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Abstract 

The presented data refer to the Shattered Pellet Injector (SPI) experiments carried out at JET in 2019-

2020. This preprint is a full version of the data originally presented as posters at TMPDM_2020 and 

EPS_2021. The preprint presents various aspects of the interaction of pellets with plasma, but not 

only the effect of pellets on Electro-Magnetic (EM) loads. The experiment was performed with Ip = 

(1.1 - 3.1) MA plasmas and mainly with Ne + D2 pellet composition, but also with Ar pellets. The 

Current Quench (CQ) �W�L�P�H�����280-20, is the key characteristic of mitigation effectiveness. A pellet with 

a high content of Ne or Ar can reduce the CQ duration below the upper required JET threshold. 

Plasmas with high (thermal + internal poloidal magnetic) pre-disruptive plasma energy require a high 

content of Ne pellets to obtain a short CQ duration. Pellets with a small amount of Ne (and 

�D�F�F�R�U�G�L�Q�J�O�\���O�D�U�J�H���D�P�R�X�Q�W���R�I���'�������L�Q�V�W�H�D�G���R�I���F�D�X�V�L�Q�J���D���P�L�W�L�J�D�W�H�G���&�4�����F�U�H�D�W�H���W�K�H���F�R�Q�G�L�W�L�R�Q�V���I�R�U���D���³�F�R�O�G�´��

Vertical Displacement Events (VDE). 

The �6�3�,���Z�D�V���D�S�S�O�L�H�G���W�R���S�O�D�V�P�D���Z�L�W�K���G�L�I�I�H�U�H�Q�W���V�W�D�W�X�V�����P�D�L�Q�O�\���W�R���Q�R�U�P�D�O�����³�K�H�D�O�W�K�\�´�����S�O�D�V�P�D�����L���H�� not 

prone to disruption, post-disruptive and VDE plasma. This study shows that SPI effectiveness in 

terms of CQ duration and, accordingly, EM loads does not depend on the state of the plasma, whether 

�L�W���L�V���³�K�H�D�O�W�K�\�´���R�U��post-disruptive plasma. SPI has been shown to reduce axisymmetric vertical vessel 

reaction forces by about 30% compared to unmitigated disruptions. 

On JET, the VDE, whether �³�K�R�W�´���R�U���³�F�R�O�G�´�� always creates the conditions for a toroidal asymmetry 

in the plasma, so the VDE on the JET is referred to as Asymmetric VDE (AVDE). The interrupting of 

VDE and prevention of AVDE with SPI has been demonstrated. Thus, the effectiveness of disruption 

mitigation using SPI has been confirmed. 
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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 large machines like JET and 

even more so for ITER. Disruptions can cause large Electro-Magnetic (EM) loads on the tokamak 

components and huge thermal loads on the Plasma Facing Components (PFCs). Moreover, high-

energy powerful Runaway Electron (RE) beams may arise during disruptions and cause serious 

damage to the machine. 

On JET, Massive Gas Injection (MGI) has been routinely used in protection mode both to 

terminate pulses when the plasma is at risk of disruption, and to mitigate the potentially damaging 

impact of disruptions on the vessel and the PFCs [2][3][4][5]. Thus, disruption mitigation is meant to 

be applied on off-normal or post-disruptive plasmas. 

The Disruption Mitigation 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 from upper ports), which 

will be dedicated to the mitigation of EM and thermal loads, and the avoidance and suppression of 

runaway electrons [6][7][8]. The first demonstration of rapid plasma pulse shutdown using neon SPI 

for Thermal Quench (TQ) instigation was done on DIII-D [9]. DIII -D still provides valuable SPI 

studies, especially since it is well equipped with the appropriate SPI diagnostics, see, for example, 

one of the latest publications [10]. 

In 2019, the JET was equipped with an SPI through a collaborative effort of EURATOM, the ITER 

Organization, and the US Department 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 EM and the thermal loads during disruptions and the 

avoidance/suppression of the formation of RE [11][12][13][14][15][16][17][18]. The fully 

commissioned system became operational in July 2019. 

The SPI system on JET is intended to be used to study the physics of disruptions instigated by 

pellets and is not intended to be used to protect the machine. Therefore, to avoid interference of MGI 

with SPI, the MGI protection was disabled for the time window of the SPI experiments. 

�7�K�H���&�X�U�U�H�Q�W���4�X�H�Q�F�K�����&�4�����W�L�P�H�����280-20, where �280-20 is the CQ time extrapolated from the time taken 

to quench from 80% to 20% of pre-disruptive plasma current �+�ã�×�Ü�æ (i.e. time interval between 80 % 

and 20% of pre-disruptive plasma current �+�ã�×�Ü�æ multiplied by 
�9

�7
) [19], is the key reliable measure of 

mitigation effectiveness. The axisymmetric vessel reaction forces, asymmetrical vessel displacement, 

plasma vertical displacement and bolometric energy are other essential measured parameters 

indicative of mitigation effectiveness. 

In the �S�U�H�V�H�Q�W�H�G�� �H�[�S�H�U�L�P�H�Q�W�V���� �W�K�H�� �6�3�,�� �Z�D�V�� �D�S�S�O�L�H�G�� �P�D�L�Q�O�\�� �R�Q�� �Q�R�U�P�D�O�� ���³�K�H�D�O�W�K�\�´���� �S�O�D�V�P�D�� �L���H������

plasmas not prone to disruption. However, the effect of SPI on post-disruptive plasma has also been 
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tested, by using MGI to initiate disruptions. The suppression of vertical displacement events 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 and MGI disruption mitigation is beyond the scope 

of this preprint. The research questions that we need to answer for the ITER DMS are related to SPI 

specific issues, especially assimilation, pre- and post-TQ. The dynamics of CQ is mainly determined 

by the impurity content (and possibly the distribution of impurities) in a CQ plasma, so a plasma with 

the same impurity content (regardless of the source, MGI or SPI) will give the same CQ dynamics. 

For both SPI and MGI, the assimilation is an open question, but the mechanisms for assimilation have 

clear differences. Comparing the assimilation of SPI and MGI is interesting and will allow to improve 

the models, but it is not the scope of this preprint. Moreover, comparison of SPI and MGI disruption 

mitigation, particularly in terms of assimilated injected material, is not trivial, since the interaction of 

pellets and gas with plasma is quite different, for instance, pellet fragments can fly through the plasma 

without assimilation. In addition, JET MGI uses a gas mixture (90% D2 + 10% Ar) to protect 

machines [2][20], and only 14 pulses were performed with a gas mixture (D2 + Ne), while to mitigate 

disruptions in ITER, and therefore in the SPI experiments performed at JET, the composition of pellet 

(D2 + Ne) was mainly used. However, where relevant, MGI data has been shown along with SPI data.  

This preprint is a full version of the data originally presented as posters at TMPDM 2020 [12] and 

EPS_2021 [13]. The remainder of this preprint 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 on CQ duration 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 on 

AVDE suppression is detailed in section 6. The axisymmetric forces data from a large database, along 

with 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, Electron Cyclotron 

Emission (ECE) and High Resolution Thomson Scattering (HRTS) diagnostics in the SPI experiment 

are covered in the Appendix C. 0D simulation of the interaction of the mixture (Ne + D) with plasma 

is given in Appendix D. 
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2. JET SPI system and diagnostics related to the SPI experiment 

In 2019, the three injection barrels of SPI and a gas manifold system supplied by Oak Ridge 

National Laboratory (ORNL) were installed at JET together with the appropriate vacuum, cryogenic, 

mechanical and control hardware [14][16][21]. The JET SPI system is based on the design that was 

used on DIII-D [22]. 

The JET SPI is mounted in Octant 1 vertically on the top of the machine, Figure 1. The pellet 

injector is arranged to propel the pellets vertically downwards along a flight tube. A flight tube guides 

the pellets along the circa 5 metres path to the vacuum vessel. Just before entering the vacuum vessel, 

the pellet hits the �³�V�K�D�W�W�H�U�L�Q�J���H�O�H�P�H�Q�W�´�����7�K�H���S�X�U�S�R�V�H���R�I���W�K�H���³�V�K�D�W�W�H�U�L�Q�J���H�O�H�P�H�Q�W�´���L�V���W�R���I�U�D�J�P�H�Q�W���W�K�H��

pellet into small shards, increasing the surface area of the pellet material and distributing the pellet 

material 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. 

 

Figure 1. JET vessel plan view: SPI, Fast Visible (KL8 and 
KLDT) and Infrared (KL12 and KL14) camera views, 
Bolometry, Interferometry/polarimetry, ECE, VUV, HRTS 
and DMV3. 

 

Figure 2. SPI shatter tube (in red) fitted in 
guiding tube in the Intermediate Vertical 
Port (IVP) in Octant 1 sector D. 

 

The SPI system has three different sized barrels in which the pellets are created. Pellet diameters, 

determined by the internal diameter of the barrels, are d = [4.57, 8.1, 12.5] mm and effective 

length/diameter ratio are [1.4, 1.6, 1.54] and are denoted here as [C, B, A] respectively. The injector 

can deliver D2, H2, Ne, Ne with D2 shell, Ne+D2 mixture, Ar and Ar + D2 sandwich pellets, see 

Appendix A for more details. 

The main diagnostics related to the SPI experiment are the following, Figure 1 and Figure 3: 

(1) The propellant valve solenoid current diagnostics record the time when SPI pellets were activated 

[16]; 
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Figure 3. SPI, Interferometry/polarimetry, ECE, VUV, 
HRTS and Magnetic diagnostic coil and saddle 
projection on poloidal cross-section. 

 
Figure 4. Vertical and Horizontal Bolometry 
systems, with channel numbering shown. 

(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][25][26] , Figure 1 and Figure 5. Both cameras have 

wide-angle tangential views of the JET plasma from just below the horizontal midplane. KL8 has a 

 
Figure 5. Lines of sight of the fast visible camera views: left is KLDT camera view from Oct.5 to Oct.4 and 
Oct.3; right is KL8 camera view from close to the midplane in Oct. 8 towards Oct 2. 

direct view of the SPI, so can provide information about the injection timing and material trajectory, 

while KLDT-E5WE views the part of the plasma toroidally anti-clockwise from the SPI. Typical 
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frame rates of (10 �± 20) kHz were used for SPI experiments, with exposure times (frame duration) in 

the range 1 µs �± 100 µs to obtain optimal signal levels. KL8 is equipped with remotely 

interchangeable narrow band filters to image spectral lines of Ne I atoms (692.9 nm), Ar I atoms 

(706.7nm) or Ar II + ions (611.5 nm), while KLDT-E5WE always receives the light over the visible 

spectrum (430 �± 730) nm. Infrared Camera�¶s [27] views are shown on Figure 1; 

(4) Vacuum UV (VUV) diamond detector �W�K�D�W���U�H�F�R�U�G�V���U�D�G�L�D�W�L�R�Q���Z�L�W�K���(���!�����������H�9���������������������Q�P�������7�K�H��

VUV chamber is connected to the JET vacuum vessel by a long (~20 m) vacuum pipe, which enables 

a horizontal view of the plasma [28]; 

(5) Interferometry/polarimetry [29][30][31] �Z�L�W�K���a�����������P���D�Q�G���a�����������P���E�H�D�P�V�� 

(6) Vertical and Horizontal Bolometry Systems [32], Figure 1 and Figure 4. Bolometers measure any 

energy that hits the bolometric detector, namely radiation (photons) and neutral particles; 

(7) Electron Cyclotron 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 [4][2][19], Figure 3.  

Some features of the use of Fast Visible Cameras, ECE, HRTS and Bolometry in the SPI 

experiment are covered in the Appendix C. 

 

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

This experiment was performed with ohmic plasma with Ip = 1.1-2.9 MA, average line density ne�Âl 

�§�����Â����19 m-2, which corresponds to total number of plasma electrons ne�ÂV �§�����Â����20 and mainly pellets 

with D2 shell and Ne+D2 composition. The data presented in this section is for the small pellet C, 

which is always fired directly by gas, and medium pellet B, fired by mechanical punch. Thus, the 

pellets C and B are different not only in amount of Ne, but also in speed of the pellet, see Appendix 

B for more details. The typical time it takes for a pellet to travel from the SPI cold head to the plasma 

�L�V�� �a�� ������ �P�V�� �I�R�U�� �V�P�D�O�O�� �S�H�O�O�H�W�� �&�� ������������������ �a�� ���������� �J���� �1�H�� � �� ���������Â����21 �D�W�R�P�V���� �'�� � �� ���������Â����21 atoms: 

Ne/(Ne+D) = 0.60) fired �E�\���J�D�V���D�Q�G���a���������P�V���I�R�U���P�H�G�L�X�P���S�H�O�O�H�W���%���������������������a�������������J�����1�H��� �����������Â����22 

�D�W�R�P�V�����'��� �����������Â����22 atoms: Ne/(Ne+D) = 0.64) fired by mechanical 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 it may 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 time when the Ne I light becomes 

"visible". The pellet fragments cause cooling of the plasma periphery, then TQ, which is the first part 

of the MHD phase, followed by CQ, Figure 7.  
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Figure 6. Pellet speed calculated from pellet flight time between MWC and plasma (the time the first shards 
are seen in the plasma by the high-speed KL8 camera equipped with a Ne I filter): (a) plasma current, (b) 
valve current and MWC signal, (c) Ne I sum intensity. 

The HRTS provides Te and ne profiles every 50 ms during a pulse but is not synchronised with the 

disruption event. However, by chance in pulse #95149 the Te and ne profiles were measured with 

HRTS during the early pre-TQ cooling phase at t = 24.0326 s, which was the last available HRTS 

time before disruption, Figure 7e and Figure 8. There is a good agreement between HRTS and ECE  

 
Figure 7. Small pellet C instigated disruption: (a) plasma current, (b) electron temperature, (c) line density, 
(d) light, (e) Ne I intensity, (f) Fast visible camera KL8-E8WA, 50 µs exposure time, Ne I filter, JUVIL 
parameter colour map = 5k for all frames; the equilibrium shown for illustration purpose only. 
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diagnostics in the early pre-TQ cooling phase just before SPI instigated the disruption, which suggests 

that ECE diagnostics does not suffer from cut-off at this stage. However, it should be noted that the 

lower Te threshold for JET HRTS diagnostic until 2022 was about 100 eV, so HRTS data are not 

shown for plasma peripheries with R > 3.7 m. 

 
Figure 8. Te and ne profiles at the last available 
HRTS time before disruption. Te shows good 
agreement between HRTS and ECE diagnostics. 
The lower Te threshold for existing JET HRTS is 
about 100 eV. 

 
Figure 9. Te profiles during TQ, ECE diagnostic 
(KK3F is JET jargon for fast ECE signals). Pre-TQ 
cooling phase duration is (2 �± 2.5) ms, TQ duration 
is (300 - 400) µs. 

The small fast pellet C (#95149) results in a pre-TQ cooling phase duration of ~ 2.5 ms and TQ 

duration less than 0.5 ms. 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 range R �• (3.4 - 3.8) m of the major plasma 

radius, which corresponds to �!���• (0.5 �± 0.6) of the normalised minor radius, where Te drops almost 

to zero, Figure 7b and Figure 9. The duration of the pre-TQ cooling phase corresponds to the time 

required for the Te cold front, in terms of the Ne I image, to reach the magnetic surface located at ~ 

½ of the minor radius. 

Then the Te centre crashes during TQ, Figure 9. The starting point of TQ taken as the time when 

core electron temperature (ECE) began to fall, and the end time of the TQ was the time when the core 

temperature completely dropped to the noise level. The detailed explanation how the start and end 

points of TQ, as well as the duration of CQ 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 ECE diagnostic does not suffer from 

cut-off, since the drop in ECE signal first occurs on the high toroidal field side of the core. 

The TQ phase is also characterised by bursts of MHD which continue beyond the TQ until the end 

of the distinctive plasma current spike, where we consider TQ and the current/voltage spike as two 

separate phenomena. At the MHD phase, noticeable plasma interactions with the outer limiters are 

observed, which is seen on the fast visible camera KLDT-E5WE without any filters, Figure 10. 
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The remarkable observation in JPN 95149 is a very fast, for only (300 - 400) µs, collapse of 

electron temperature in the plasma core, Figure 9 and Figure 10.  

 
Figure 10. TQ, in which the plasma interacts with the limiter, and subsequent frames before CQ: (a) 
Mirnov, (b) electron temperature at R = 2.85 m, (c) Fast visible camera (KLDT-E5WE), 2 µs exposure time, 
no filter. 

For a similar pulse (#95150), the interaction of a medium size slow, ~ (150 - 180) m/s, pellet B 

with the plasma is different, Figure 11. The first pellet fragments (in the sense of Ne I image)  are 

seen in the plasma by the high-speed KL8 camera, equipped with the Ne I filter approximately 9 ms 

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 for Ne I front image to reach the magnetic surface located at ~ ½ of 

the minor radius.  

Then, about 2 ms before the Ip spike, the main cloud of pellet fragments, arrives causing rapid 

cooling and TQ. We believe that at this phase the ECE diagnostics 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 of the of Ne I line, 

are clearly visible throughout CQ even at the end of CQ when the pellet fragments hit the inner wall 

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. 
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Figure 11. Medium pellet B instigated disruption: (a) plasma current, (b) electron temperature, (c) line 
density, (d) light, (e) Ne I intensity, (f) fast visible camera KL8-E8WA, 50 µs exposure time, Ne I filter, 
JUVIL parameter colour map = 5k for all frames; the equilibrium reconstruction is for illustration purpose 
only. 

 
Figure 12. Medium pellet B instigated disruption but is not fully assimilated by the end of the CQ. Fast 
visible camera, 50 µs exposure time, Ne I filter, JUVIL parameter colour map = 5k for all frames. 

Given a pellet speed for pulse #95150, the pellet can fly �”��10 mm during the exposure time of the 

frame (50 µs). Thus, each frame can be interpreted as a snapshot. Ne I images of medium pellet B at 

the beginning and at the middle of CQ are shown in Figure 13. It can be seen that the cloud of neutral 
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Ne lengthens with time which indicates a different speed of the pellet fragments. Presumably during 

shattering of the pellets, the fragments heterogeneously lost kinetic energy. The speed of the material, 

visible in the Ne I images was estimated using as detailed geometry mapping. T�K�H�� �³�O�H�D�G�L�Q�J�´��

fragments moved about 1.24 m �D�Q�G���W�K�H���³�W�D�L�O�´��fragments moved about 0.46 m in 7 ms between two 

frames at 24.071 and 24.078s, see Figure 13. So, the fragment cloud fl ies with non-uniform speed 

with 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 down other fragments [21].  

 
Figure 13. Ne I image of medium pellet B at the beginning and at the middle of CQ, 50 µs exposure time. 
The cloud of neutral Ne lengthens and widens with time. 

The cloud of neutral Ne lengthens and widens as the cloud of fragments moves 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 in Figure 13 during CQ can be cut off. However, that must be 

ruled out because the speed of the front of Ne I image do not decrease when the pellet flies through 

the plasma. 

The sum of 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) and medium pellet B (#95150) are 

shown in Figure 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 for 

medium pellet B (#95150), neutral Ne atoms can be seen even near the inner wall of JET. Thus, this 

suggests that the Ne atoms are not fully assimilated and that the medium pellet B is too large for a 

2 MA Ohmic plasma disruption instigation and discharge termination. 
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Figure 14. Sum of all Ne I images during the interaction of the pellet with plasma, starting from pre-TQ 
cooling phase and further in the process of the CQ for small pellet C (#95149) and medium pellet B 
(#95150). 

Polarimetric plasma density measurements for #95149, #95150 are shown in Figure 15. The raw 

polymetric signal was scaled to match the interferometric signal before disruption and to the end of 

the CQ, and time was also adjusted to eliminate hardware delay, see Appendix C for details. The 

density peak appears late in the CQ for both pellets, namely 7-8 ms after the TQ, which may have 

several possible explanations. Perhaps modelling is needed to explain this observation. 

 
Figure 15�����&�R�P�S�D�U�L�V�R�Q���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���S�H�O�O�H�W���&���>�1�H�����1�H���'����� ���������������1�H��� �����������Â����21 atoms] with small 
�D�P�R�X�Q�W���R�I���1�H���D�Q�G���S�H�O�O�H�W���%���>�1�H�����1�H���'����� ���������������1�H��� �����������Â����22 atoms] with medium amount of Ne: (a) 
plasma current, (b) total bulk plasma bolometric power (BOLO/TOPI, Oct.3), (c) VUV energy is normalised 
to bolometry energy, (d) line averaged electron density. The time axis is zeroed to Tdis [2] . 

Let's try to evaluate the fraction of pellet electrons (eFrac) which are assimilated by the plasma. 

This can be done with several controversial assumptions, namely there is no loss of pellet electrons, 
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the shards radial distribution (as a of source of electrons) about the same for small and medium pellets, 

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, 

and Nepellet is the total number of electrons in the pellet. The Ne(t) quantity is calculated as Ne(t) = 

nel(t)�ÂV/l, where nel(t) is polarimetric measurement and l �W�K�H���P�H�D�V�X�U�L�Q�J���F�K�R�U�G���O�H�Q�J�W�K���L�Q���S�O�D�V�P�D���L�V���§��

2.2 m. Taking into account the upwards (~ 0.1 m) and inwards (~ 0.2 m) plasma displacements during 

the CQ, when polarimetry is at its maximum, the plasma volume V is �§��60 m3. Table 1 shows an 

estimate of the fraction of pellet electrons assimilated by plasma at the time when the plasma density 

is maximum, provided there are no loss of pellet particles. Thus, the estimate of average electron loss 

of Ne atoms is about 40% or 4 electrons out of 10 in the Ne atom at the time when the plasma density 

is maximum. 

Table 1 The estimate of average electron loss of Ne atoms at the time when the plasma 
density is maximum during the CQ. 

JPN 
Pellet max pol. (3) 

nel (m-2) max Ne Neo 
max 

eFrac Ne atoms D atoms Electrons 

#95149 ���������Â����21 ���������Â����21 ���������Â����22 4�����Â����20 1.2�Â����22 
�������Â����21 

37% 

#95150 ���������Â����22 ���������Â����22 ���������Â����23 2.9�Â����21 7.7�Â����22 36% 

 

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 and B, namely, the number of Ne and 

D atoms and the speed of the pellets, their efficiency, �L�Q���W�H�U�P�V���R�I���280-20, 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 (PPF name BOLO/TOPI, Oct.3) 

and VUV shown power assumes toroidal symmetry and therefore can be overestimated or 

underestimated [36]. However, a similar plasma (JPN: 87548) terminated by MGI fired in Octant 3 

(where BOLO/TOPI is taken) shows the bolometric measured energy of only WTOPI �§�����������0�-, which 

may indicate that BOLO/TOPI overestimates the measured energy in SPI experiments. 

The tokamak plasma energy consists of the thermal and magnetic energy of the plasma current. 

During the entire disruption process, both thermal and some part of poloidal magnetic energy of the 

plasma are released to the wall either with plasma particles or radiation. Magnetic energy can 

penetrate through the vacuum vessel and affect the energy balance during the CQ, which in turn can 

affect Te and, accordantly, CQ duration. In general, Poynting vector can be used to estimate the power 

flow of an electromagnetic field through the vacuum vessel, but this work has not yet been completed. 

In addition, estimating entire poloidal magnetic energy is challenging due to the presence on JET of 
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the ferromagnetic iron core. However, the thermal and the internal poloidal magnetic energy just 

before disruption can be taken from equilibrium reconstruction. Thus, here we use the internal 

poloidal magnetic energy as an estimate of Ip magnetic energy before disruption, which is expected 

to be dissipated inside the vessel. 

The thermal + internal poloidal magnetic pre-disruptive plasma energy �9�ç�â�ç
�×�Ü�æ is expressed as 

�9�ç�â�ç
�×�Ü�æ
L �9�ã

�×�Ü�æ
E�9�Ü�à�Ô�Ú
�×�Ü�æ, where �9�ã

�×�Ü�æ is plasma thermal energy and �9�Ü�à�Ô�Ú
�×�Ü�æ
L

�5

�6�� �Ú
�ì �$�,�&�ã�6�@�8 is internal 

plasma current magnetic poloidal energy. The �9�Ü�à�Ô�Ú
�×�Ü�æ quantity can be expressed in terms of the output 

EFIT parameters [37], as �9�Ü�à�Ô�Ú
�×�Ü�æ
L �r�ä�t�w�ä�â �®�H�E�®�4�â �®�+�ã�6. For #95149 and #95150 the internal pre-

disruptive plasma energies are approximately the same, namely, �9�ç�â�ç
�×�Ü�æ �§���� MJ with �9�ã

�×�Ü�æ�§�����������0�-��

and �9�Ü�à�Ô�Ú
�×�Ü�æ�§�����������0�-��  

Thus, Ohmic plasma, with Ip �§��2 MA and �9�ç�â�ç
�×�Ü�æ �§�������0�-, can be successfully terminated, providing 

relatively short CQ duration, by a small pellet C with the amount of neon ~ ���������Â����21 atoms. 

Presumably a high plasma current and a high thermal energy plasma requires more Ne 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 camera KL8 can be equipped with an 

Ar II filter that allows the Ar+ image to be seen, Figure 16. One can see a strong toroidal asymmetry 

of the Ar+ ions, which exists during the first half of the CQ. This first half of the CQ is characterised 

by a highly visible helical structure, as shown in Figure 16 and Figure 17.  

 
Figure 16. Medium Ar pellet B instigated disruption: Ar II images during TQ and CQ. A strong toroidal 
asymmetry of the Ar+ ions, which exists during the entire duration of TQ and CQ. 

However, as the plasma current drops from 2 MA below 1 MA and 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 is filled with Ar II  light. Thus, at least during the first half of the CQ, 
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the injected impurities are toroidally asymmetrical with the source located in the toroidal plane where 

pellets are injected. Fine structures are clearly visible, for example a cold spot, where the main pellet 

fragments should have been located, Figure 16 and Figure 17. 

 
Figure 17�����+�H�O�L�F�D�O���V�W�U�X�F�W�X�U�H���L�V���F�O�H�D�U�O�\���Y�L�V�L�E�O�H���L�Q���W�K�H���X�S�S�H�U���L�P�D�J�H�V�����L�W���F�D�Q���E�H���V�H�H�Q���³�F�R�O�G���V�S�R�W�´���R�Q���W�K�H���X�S�S�H�U��
right image. The lower images do not show a helical structure, the entire vessel filled with Ar II. Left KLDT-
E5WE, 2 µs exposure time, un-filtered; right KL8-E8WA, 50 µs exposure time, Ar II filter 

The additional electrons created by injected pellet tend to be uniformly distributed toroidally under 

the pressure gradient. However, the heavy ions slow down the toroidal motion of electrons. The 

plasma moves along the magnetic field at the ion sound speed �R�æ
L 
§
�Í�Ð
�à �Ô

, where mi is an ion mass. 

One can try to estimate Te using Ar II  images, where in the pulse # 96253 the �³�$�U+ plasma�  ́moves 5 

m in a time interval between two frames of 0.5 ms, which corresponded to Te �§��10 eV. 

The bolometric measured power shows a spike after TQ with a smooth fall during CQ, Figure 15b. 

It should be noted that the bolometry (PPF name BOLO/TOPI, Oct. 3) hardware time resolution �ý2 

ms, see Appendix C for more details. The bolometric measured energy at CQ is about (70-80) % of 

the total measured energy for the entire process of pellet-plasma interaction. A similar estimation of 

the radiation energy losses with VUV (one channel in the middle plane, Oct.7) gives the fraction of 

measured energy losses during the CQ in the range of (80-90) %. Thus, the main radiation losses 

occur during CQ. However, this estimate should be treated with great caution, taking into account 
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that Ar II  light (Figure 16 and Figure 17 right) and, presumably the radiated energy, at least during 

the first half of the CQ, are strongly toroidally asymmetric. 

 

4. Effect of pellet parameters on CQ duration 

On the JET, the MGI is used to protect the machine, namely (a) to terminate pulses when the 

plasma is at risk of disruption and (b) to mitigate the consequences of disruption [3][20]. 

Using MGI for these purposes is mandatory in JET if Ip �•�����������0�$���R�U���W�K�H�U�P�D�O������internal poloidal 

�P�D�J�Q�H�W�L�F���S�O�D�V�P�D���H�Q�H�U�J�\���•�����������0�-��[38][39]. Additionally, for VDEs, the MGI must be used for Ip �•��

1.25 MA. Moreover, when plasma Vertical position Stabilisation system (VS) signals are polluted by 

n = 2 modes the VS may become inoperable, so the MGI can be triggered by a certain amplitude of 

n = 2 mode or by the signals which detected a technical fault of the VS system. 

To terminate the pulses when the plasma is at risk of disruption, the MGI is triggered by an 

amplitude of n = 1 locked mode or an amplitude of n = 1 locked mode 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 protection mode, MGI works with an optimum gas mixture of 10% Ar with 90% carrier gas 

which should be either D2 or H2 depending on the dominant plasma components. The CQ time 

�G�X�U�D�W�L�R�Q�����280-20, is the key characteristic of mitigation effectiveness. �7�K�H���280-20 for JET must 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 by minimisation of (a) thermal loads on PFCs due to cold VDEs, when plasma 

position is not controlled vertically during CQ and (b) axisymmetric (and sideways) vessel forces. 

Thus, on the JET, the purpose of the PFC protection is to prevent melting of Be at the top and W at 

the bottom-outer part of the machine. 

The recommended amount of gas to be injected depends on the maximum plasma current during 

an entire pulse �ß �+�ã�� , where �=��= (2.6 - 2.8) depends on the specific design of the Disruption Mitigation 

Valve (DMV) [20]. For example, the lower limit of the required amount of gas for DMV3, which 

satisfies �W�K�H���X�S�S�H�U���U�H�F�R�P�P�H�Q�G�H�G���W�K�U�H�V�K�R�O�G���R�I���280-20 �”�������������P�V�����D�U�H����������bar·l for 2 MA and 2.2 bar·l 

for 3 MA maximum Ip in the pulse. For further comparison with a pellet, the amount of injected gas 

is better expressed in atoms: (1.8·1021 Ar + 3.2·1022 D) and (5.4·1021 Ar + 9.7·1022 D) for 2 MA and 

3 MA maximum Ip in the pulse, respectively. 

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 plasmas with Ip = (1.1 �± 3.1) MA, thermal + 

internal poloidal magnetic pre-disruptive plasma energy �9�ç�â�ç
�×�Ü�æ = (1.5 �± 14.3) MJ, and (Ne + D) pellet 

with Ne fraction, Ne/(Ne + D), in the range (0.02 �± 0.93), Ar pellet fraction in the range (0.04 �± 1.0). 
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�7�K�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �280-20 on Ne (or Ar) fraction for different pre-disruptive plasma currents is 

shown in Figure 18. �7�K�H���G�H�V�L�U�H�G���U�H�J�L�R�Q���I�R�U���-�(�7���280-20 is shown by the shaded grey area in Figure 18. 

The Figure 18 �G�D�W�D���V�K�R�Z���V�W�U�R�Q�J���G�H�S�H�Q�G�H�Q�F�H���R�I���280-20 on Ne (or Ar) fraction, which can also be masked 

by dependence of CQ duration on number of Ne (or Ar) atoms in a pellet. Moreover, there is a 

�Q�R�W�L�F�H�D�E�O�H���V�F�D�W�W�H�U���L�Q���W�K�H���280-20 �G�D�W�D���I�R�U���S�H�O�O�H�W�V���&�����1�H�����1�H���'�����§�����������Z�K�L�F�K���L�V���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J��

paragraphs. 

 
Figure 18. Dependence of CQ duration on Ne or Ar 
fraction, where Z is Ne or Ar number of atoms. The 
�G�H�V�L�U�D�E�O�H���-�(�7���280-20 is shown by shaded grey area. All are 
X-point plasmas except "Ar pellet B, 1 MA", which are a 
limiter circular plasma. 

 
Figure 19. Dependence of the CQ duration on number 
of Ne or Ar atoms in a pellet, �9�Ü�à�Ô�Ú

�×�Ü�æ is the pre-disruptive 
�L�Q�W�H�U�Q�D�O���S�O�D�V�P�D���P�D�J�Q�H�W�L�F���H�Q�H�U�J�\�����7�K�H���G�H�V�L�U�D�E�O�H���-�(�7���280-

20 is shown by shaded grey area 

T�K�H���G�H�S�H�Q�G�H�Q�F�H���R�I���280-20 on the number of Ne 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 of Ne ( �• ���Â����22 atoms) can reduce the 

CQ duration for plasma with �9�ç�â�ç
�×�Ü�æ �” 15 MJ to below the upper required JET threshold, namely �280-20 

�” 27.5 ms. Also, it was expected, and this is confirmed by Figure 18 and Figure 19, that Ar pellets 

are more efficient than Ne pellets, which follows from the cooling rates for Ar and Ne impurities 

�F�D�O�F�X�O�D�W�H�G���L�Q���³�F�R�U�R�Q�D�O���D�S�S�U�R�[�L�P�D�W�L�R�Q�´�����V�H�H���)�L�J���������L�Q��[42] or Fig. 2.14 in [43].  

Moreover, for a small amount of �1�H�� �§��3�Â����21 atoms, but still a large Ne fraction ���• 0.6), the 

dependence of �280-20 on �9�ç�â�ç
�×�Ü�æ is visible, Figure 19. To better see this relationship, in Figure 20 shows 

this data subset as �280-20 versus �9�ç�â�ç
�×�Ü�æ. The well-marked dependence of �280-20 on �9�ç�â�ç

�×�Ü�æ for the small 

pellet C presumably reflects the fact that the pellet C is completely assimilated, see also Figure 7 and 

Figure 14 left frame. However, if pellet is large enough, than pellet fragments will  fly through the 

plasma without assimilation (see Figure 12 and Figure 14 right frame), since there is no dependence 

�R�I���280-20 on �9�ç�â�ç
�×�Ü�æ for the medium and large pellets B and A. Thus, a high �9�ç�â�ç

�×�Ü�æ plasma requires a high 

Ne content (and Ne fraction) in the pellet to obtain a short CQ duration. 
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It seems that if the injected impurities reduce Te during CQ 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 �280-20, as also shown on Figure 15. 

 
Figure 20. Dependence of the CQ duration on �9�Ü�à�Ô�Ú

�×�Ü�æ on 
pre-disruptive internal plasma magnetic energy for 
various amounts of Ne in the pellet and Ne/(�1�H���'�����•���������� 

 
Figure 21. Relationship of the CQ duration on 
bolometric measured energy, WTOPI, for pulses with �9�ç�â�ç

�×�Ü�æ 
�§�����������0�-���D�Q�G���Y�D�U�L�R�X�V���D�P�R�X�Q�W�V���R�I���1�H���D�W�R�P�V 

The Figure 18, Figure 19 and Figure 20 show that �280-20 never dropped below 10 ms. It is worth 

mentioning that Figure 18 and Figure 19 are similar to published figures 8 and 9 of [Gerasimov EPS 

2021] - [13] and figures 8 and 2 of [Jachmich Nucl. Fusion 2022] - [15], but using an extended 

database. Moreover, our newest interpretation of the observed dependence in Figure 18 and Figure 

19 differs in some points from that of [15]. 

Presumably, the thermal energy is mainly released during the TQ or entire MHD phase, while 

plasma magnetic energy is mainly released during the CQ. Despite this declaration, in Figure 19 and 

Figure 20 uses �9�ç�â�ç
�×�Ü�æ, not �9�Ü�à�Ô�Ú

�×�Ü�æ. However, the dependence of the �280-20 with �9�Ü�à�Ô�Ú
�×�Ü�æ was tested and 

showed a very similar trend as shown the dependence on �9�ç�â�ç
�×�Ü�æ shown. 

Consider a data cluster where the sum of the thermal and internal magnetic energies, �9�ç�â�ç
�×�Ü�æ, are in 

the range (3.9 �± 4.1) MJ. Having a plasma with approximately the same �9�ç�â�ç
�×�Ü�æ, the bolometric 

measured power (PPF name BOLO/TOPI) during the entire CQ is about the same, (5-7) MJ, for large 

variations in the amount of Ne (red points in Figure 21). However, with a small amount of Ne = 

0.8�Â����21 (and, accordingly, a small Ne fraction and a large amount of D) in the pellet (#95106), the 

bolometric measured energy can be half as much compared to the cases when number of Ne atoms 

�L�Q���S�H�O�O�H�W���•���������Â����21, Figure 21.  

Figure 22 explains the exceptionally low bolometric measured energy, WTOPI = 3.3 MJ, (compared 

to WTOPI = 6.0 MJ in the #95113) in #95106, where a small amount of Ne was used in the pellet. In 
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pulse #95106, the pellet instigates disruption with slow Ip decay, and a cold VDE occurs during CQ 

phase. Most likely, the CQ duration is affected to a greater extent by the plasma motion during cold 

VDE than by Te drop. Pulse #94579 in the Figure 22 is another example of the use of pellets with a 

small amount of Ne, where SPI instigated a disruption followed by a cold VDE. Moreover, second 

full scale (in term of the Ip spike) disruption occurred during cold VDE; this second disruption 

terminates the cold VDE in terms of the plasma current centroid motion. 

Thus, the pellet with small amount of Ne and accordingly large amount of D, instead of causing a 

�P�L�W�L�J�D�W�H�G���&�4�����P�D�\���F�D�X�V�H���D���³�F�R�O�G�´���9�'�(�����Z�K�L�F�K���L�V���W�K�H���Z�R�U�V�W-case scenario for disruption mitigation. 

On the other hand, the well mitigated disruptions with the high content of Ne may have 3-fold 

difference in the CQ duration with approximately the same deposited energy (Figure 21). 

Accordingly, the power deposited to the PFCs may differ by the same factor 3 and can affect the 

lifetime of the plasma facing components. 

 
Figure 22. SPI instigate mitigated disruption (#95113 
and #94579), but a small amount of Ne results in a 
�³�F�R�O�G�´���9�'�(�������������������������D�����S�O�D�V�P�D���F�X�U�U�H�Q�W�������E�����S�O�D�V�P�D��
current vertical displacements, (c) total bulk plasma 
bolometric power (BOLO/TOPI). The time axis is zeroed 
to Tdis. 

 
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 in Figure 24. 

Let us estimate the plasma electron temperature (Te), assuming that a decay time, �2L/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 during CQ. Here Rsp is Spitzer resistance, and �. 
L

�ä�â�4�â�B�Ž�•�@
�<�Ë�Ú

�Ô
�A
F�t 
E

�ß�Ô
�6
�C 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 coils mutual inductances. Here we use a simple expression for the total plasma 

inductance. 




















































































