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1. Introduction Two layers of defense have been proposed for runaway electron (RE)
mitigation during disruptions: (1) RE avoidance, i.e., preventing the generation of MA
RE currents; (2) mitigating the wall impact of the RE beam by Shattered Pellet Injection
(SPI) in case that its formation cannot be avoided. In the past, the mitigation of MA
RE currents by injection of high-Z species was investigated by means of 0-D modeling [1].
In this work, a 1D model is used to address the dissipation of RE beams by impurity
injection. It is found that initially peaked RE current density profiles result in a slower
current dissipation, the effect increasing with the peaking of the current profile. Effects
associated with a localised deposition of the impurities are also discussed.

2. Model equations A one-dimensional (1-D) model, including the evolution of the
plasma and RE current density profiles during the dissipation of the RE beam, has been
used [2]. It considers a straight, circular cylinder (r < a; a is the plasma minor radius)
surrounded by a thin conducting wall with a finite resistivity. The evolution of the plasma
current density profile (j,(t,7)) is calculated solving the current diffusion equation:
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with E| =0 (j, — jr) (Jp, are the plasma and RE current densities, respectively).

When the impurities are injected, the electric field drops below the critical electric
field for RE generation and the dissipation of the RE current occurs. Following [1],
assuming for simplicity collisional losses only and an initial avalanche-like exponential
runaway energy distribution function, the RE current density decay can be written [1]

% N ec (EH — ER)

~ : 2
ot T, Jrs 2)

where T, is the characteristic exponential energy decay of the initial runaway distribution,
and FEg is the critical electric field for RE generation given, including the effect of the
collisions with the free and bound electrons of the impurities, by Er & €3 .. /(47 €2 m.c?),
with ae = nepInAcp+nep InAgy (nes, nepy, are the free and bound electron densities, respec-
tively, and InA.f, InA., the Coulomb logarithms for the collisions of the REs with the
free and bound electrons) [2]. Effects associated with the induced currents in the vessel
and the penetration of external magnetic energy are not considered.



The RE kinetic energy dissipated per unit volume after time ¢ is estimated
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(72 is the initial runaway current density) where Eq. (2) has been used, and the total
dissipated energy is given by (I? is the initial runaway current):
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3. Current profile shape effects It is expected that the RE current generated during
the disruption will be more peaked in the central plasma region than the pre-disruption
plasma current density profile. This peaking can have important consequences for the
dissipation of the runaway beam. This is illustrated in Fig. 1 and 2, corresponding to the
mitigation of a 10 MA plateau runaway current in ITER by 2kPa-m? Ne injection®, and
radially uniform impurity deposition. The plateau RE current is peaked in the center,
with 9, = 1 (19 ,: internal inductance of the RE current). The hydrogen density is
ng = 10*m=3, and T, ~ 3eV. Fig. 1 shows the radial profiles of the current density
(left) and electric field (right) at different times during current mitigation. When the
impurities are injected, the critical field (Eg) increases and the current decays: due to
the peaking of the plateau current, the RE current density is larger in the plasma center
and the induced electric field during current decay increases close to the critical field
(marginal stability scenario [1]), while in the outer region, with a lower j,, the induced
electric field is smaller, and is far from the marginal stability. Thus, the drop of the RE
current is slowed down in the center of the plasma and accelerated in the outer region (left
Fig. 1). The resulting energy dissipation also mostly occurs in the outer plasma region
(left Fig. 2). The larger the central peaking of the current is, the larger the current
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Figure 1: For the mitigation of an ITER-like 10 MA RE current plateau by ~ 2kPa - m? Ne
injection: RE current density (left) and £ (right) vs. r/a at different times during current
decay (the horizontal red line indicates Eg after Ne injection). The internal inductance of the
initial plateau RE current is l?nt =1,ng =10m=3 and T, ~ 3eV.

density in the plasma center and so the induced electric field during current decay, so
that the dissipation efficiency decreases when the plateau current peaking increases, This

is illustrated in right Fig. 2 which compares, for two values of I9,, (1 and 2) of an initial

'In ITER, 1kPa-m? ~ 2.5 x 1023 atoms.



ITER-like 10 MA RE current, the predicted RE current during dissipation at a typical
time in ITER for the vertical instability growth (~ 100ms) as a function of the amount
of assimilated Ne.
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Figure 2: For the same conditions than Fig. 1: Left: Dissipated RE kinetic energy per unit
volume, AWy, vs. 7/a at different times during current mitigation (19 , = 1); Right: Predicted
RE current at 100 ms, normalized to the plateau current, vs. the amount of Ne injected for two
Y . =1and 2).

different values of the peaking of the plateau current (I;,, =

3. Non-uniform impurity deposition The previous analysis has assumed a radially
uniform impurity deposition. However, radially localized deposition profiles are expected.
Fig. 3 presents the results for the dissipation of a 10 MA RE current (12, = 1) by
2kPa - m*® Ne injection and the initial deposition profile of Fig. 3 (a), under the same
plasma conditions than Fig. 1. As shown in Fig. 3 (b), a strong drop of j. occurs in
the main deposition region, where E) < Eg, while the RE current density increases in
the inner region as a result of the inward diffusion of the electric field where Ej > ER.
Also, whereas a strong energy dissipation occurs in the main deposition region, energy is
transferred to the REs in the center of the plasma (Fig. 3 (c)), which overall reduces the
dissipation efficiency.
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Figure 3: For the mitigation of an ITER-like 10 MA RE current under the same plasma
conditions than Fig. 3, by ~ 2kPa-m? Ne injection and impurity deposition profile of Fig. (a):
Jr (b) and Awyyy, (¢) vs. r/a at different times during the current decay.

The dependence of the dissipation efficiency on the impurity penetration has been
explored. This is illustrated in Fig. 4 which shows the RE current and the dissipated
RE kinetic energy at 100 ms during the current decay as a function of the amount of
Ne (in kPa - m?) for different locations for the maximum deposition (7,,.,/a) but the
same deposition profile shape. The case of a radially uniform impurity deposition is also



presented, showing the largest dissipation efficiency. In contrast, the lowest dissipations
are found for the innermost and outermost impurity depositions, unless MHD effects that
promote mixing or impurity radial transport can play a role.
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Figure 4: For the same initial conditions (I? = 10MA, W, = 20MJ) and impurity deposition
profile shape than Fig. 3: RE current (left) and dissipated RE kinetic energy (right) at 100
ms vs. injected Ne (in kPa - m?) for different values of r,,4./a. The case of a radially uniform
impurity deposition is also shown.

4. Conclusions Profile effects on the mitigation of a disruption plateau RE current
by injection of high-Z impurities have been investigated. First, effects associated with
the shape of the plateau RE current density profile have been considered. It has been
found that initially peaked current density profiles, as those expected during the current
quench phase of a disruption, result in a slower current dissipation, the effect increasing
with the peaking of the current profile. Second, effects associated with the radial shape
of the impurity deposition profile have been considered. For radially localized impurity
deposition, RE energy and current are dissipated in the main deposition region but, due
to the radial inward diffusion of the electric field, the RE current is increased and energy
deposited on the REs in the plasma center. Hence, the most efficient dissipation is found
for radially uniform impurity deposition. Furthermore, the dissipation efficiency is found
to decrease for too inner or outer impurity deposition, making the control of the impurity
penetration depth critical for RE dissipation.
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