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Large MA runaway (RE) currents can be generated during the current quench (CQ) of tokamak disruptions, mainly
due to the avalanche mechanism, which, in case of interacting with the first wall structures could lead to serious
damage, demanding for the development of efficient mitigation schemes for the disruption generated runaways.
The benign termination of RE beams by injection of low-Z impurities [1,2] leading to the deconfinement of the
REs without conversion of magnetic into RE kinetic energy, is being actually considered as a promising runaway
mitigation scheme.

In this work, the fast deconfinement of the runaway current during disruptions is investigated, focusing on the
conversion of magnetic into RE kinetic energy during the termination of the current. In the past, the termination
of vertically stable RE beams was considered [3,4]. However, in ITER, the RE current is expected to be vertically
unstable and, hence, the scraping-off of the beam when the plasma touches the wall can result in a large
enhancement of the electric field, runaway avalanche and energy deposition on the plasma facing components
(PFCs). Here, the effect of the scraping-off of vertically unstable plasmas during fast deconfinement of disruption
generated REs is analyzed using a 0D three loop model for the plasma current and the currents in the wall [5,6].
It is found that the drop of the RE current during deconfinement leads to the acceleration of the plasma and to a
large increase of the electric field when it hits the wall during scraping-off, yielding a substantial RE avalanche
which can result in the recovery of the runaway current and a noticeable increase in the amount of energy
transferred to the RE population. The energy deposited on the runaways, AW, increases with the characteristic
RE deconfinement time, t4, and a reduction of AWy, to low enough values in ITER (~ few MJs) requires a short
enough 14, below 0.5 ms for low T (~few eVs) (left Fig.1) and, in that case, recovery of RE current does not occur.
Also, AWy, decreases when the resistive decay time of the residual ohmic plasma, 1., increases, due to the larger
induced ohmic current, so that, overall, the energy transferred to the REs increases with ta/ Tres (right Fig.1).
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Fig. 1. For a 15 MA ITER-like disruption: Left: Energy deposited on the REs, AWy, during scraping-off vs tq
for three different values of the RE current at deconfinement (I,° = 2, 4, 8 MA); Right: AW s Td/ Tres (I = 8
MA). The normalized (to the wall radius) vertical position at deconfinement is &= 0.22, T. =5 eV, and n. = 10?2
m. The open symbols correspond to the energy deposited until the edge safety factor g, = 2 is reached, AW n¥2.

The conversion of magnetic energy into runaway energy is larger when the deconfinement starts closer to the wall
or during the scraping-off phase, but the effect is not strong unless it takes place well inside the scraping-off.
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Another common feature of disruptions is magnetic stochasticity. It has been suggested that stochastic magnetic
fields, both during the thermal and current quench of the disruption, leading to RE losses, can have an important
effect on the final RE current and, so, on the potential RE damage on the PFCs [7]. Here, the effect of magnetic
stochasticity during the disruption CQ of vertically unstable RE beams has been analyzed using the 0D three loop
model [6], aiming to the investigation of the conditions to avoid a large RE energy deposition on the PFCs during
the scraping-off of the beam. Strong losses (low characteristic RE loss time, t4) and a sufficiently long stochastic
period (1) are needed to control the PFC damage. For given values of (t,14), the RE current at the time the plasma
contacts the wall (/) and the energy transferred to the REs during scraping-off decrease when 1/ 14 increases,
unless the plasma hits the wall during the stochastic period (contact time t. < t) leading to saturation for T > t.
(Fig.2). Thus, it is obtained that, for low temperatures (~ few eVs) of the residual ohmic plasma during the
disruption in ITER, t¢ < 1 ms and t/ 14 > 5 would be required to reduce AW, to a few MJs or below. Moreover,
independently of the model used for the magnetic stochasticity and the runaway losses, it is found that the relevant
parameter determining the energy deposited on the runaway electrons during scraping-off is the RE current at the
time the plasma hits the wall, /,¢, and this study suggests that /. should be kept quite low, in a range ~few kAs to
tens of kAs. The role played by the primary RE seeds after the stochastic phase, once the flux surfaces reform, is
also analyzed.
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Fig. 2. For a 15 MA ITER-like disruption, T = 5 €V, and n. = 10*2 m3: Left: RE current at the time the beam
contacts the wall, L, vs 1/ 14 (in red an exponential fit to 1/ 14); Right: AW 972 vs 1/ 14 (squares: 14 = 0.5 ms;
circles: T4 = 1 ms; triangles: ©4 = 2 ms).

ACKNOWLEDGEMENTS

The authors wish to thank prof. A. de Castro for invaluable support, and Dr M. Lehnen for his wise advice on the
RE topic along these years. This work was done under financial support from Ministerio de Ciencia e Innovacion,
Project No.PID2022-1378690B-100, and carried out under the coordinated research programme of the Disruption
and Runaway Theory and Simulation group of the ITER Scientist Fellow Network to which the first author
belongs. ITER is the Nuclear Facility INB no. 174. This paper explores physics processes during the plasma
operation of the tokamak when disruptions take place; nevertheless the nuclear operator is not constrained by the
results of this paper. The views and opinions expressed herein do not necessarily reflect those of ITER.

REFERENCES

[1] PAZ-SOLDAN, C., et al., Nucl. Fusion 61, 116058 (2021).

[2] REUX, C.,, et al., Phys. Rev. Lett. 126, 175001 (2021).

[3] LOARTE, A., et al., Nucl. Fusion 51, 073004 (2011).

[4] MARTIN-SOLIS, J.R., et al., Nucl. Fusion 54, 083027 (2014).

[5] KIRAMOV, D.I., BRIEZMANN, B.N., Phys. Plasmas 24, 100702 (2017).
[6] MARTIN-SOLIS, J.R., etal., Nucl. Fusion 62, 066025 (2022).

[71 SARKIMAKI, K., et al., Nucl. Fusion 62, 086033 (2022).



