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Introduction. The disruption mitigation system design for ITER consists of shattered pellet
injectors (SPI) that can inject up to 27 pellets (24 from three equatorial ports and 3 from upper
ports), which will be dedicated to the mitigation of electro-magnetic loads (EML), thermal loads,
and the avoidance and suppression of runaway electrons [1]. Recently the JET-ILW was equipped
with an SPI with a wide capability [2][3]. Specifically: pellet diameter d = [4.57, 8.1, 12.5] mm
(which were referred to here as pellet C, B and A, respectively) and effective length/d ratio =
[1.4, 1.6, 1.54]; pellet compositions of D>, Ne with D, shell, D>+Ne mixture, and Ar. The pellets
are fired by high pressure propellant gas or a gas operated mechanical punch to release the pellets.
The fully commissioned system became operational in July 2019.

Diagnostics. The SPI experiment essential diagnostics include (1) Barrel Valve Current, (2)

Microwave cavity (MWC), (3) AXUV Diamond Detector which records radiation E > 5.5 eV

Interferometer
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Fig. 1 SPI, Fast Visible Cameras and DMV3. Fig. 2 Essential diagnostics.

(A < 226 nm), (3) Fast Visible Cameras KL8 and KLDT with (10-20) kHz rate, (33.3-50) ps
frame while KL8 can be equipped by filters to see Ne I atoms (692.8 nm) or Ar I atoms or Ar II
ions (611.6 nm), (4) Electron Cyclotron Emission (ECE), (5) High Resolution Thomson
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Scattering (HRTS), (6) Interferometer with 195 pm and 119 um beams, (7) Magnetics, Fig. 1 and
Fig. 2.

The pellets pass through the MWC, and the number of peaks in the MWC signal reliably indicates
the number of intact/broken pellet pieces, Fig. 3a. The amplitude of the MWC does not solely
depend on the mass of the pellet. The dielectric constants for solid D>, Ne and Ar are different and
that is what changes the Q-factor of the cavity and determines the magnitude of the signal. If the
pellets were all D> then the magnitude would be proportional to the D> mass. The pellets A and
pellets B give good amplitude signals whilst pellets C produce a signal with a small amplitude, Fig.
3b.
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Fig. 3 MWC indicates (a) the number of intact/broken pellet Fig. 4 The pellets instigate disruption: (a) plasma currents,
pieces, (b) for given substance the MWC amplitude (b) valve current and MWC signal, (c) Te at the plasma edge

proportional to pellet mass. and AXUYV light.

Pellet ablation and assimilation. The experiment was performed with ohmic plasma with 7, =
1.1-2.9 MA, average line density ne/ = 2:10" m™, which corresponds to total number of plasma
electrons ne'V = 6-:10?° and mainly pellets with D, shell and D>+Ne composition. The typical time
needed for pellet to instigate a disruption is ~ 20 ms for small pellet C (#95149, ~ 0.11 g,
Ne/(Ne+D) = 0.60, Ne = 3.07 -10?! atoms) fired by gas and ~ 60 ms for medium pellet B (#95150,
~0.72 g, Ne/(Ne+D) = 0.64, Ne = 2.04 -10?? atoms) fired by mechanical punch, Fig. 4. Thus, the
pellets fired without the use of a punch are faster than punched pellets. The speed of the pellet is
calculated from the time of flight between the MWC and either AXUV or, better, the start of the
rise in fast camera Ne I total intensity. The estimated speed of the pellet C (#95149) is ~ 380 m/s
and pellet B (#95150) is ~140 m/s, Fig. 4.

The pellets cause cooling of the plasma periphery, then Thermal Quench (TQ) followed by
Current Quench (CQ).

The small pellet C (#95149) lead to a cooling phase duration ~ 2.5 ms and TQ duration ~ 0.5 ms,
Fig. 5. The Te degrades at the plasma edge during the cooling phase, namely Te drops almost to
zero in the external plasma region of ~1/3 minor radii, then the centre Te drops during TQ, Fig.
6. The first results of modelling of #95149 disruptions using M3D-C1 presented in the [4].
Neutral Ne I line image is not visible during the main time of the CQ, hence the small pellet C is
ablated and presumably assimilated during cooling, TQ and MHD phases.

For similar plasma, the interaction of medium pellet B with plasma is significantly different:
neutral Ne I line image is visible during by the end of the CQ, Fig. 7. Therefore, the Ne neutrals
exist even at the end of CQ. Thus, the pellet is not fully ablated, and therefore clearly not fully



assimilated, by the end of the CQ. Consequently, medium B (and presumable large A) pellets are

unnecessarily big to mitigate Ohmic plasmas with 7, <3 MA.
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Fig. 6 Te profiles during TQ
phase.

Fig. 5 Small pellet C instigates disruption:
(a) plasma current, (b) electron temperature,
(c) line density, (d) light,(e) Ne I intensity.

Fig. 7 Medium pellet B instigates disruption
but is not fully assimilated by the end of the

Co.
Effect pellet parameters on CQ duration. The CQ time duration, tg0-20, is the key characteristic

of mitigation effectiveness. This study reveals: (a) strong dependence of 13020 on Ne (or Ar)
fraction, Fig. 8; (b) t30-20 does not depend on number of Ne atoms (in other words pellet size) for

Ne/(Ne+D) > 0.5, however, it is easy to make the opposite incorrect conclusion, if the whole
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Fig. 8 Strong dependence of CQ
duration on Ne (Ar) fraction.

Fig. 9 CO duration dependence onNe}(;:t%ber of Ne atoms in a pellet.
The desirable JET tsy.20is shown by shaded yellow area [5].

range of the Ne fraction is considered, Fig. 9; (c) a marginal effect of pellet integrity and pellet

size on Ts80-20; (d) SPI efficacy, in terms of 15020, does not depend on pre-disruptive 7, (in another

words on the poloidal magnetic energy) for /, < 3.0 MA and middle-sized pellets.

Effectiveness of SPI on post-disruptive plasma. The disruption mitigation is meant to be

applied on off-normal or post-disruptive plasmas. In presented experiments, the SPI was applied
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Fig. 11 Effectiveness of SPI on axisymmetric forces.
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Fig. 10 Effectiveness of SPI on post-disruptive plasma:
(a) plasma current, (b) Ne I intensity.

mainly on normal (“healthy”) plasma i.e., not prone to disruption plasmas. However, the effect

on post-disruptive plasma has also been tested, by using Massive Gas Injection (MGI) to instigate



disruptions, Fig. 10. Then this MGI instigated disruption #95145 pulse is used as a reference
pulse for SPI mitigation of post-disruptive plasma, pulses #95148. This study shows that SPI
effectiveness (in terms of tg0-20) does not depend on plasma status, see #95149 (“healthy” plasma)

and #95148 (post-disruptive plasma), Fig. 10. So cooling and TQ phases are not essential for CQ

duration.
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eliminate vertical plasma displacement. One of the results of The time axis is zeroed to Tdis.

the experiment was prevention of Asymmetrical Vertical

Displacement Events (AVDEs) by SPI, namely the safety factor gos5 increases (or stays the
same) and, presumably, eliminates the excitation of the m=1, n=1 kink mode, responsible for
AVDE. In this regard, the effect of SPI is similar to the effect of MGI [5].

SUMMARY

Small (0.1 g) pellet C with Ne/(Ne+D) = 0.6 provides good mitigation for 7, <2 MA Ohmic
plasmas. Pellets B are not fully ablated and assimilated by the end of CQ, therefore medium pellet
B (and large pellet A) are unnecessarily big to mitigate Ohmic plasmas with 7, <3 MA. There is
a strong dependence of CQ duration on Ne fraction. SPI effectiveness (in terms of 7g0-20) does not
depend on pre-disruptive 1, (< 3.0 MA, pellet B). CQ duration does not depend on #Ne atoms (=
pellet size) for Ne/(Ne+D) > 0.5. SPI effectiveness (in terms of t30-20) does not depend on plasma
status: it is effective in normal (“healthy”) plasma i.e. not prone to disruption as well as post-
disruptive plasma. SPI reduced vertical vessel reaction forces relative to unmitigated disruptions.
Effectiveness is comparable with MGI. Pellet C (60% Ne) arrival stopped vertical movement of
plasma, hence SPI prevents AVDE, when large vessel asymmetric (radial) displacement occurs.
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