3. The systemmeasures line-integrated electron plasma density and Faraday rotation
angle/CottonMouton angle phase shift for interferometry and polarimetry respectively [30]. The FIR employs
two types of Far Infrared lasers: DeuteratedCyanide (DCN) type operating at awavelength of 194.7μmand
Methanol laser operating at 118.8μm.The interferometry uses both lasers, either as independentmeasurements
(for vertical channels) or as a two-colour system for lateral channels with the second laser as compensation laser
for vibrations. The FIR systemprovides typicalmeasurements with a 1ms time resolution, but it has the ability to
provide very fastmeasurements for interferometry up to 10microseconds for the entire JET pulse duration.

Over the years the JET in-vesselmachine has evolved, reducing the beamapertures for vertical channels
from about 120mm, required for beams of∼20–35mm in diameter, to 12–60mmclearance apertures.
Channels 3 and 2 have 60mmsquare and 40mmcircular apertures at the beam exits, respectively. However,
channel 2 is unreliable formost of the pulses because the laser beams are limited in the divertor by a 12mmhole
and pass through a very perturbative part of plasma at the X-point region.

The key problemof the FIR interferometer ismainly associatedwith the strong refraction of laser beams at
high density gradients, figure 41. The refraction effect varies with the square of thewavelength, hence a
Methanol laser with a shorter wavelengthwas introduced in 2012with the expectation of beingmore reliable in
high density plasmas.

This is a sufficient improvement for use of the FIR interferometer duringmost of the events which induce
high density gradients (e.g. type I ELMs, impurity seeding experiments, fuelling and pacing pellets) but not for
SPI and disruption studies. The JET Interferometry with∼195μmand∼119μmbeams both suffer from signal
loss when the SPI pellet enters the plasma due to the high plasma density and plasma density gradient causing a
so-called ‘fringe-jump’. This is ameasurement error due to the loss of tracking of phase, with interferometry
being a history dependentmeasurement. The polarimetry does not suffer from ‘fringe-jumps’ and can be
operated evenwith reduced beam amplitude compared to interferometry. The absolute calibration of JET
polarimetry is performed using an approximation of a realmagnetic field by a vacuum toroidal field. Thus, in
order to obtain the correct amplitude of the polarimetry signal, the JET polarimetrymust be re-calibrated offline
tomatch the corresponding interferometry signal prior to the disruption event. The time response of
polarimetry is about 1ms due to integration of raw signals.

However, the JET polarimetric signal has a hardware delay, to correct for which the tail of the interferometric
signal wasmatchedwith the polarimetric signal. Thus, to correct the raw polarimetric signal, a shift of−4.5ms
was applied, figures 42(b), (c).

The density waveform shown in figure 42 is taken from channel 3 (with the line-of-sight seen infigure 3). For
the specific pulse#95150, the corresponding polarimetry Faraday Rotation andCotton-Mouton angles were
both about 5 degrees prior to the application of SPI. During the SPI instigated disruption, the Faraday Rotation
andCotton-Mouton angle increase to about 45 and 140 degrees respectively.

Vertical and horizontal bolometry systems
Twobolometry systems, vertical and horizontal, are located in theOctant 3MainVertical Port (MVP) and the
Octant 6MainHorizontal Port (MHP), respectively [32]. Each system consists of 24 channels,figures 1 and 5.
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Figure 41.The interferometer suffering frombeambending, which leads to a loss of signal amplitude: (a) plasma current, (b) line
density, (c) and (d) beam amplitude.

Figure 42.Plasma line averaged electron densitymeasured using polarimetric diagnostics: (a) plasma current, (b) line averaged
electron density on an enlarged scale, (c) line averaged electron density.
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The JET bolometers are gold foil absorbers with an 8μm-thick gold-absorbing layer on a 20μm-thickmica
substrate and interwoven goldmeanders on the rear side eachwith a typical resistance of 1.2 kOhm [32, 71, 72].
Thefinite thickness of the foil determines the hardware time resolutionwhich is about∼2ms. The detector is
sensitive to photon energy in the 2.5 eV to 10 keV range, which corresponds to awavelength of 480 nm to 0.1
nm. The bolometer sensors are in the primary vacuum, so they alsomeasure energy brought by neutral particles.
The bolometers are located deep inside the ports (∼300mm for the vertical and 500mm for the horizontal
bolometers), so the bolometer sensors are not affected by charged particles.

The absorbed power onto the foil ismonitored by its temperature change and the consequent change in
resistance of the goldmeander. To compensate for both temperature drifts and electromagnetic disturbances,
and background pressure changes, a second reference bolometer is employedwhich is optically shielded from
the plasma. The ''background pressure'' is the neutral gas pressure in the vessel. Just having some gas in contact
with the bolometer sensors will change its temperature, cooling, or heating it.

The two referencemeanders and twomeasurementmeanders are coupled in aWheatstone bridge circuit
such that the output voltage is proportional to any instantaneous temperature deviation of themeasuring
absorber. Four such units are combined to form a bolometer head. The active area of the absorber foil is
3.8mm× 1.3mmwith a 5mmspacing between detectors. A thin heat-conducting layer of gold 0.2μmthick
provides contact between the absorbing foil and the body of the bolometer head.

The vertical camera at JET is comprised of 8 bolometer heads (2 of thembeing spare) and the horizontal
camera is comprised of 6 bolometer heads, thus providing a total of 24 vertical and 24 horizontal usable
channels. They form two fanfields of view across the plasma,figure 5.

Tomeasure the change in resistance of the bolometer a sinusoidal voltage of 40V (peak-to-peak), 50 kHz is
applied independently to each bolometer sensor, and the response ismeasured by a homodyne detector.

The signal passes through an amplifierwith a selectable gain ranging from20 to 5000, followed by a 4th order
active analogue low-pass Bessel filter with a choice of different cut-off frequencies. Then the signals are digitised
with a 5 kHz sampling rate.

For disruption experiments thefilter cut-off frequency is set to 1 kHz (this information is written in the JET
Pulse File, JPF, with the JPF nameDB/B5HFLTR:0NN,whereNN is the channel number).

Based on SPICE (Simulation Programwith IntegratedCircuit Emphasis) simulation, the 1 kHzfilter
introduces a 0.51ms group delay, constant up to 2 kHz. The simulated delay is in good agreement with
laboratorymeasurements. The attenuation at a frequency of 2 kHz due to the filter leads to a decrease in the
voltage amplitude by about 80%.

There is an additional signal delay due to the finite thickness of the foil (heat transfer effect) of about
0.338ms. Finally, the delay of the bolometric signals was estimated by comparing it with soft x-rays, which have
a faster response, for the ELMs in JPN77946, table 5.

However, the transfer function of the bolometers is not just a time shift. For faster events, comparable to the
filter cut-off frequency, different harmonics will be affected differently.

The signal is then processed in order to calculate the incident power, P(t), on the bolometer according to the
bolometer equation [73]
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whereU(t) is the output voltage, Sbolo (V/W) the sensitivity and τc (s) is the cooling time constant of the foil. The
quantities Sbolo and τC are determined by the calibration of the instrument, where τc≈0.2 s and Sbolo≈6VW−1.

The total plasma radiation power is calculated from theweighted sumof vertical channels 1–8 and 17–24,
which are shownwith solid lines onfigure 5, using themethod described in [74]. It is written in the PPFwith
nameBOLO/TOPI. The vertical channels are chosen because they havemore complete plasma coverage,
including the divertor, but it is unlikely that the radiation from the divertor willmake a difference during SPI.
Theweights for the sumare determined by the difference between the bolometer lines of sight to parallel ones in
a projection space.

Table 5.Time delay between soft x-ray and bolometric
signals obtained fromELMy JPN77946.

Cut-off frequency of the Bessel filter (Hz) Delay (ms)

2000 0.58

1000 0.80

200 2.56

50 8.00
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There are two standard bulk (non-divertor) radiated power estimates. One estimate uses channels 1 to 5
from the vertical camera, assumes poloidal symmetry and uses an interpolated virtual channel for the centre.
Because of this choice, any outboard side impurity accumulation (common in high performance experiments)
leads to an overestimate of the bulk radiated power. This data is written in the PPFwith name BOLO/TOPU.
The other estimate uses channels 15 to 24 from the horizontal camera and assumes poloidal symmetry, ignoring
the divertor facing channels and is written in the PPFwith nameBOLO/TOPH.All these estimates, TOPI,
TOPUandTOPH, assume toroidal symmetry and therefore overestimate or underestimate the radiation of
toroidally asymmetric plasma, as in the SPI experiment.Moreover, the usage of local gas supply into the plasma
within thefield of vision of the horizontal camera results in an overestimating the bulk power.

It should be emphasized that further PPF processing of the signal after registration (in addition to the sensor
response time and the low-pass filter) change the signal shape for the fast events, as ELMand disruptions. PPF
processing used smoothing procedure that is why a simple time shift, as in table 5, will give a bolometric signal
rising before the fast event.

Tomographic reconstructionmakes it possible to visualize plasma radiation [75]. JUVIL software provides
tomographic reconstruction images every 10mswith an averagingwindow of±5ms.However, tomography
assumes a toroidal symmetry of the radiation, since it uses vertical and horizontal bolometry systems located in
two different JET octants. In [36], twomethods for estimating the radiated power in SPI instigated disruptions in
JET are described.

Electron cyclotron emission
The radiation temperature ismeasured by an ECEheterodyne radiometer at the frequency of the 2nd electron
cyclotron harmonic of X-mode. TheX-mode andO-mode are both electromagnetic perpendicular propagating
waveswith electric fieldmostly perpendicular to totalmagnetic field


B .They have different (almost circular if

away fromhybrid resonances) polarisations: X-mode rotates in electron gyration direction andO-mode rotates
in ion gyration direction.

The ECE radiation is collected from the tokamak lowfield side, almost perpendicular to the totalmagnetic
field along themajor radius [33]. The antenna is located at theMHPofOctant 7 at a height of 0.133m above the
vesselmid-plane, figures 1 and 3. The number of channels is 96, with a frequency separation corresponding to 1
cm for JETmagnetic field gradient, see example in figure 8.

The output of the detector is amplified by a lownoise video amplifier with a 1MHzbandwidth and sent to
the standard (2.5 kHz) and fast (200 kHz) acquisition systems. The fast ECE signals should be used to study high-
speed event such as SPI instigated disruptions.However, the raw fast ECE signals are still noisy, which requires
additional signal smoothing, figure 43. The+/− 100μs triangular smoothing gives good noise removingwhile
still providing decent representation of the temporal temperature behaviour caused by the injected pellet.

ECE temperaturemeasurements can be influenced by various reasons, however increasing the electron
concentration to the cut-off level is the principalmeasurement problemonewould expect in SPI experiments.

The solution of the dispersion equation for ECEX-mode radiation, which provides an expression for cut-off
frequency, see equation (11.40) in [76], is:
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electron charge,me is the electronmass, eo is the vacuum electric permittivity, and ne is the electron density. The
left-hand side of (3) is the frequency of the source, that is the 2nd electron cyclotron harmonic at the emission
pointR, namely w w= R2R ce ( ) [77, 78]. The right-hand side of (3) should be calculated at the point where ne
reaches the cut-off value,Rdh. Then by rearrangement (3), we get a formula for local cut-off of the density as a
function ofR andRdh (whereRdh�R) [79]:
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JETmajor radiusRo= 2.98m. For the case when local electron density at the emission point reaches the cut-

off level,Rdh=R, then the radiation cannot leave the source andwe get well-known expression:
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On JET, the condition (5) is achieved for a high-density plasma close to theGreenwald limit [80]. An
example of an ECE cut-off for a high-density plasma shown infigure 44. The plasma density is higher than cut-
off value for the R= [3.3–3.75]m,where the channels affected by the ECE cut-off are shownwith red triangles.
The ECE ‘temperature’ differs from the actualTemeasured byHRTS.

Thefigure 45 illustrates the (4) and (5) formulas, where (5) is shownwith a blue curve and (4) is shownwith a
red curve for givenR=Rece. The 2nd ECEharmonic cut-off region ismarkedwith a greenish tint. The real ne
profile ismeasured byHRTS diagnostic forOhmic plasma as an example shownon the figure 45. Thus if ne
increased dramatically up to (7–8)·1019m−3 then radiation is reflecting at high density region, and it is unable to
propagate to the detecting system.

The question of the start and end points of the TQ and, accordingly, the duration of the TQ is currently of
great interest to the scientific community.Here we used amathematically rigorous procedure for calculating the
time parameters of the TQ, using the same procedure used to calculate the duration of theCQ. First, the sum(Te)
of all ECETe channels in the plasma is calculated. This can be the sumof all ECE channels or the sumof the ECE
channels of the central region.However, during SPI-induced disruptions, the outer region of the plasma is
cooled to TQ, so herewe used the sumover the ECE channels of the central region for ρ� 0.3.

Then the fall in sum(Te), approximated by linear extrapolation between 80%and 20%of pre-TQ sum(Te).
The duration of the TQphase defined as the time interval between 80% and 20%of pre-TQ sum(Te)multiplied
by .5

3
In addition, the start and end points of the TQ can be defined as intersection of two corresponding lines.

High resolution thomson scattering
HRTSprovides 63 spatial data points per profile, with a 20Hz repetition rate for the duration of a JET pulse
[34, 35]. TheHRTS data typically runs fromR= 3.0 to 3.9m, figure 3. The systemhas a spatial resolution of
∼1.6 cm in the core region and∼0.8 cm in the pedestal region, figure 46(a).

Two sorts of polychromators, 4 spectral channels in each, are used for Core (b) and Edge (c)measurements
figure 46. Each 4-channel spectrometer by using two delayed optical paths allows three spatial point data to be
addressed by one spectrometer. The core uses dualfibers to increase photon statistics by compromising spatial
resolution; high plasma density also increases the raw signal.

TheTe and ne for each spatial point are determined by a signal distribution in the corresponding spectral
channels. Spectral distribution is obtained by aGaussianfit to the raw data of the scattered laser light, for each
spectral channel and each spatial point (figures 46(b), (c)). However, raw data usually contains noise due to
limited photon statistics. The diagnostic requires good signal on aminimumof two channels to determineTe

Figure 43.ECE fast signals (raw and triangular smoothed) during the cooling just before disruption: (a)R= 3.50m, (b)R= 3.75m, (c)
R= 3.80m; see ECE andHRTSprofiles infigure 8.
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Figure 44.An example of an ECE cut-off for a high-density plasma, the affected channels are shownwith red triangles.

Figure 45. Illustration of the 2nd ECEharmonic cut-off: the blue curve is the local density threshold; the red curve represents the
density at point Rdh, which cuts off the radiation coming frompoint Rece in the Rece<R<Rdh region; theHRTS density profile in JPN
95145, t= 23.9826 s.
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and ne (figure 47), therefore, until the 2022, reliableHRTSTe and newere only available for Te� (50–100) eV. In
2022, the JETHRTShas been upgraded to allow lowTe (down to 1 eV)measurements during CQ.

Soft x-ray. It should be noted that the lowerTe threshold for the JET soft x-ray diagnostic (since 2017, JPN
92505, all Bewindows are 250μmthick) is about 2–3 keV. In particular, the x-ray signal is reduced by a factor of
2 at 3 keV and by a factor of 20 at 2 keV compared to 10 keVplasma, so the soft x-ray diagnostic cannot be used to
characterise TQwhenTe< 2.5 keV.

AppendixD. 0D simulation of the interaction of themixture (Ne+D)with plasma

A0Dmodel was used to elucidate themain critical parameters of a pellet injection affecting radiation loss. The
model explicitly does not useCoronal Equilibrium (CE) because it includes rate equations for ionisation/
recombination dynamics and does not assume that ionisation states are in equilibrium. Themodel calculates the

Figure 46. (a)HRTS gives 63 spatial data points. Two types of polychromators, 4 spectral channels in each, are used for Core (b) and
Edge (c)measurements.

Figure 47.HRTS rawdata for one core and one edge spectrometer with 3 signals combined via delay lines: noisy lines (in blue) are
recorded raw signals. Gaussian fits of scattered laser light (in red) are used to determine signal levels per spectral channel. Left: Core
spatial points, good signal on three spectral channels. Right: Edge spatial points, good signal only on one spectral channel 4.
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dynamics of plasma electron energy losses induced by radiating impurities in deuteriumplasma. All spatial
concentrations in themodel are assumed to be uniform. Themodel solves coupled rate equations for ionization
dynamics of all charge states of injected impurities, as well as of both background and injected deuterium. The
backgroundD is assumed to be fully ionized initially, while the additional D and impurities are injected as
neutral atoms. Themodel calculates impurity radiation loss (Erad) and total energy loss (Etot) of electrons, which,
in addition to radiation, includes binding energy contribution due to ionization. Tabulated rate coefficients as
functions of electron temperature and density are provided byADPAK [81, 82].

The temporal variation of the electron temperature in themodel is prescribed, while the electron density is
calculated according to the plasma quasi-neutrality condition

= +n t Z t n t Z t n t , D1e Ne
avr

Ne D
avr

D· ·( ) ( ) ( ) ( ) ( ) ( )

where Z tNe
avr ( ) is currentNe average charge value, nNe(t) is currentNe density, Z tD

avr ( ) is currentD average
charge value, nD(t) is current Ddensity.

Time-solved ionization rate equations take into account electron impact ionization, recombination for all
charge states ofNe andD, andCharge eXchange (CX) betweenNeZ+ andD, and also betweenD andD+.
Available ADPAKfiles have no data onNe -NeZ+CXand it is not included in the calculations.

The rate equations are solved using an explicit first order numerical schemewith time step 1 ns. The
radiation and total electron energy losses byNe andDparticles are calculated on each time step and then
integrated in time. As a result, themodel provides temporal evolution and time-integrated electron energy losses
due toNe andD radiation and ionization.

In these calculations, the electron temperatureTe is set equal to 1300 eV initially, which corresponds toTe in
the centre of the plasma before cooling/TQ for#95150 and#95149 (figure 9). The evolution ofTe over time
was notmeasured during TQ formediumpellet B (#95150) andCQ in all cases. So,Te in themodel is chosen
manually, beginningwith a phase of exponential decay to a given valueTeCQs at the end of the TQ, of duration 0.5
ms, followed by aCQphase of 24.0ms duration. The calculations are carried outwith two different CQphases: a
constantTeCQ and a linear decrease fromTeCQs to 1 eV.

Calculations are conducted at a given background plasma density ne= 3·1019m−3.We assumed that neutral
Ne andDwith a given ratio of the number of atomsNe/(Ne+D)= 0.60 are injected at t= 0 s duringΔTinj at a
fixed rate.

The calculations are also conductedwith various values of the parametersTeCQ (plasma electron
temperature at the beginning of CQ, i.e. right after TQ andwith noMHDphase considered) and nNe0, nD0
(amount of injectedNe andD), to study the sensitivity of themodel to the experimentally controlled (amount of
injectedNe andD) and unmeasured parameters (Te duringCQ).

Impurities injected into the plasma in the formof neutral atoms create a powerful energy loss channel due to
the radiation,Wrad, and binding (ionisation),Wbin, energy loss, withWtot=Wrad+Wbin. Additionally, the

Figure 48. 0Dmodel, dependences on the plasma temperature at the start of CQ (a) of total energy loss for entire TQ andCQ: (b)
averageZeff during CQonly. á ñZeff increases approximately proportionally to square root ofTeCQsduring theCQ. Solid lines:TeCQ is
constant, dashed lines:TeCQ decreasing linearly fromTeCQs to 1 eV. Background plasmawith ne= 3·1019m−3.
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charge exchange processmay contribute to the distribution of impurity ionization states and so can potentially
affect both radiation and binding (ionisation) losses.

The simulation results show that radiation and total electron energy losses onDparticles are negligible in
comparison to those onNe forTeCQ∼3 eV and above, while bothD andNe losses are small at lowerTeCQ. Also, it
is found that charge exchange betweenNe andDhas very small impact onNe ionization dynamics and therefore
onNe radiation losses. The impact of injectedDon the radiation losses, thus, ismainly due to increase of the
electron density due toD ionization.

According to themodel, themain losses occur during CQwhenTe is relatively small, so radiation losses at
TQ are relatively insignificant.

The calculated total losses per unit volume are shown infigure 48(a). There is a very strong dependence of
energy loss on theTeCQ at the start of CQ, especially in the forTeCQ< (10–15) eV. The details of time dependency
of theTe during theCQare also critical. Doubling the amount of injected particles also greatly increases (about
3–5 times) the energy loss in the 0Dmodel.

Most of the calculations were carried out for an impurity injection duration ofΔTinj= 5ms, which roughly
‘corresponds’ to pellet C injection, figure 14 left frame. The 0Dmodel shows a slight reduction in total energy
loss forΔTinj= 20ms compared toΔTinj= 5ms, see solid black andmagenta lines infigure 48(a). The data with
ΔTinj= 20ms roughly ‘corresponds’ to pellet B injection, where pellet B is visible during the entire CQ,figure 14
right frame.

Another interesting result of themodel is that the á ñZ ,eff mean value ofZeff during theCQ, increases roughly
in proportion to the square root ofTeCQ, however, the proportionality coefficient depends on the details of time
dependency of theTe during theCQ,figure 48(b).
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