Disruption Mitigation in EAST with Metal Walls: A Comparative Study of SPI and MGI
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Abstract: Plasma disruption mitigation experiments have been systematically conducted in the EAST tokamak with full metal walls using Shattered Pellet Injection (SPI), Insufficiently Shattered Pellet Injection (ISPI), and Massive Gas Injection (MGI). This comparative study demonstrates the superiority of SPI over MGI in terms of plasma shutdown characteristics, radiation distribution, halo current mitigation, and runaway electron suppression. SPI achieves more uniform poloidal radiation distribution, higher core radiation efficiency, and eliminates cold Vertical Displacement Event (VDE) risks. ISPI, characterized by larger pellet fragments, exhibits intermediate behavior between SPI and MGI. These findings provide crucial insights for the design of disruption mitigation systems in future fusion reactors with full metal walls.
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[bookmark: OLE_LINK58][bookmark: OLE_LINK59]1. Introduction
Plasma disruption is one of the most serious transient events in high-current tokamak operation. The rapid loss of thermal and magnetic energy can produce severe thermal loads on plasma-facing components, strong electromagnetic stresses, halo currents, vertical displacement events, and high-energy runaway electrons, posing major challenges for ITER and future fusion reactors. Effective disruption mitigation therefore requires active methods that can enhance plasma radiation, control the current quench, and reduce runaway-electron risks.
Massive gas injection (MGI) has been widely used because of its simple structure, fast response, and reliable triggering, whereas shattered pellet injection (SPI) is considered a promising technique for future devices due to its deeper impurity penetration and large particle delivery capability. EAST, with its progressive transition toward metal-wall operation, provides a relevant platform for investigating disruption mitigation under reactor-oriented plasma-facing material conditions. Based on this platform, comparative experiments using MGI and SPI have been carried out to evaluate their effects on plasma shutdown, radiation evolution, halo-current mitigation, and MHD activity. In addition, insufficiently shattered pellet injection (ISPI), produced by replacing the bent shatter tube with a straight tube, enables investigation of how fragment size, ablation, penetration, and impurity assimilation affect the mitigation process.
2. Experimental Setup
[bookmark: OLE_LINK55]In EAST, two massive gas injection (MGI) systems and one shattered pellet injection (SPI) system are available for disruption mitigation studies. The MGI systems are installed at the middle J and O ports, while the SPI system is located at the middle K port. The SPI system forms solid pellets by in-situ condensation and accelerates them pneumatically toward the plasma. In the conventional configuration, the pellet passes through an approximately 20° bent shatter tube and enters the plasma at about R = 2.5 m and Z = 0.4 m. In 2023, a straight injection tube was installed at a slightly higher position, about R = 2.5 m and Z = 0.6 m, producing larger fragments with a lower degree of fragmentation; this configuration is defined as insufficiently shattered pellet injection (ISPI). The pellet diameter is 5 mm, the length is adjustable from 7 to 15 mm, the maximum particle inventory is about 14 Pa·m³, and the velocity range is approximately 100–400 m/s. The available pellet gases include H₂, Ne and H₂/Ne mixtures [1-3]. The MGI systems use eddy-current-driven fast valves to inject gases such as Ne, Ar and He, with a response time of about 0.15 ms and an injection throughput up to 30 Pa·m³/s for 1–4 ms pulses [4, 5].
3. Results and Discussion
3.1 Comparison between SPI and MGI
[bookmark: OLE_LINK54]The comparison between SPI and MGI shows that both methods can trigger rapid plasma shutdown, but their mitigation characteristics are different [6, 7]. Under similar target plasma conditions, SPI exhibits shorter pre-TQ and current-quench durations than MGI, together with stronger core radiation, lower electron temperature and reduced divertor heat flux, indicating more effective dissipation of thermal energy inside the confined plasma region. The radiation evolution also differs between the two methods. Although both injections cause a significant increase in radiated power during disruption, SPI produces a more uniform poloidal radiation distribution and a higher radiation peak, whereas the total radiated energy can be slightly higher in MGI cases, suggesting stronger edge radiation. The deeper impurity penetration in SPI enhances core cooling, and some fragments may continue to enter the plasma during the current-quench phase, affecting the late-stage radiation. In addition, SPI shows advantages in avoiding cold VDE-related behavior: the second current spike, radiation tail, halo current and hard X-ray bursts observed in some MGI cases are not clearly seen in corresponding SPI cases. However, both methods can induce a transition from an initial n = 1 or n = 2 mode to a new reversed-rotation n = 1 mode, suggesting that this MHD transition is mainly driven by impurity-plasma interaction rather than the injection method itself.
3.2 Comparison between SPI and ISPI
[bookmark: OLE_LINK53]The comparison between SPI and ISPI highlights the important role of fragment size and fragmentation degree in disruption mitigation [8]. High-speed camera images show that ISPI produces larger and more compact fragments than conventional SPI, which ablate more slowly in the edge plasma and maintain a visible ablation cloud for a longer time. This slower ablation process leads to a longer pre-TQ phase, suggesting delayed impurity assimilation and more gradual plasma cooling before the thermal collapse. The fragmentation degree also affects the CQ and radiation behavior. In representative cases, ISPI can produce faster CQ decay, while statistical results show that the pre-TQ duration decreases with increasing pellet velocity and the CQ duration generally decreases with increasing injected Ne inventory. AXUV measurements further indicate that ISPI tends to produce a more uniform poloidal radiation distribution during the TQ, possibly because the larger fragments and longer ablation process allow impurities to spread more broadly before the final collapse. Nevertheless, larger ISPI fragments also reduce the effectiveness of halo-current mitigation. Compared with ISPI, conventional SPI has a higher probability of full halo-current suppression, likely because smaller and more numerous fragments are assimilated more rapidly and provide more effective early radiation cooling and resistivity increase. Therefore, large fragments may improve radiation symmetry, whereas conventional SPI is more favorable for halo-current control.
3.3 Runaway Electron
[bookmark: OLE_LINK51]Runaway electron behaviors also show differences among SPI, ISPI and MGI in Fig.3. MGI produces the strongest prompt hard X-ray and neutron response, suggesting the most intense runaway-electron-related activity in the compared cases. ISPI shows strong hard X-ray and neutron signals near the CQ phase, but the hard X-ray signal decays rapidly after CQ onset. SPI exhibits the weakest response, with a relatively lower post-CQ hard X-ray level. Although further dedicated experiments are required to quantify the runaway-electron population, these observations suggest that SPI may be more favorable for reducing runaway-electron-related risks than MGI and ISPI under the present experimental conditions.
4. Summary and outlook
Disruption mitigation experiments using MGI, SPI and ISPI have been investigated in EAST with metal wall components. The results further verify the advantages of SPI compared with MGI. SPI provides stronger core radiation, lower electron temperature, reduced divertor heat flux, and a more uniform poloidal radiation distribution. More importantly, SPI enables rapid core cooling without the clear cold VDE behavior observed in some MGI cases. The comparison between SPI and ISPI shows that pellet fragment size has a strong influence on mitigation performance. ISPI produces larger and more compact fragments with slower ablation, resulting in longer pre-TQ duration, faster CQ decay, stronger halo-current risk, and more uniform TQ poloidal radiation. Therefore, large fragments may improve radiation symmetry, but they can reduce the effectiveness of halo-current mitigation if impurity assimilation is too slow. Conventional SPI shows a better overall mitigation capability, especially in halo-current suppression. Based on the above experimental results, different injection methods exhibit different mitigation effects at different phases of the disruption, as summarized in Table 1.
Tab. 1 
	Mitigation method
	Pre-TQ
	TQ
	CQ

	
	tpre-TQ
	Poloidal radiation
	CQ decay
	Halo current

	SPI
	Mod.
	[bookmark: OLE_LINK49]Mod.
	Mod.
	Max.

	ISPI
	[bookmark: OLE_LINK48]Min.
	Max.
	Max.
	Mod.

	MGI
	[bookmark: OLE_LINK47]Max.
	Min.
	Min.
	Min.


Future work on EAST will focus on further disruption mitigation experiments after the upgrade toward full W wall conditions. The optimization of mixed H2-Ne SPI will be important for suppressing impurity plasmoid drift, improving material assimilation, and supporting disruption mitigation design for ITER and BEST. In addition, staggered injection using SPI and MGI with different timing sequences will be explored for runaway-electron suppression. These studies will provide important experimental input for the design of reliable disruption mitigation systems in future fusion reactors.
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