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Abstract. The possibility of using shattered pellet injection after the thermal quench
of an ITER disruption in order to deplete Runaway Electron (RE) seeds before they can
substantially avalanche is studied. Analytical and numerical estimates of the required
injection rate for shards to be able to penetrate into the forming RE beam and stop REs
are given. How much material could be assimilated before the Current Quench (CQ)
becomes too short is also estimated. It appears that, if hydrogen pellets were used, the
required number of pellets to be injected during the CQ would be prohibitive, at least
considering the present design of the ITER Disruption Mitigation System (DMS). For
neon or argon, the required number of pellets, although large, might be within reach
of the ITER DMS, but the assimilated fraction would have to be very small in order
not to shorten the CQ excessively. This study suggests that other injection schemes,
based for example on small tungsten pellets coated with a low Z material, may be
worth exploring as an option for an upgrade of the ITER DMS.

1. Introduction

Shattered Pellet Injection (SPI) is the reference concept for the ITER Disruption
Mitigation System (DMS) [1][2]. One of the main objectives of the DMS is the avoidance
of large Runaway Electron (RE) beams [3][4][5]. RE generation can be divided into
primary and secondary generation. In ITER, since the Dreicer mechanism is expected
to be negligible [5], there are essentially 3 primary (also called ‘seed’) RE generation
mechanisms to consider. The first one, the hot tail mechanism, is difficult to predict. It
could be very strong for a hot plasma with a fast Thermal Quench (TQ), as suggested
by recent experimental findings [6]. On the other hand, it has been suggested that hot
tail generation may be efficiently reduced by a fast plasma dilution before the T(Q using
pure deuterium (or hydrogen) SPI [7]. The other two seed generation mechanisms are
the tritium [ decay and the Compton scattering of v rays emitted by the activated
wall. These are very small but continuous RE seeds which will be present only during
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the nuclear phase of ITER operation. The problem in large tokamaks such as ITER is
that even very small RE seeds could give rise to large, multi-MA RE beams because of
secondary RE generation by the avalanche effect [8]. The conclusion of a recent study
with the GO code, in which it is considered that the plasma composition can be varied
at will by injection of deuterium and neon/argon by the DMS, is indeed that during an
ITER 15 MA DT plasma disruption, a multi-MA RE beam would be generated whatever
the plasma composition, whenever the Current Quench (CQ) timescale is short enough
from the point of view of electromagnetic loads [9].

The present paper discusses the following question: is it possible to deplete small
RE seeds, in particular those from tritium decay and Compton scattering, before they
have substantially avalanched, by injecting pellets, possibly shattered, counting on the
stopping power of the shards/pellets (in the following, we will use only the term ‘shards’
for concision)? REs will typically travel across shards. Each time they will do so, they
will lose a certain amount of energy. If this energy dissipation is fast enough compared
to the acceleration by the loop voltage and the population growth from the avalanche,
the formation of large RE beams might be avoided. But clearly, since RE seeds are
continuously produced, a continuous injection or repeated discrete injections would be
required.

The aim of this paper is to provide rough estimates to assess the feasibility of such
a scheme. We will first discuss in Section 2 the ‘degrees of freedom’ in the design of
the scheme, i.e. the different types of injections that can be envisaged. Then, we shall
analyze the 3 main conditions which are required for the scheme to work. The first
one is that shards should be able to stop RE seeds. This will be addressed analytically
in Section 3 and numerically in Section 4. The second condition is that shards should
be able to penetrate the forming RE beam, which will be discussed in Section 5. The
third condition, addressed in Section 6, is that the material possibly assimilated by the
plasma as a result of these injections should not make the CQ faster than tolerable.
Finally, Section 7 will summarize results and discuss priorities for future work.

2. Degrees of freedom

Since RE seed production is a continuous process, the injection scheme should be based
either on repeated injections or on a continuous injection, like shown schematically in
Fig. 1. In this figure, the repeated injections (left plot) correspond to successive SPI
from the Low Field Side (LFS) midplane, with a certain horizontal and vertical velocity
spread of the shards. Such repeated injections are in principle possible with the present
design of the ITER DMS. The continuous injection (right plot), on the other hand, is
more conceptual and harder to approach with the present ITER DMS design. It consists
in a steady beam of shards, also coming from the LF'S, with all shards assumed to have
the same, purely horizontal, velocity. Degrees of freedom common to both types of
injection are the time-averaged solid mass flux and the averaged velocity of the shards.
In the case of repeated injections, other degrees of freedom are the time delay between
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injections and the shards velocity spread.

Z (m)

R (m) R (m)

Figure 1. Schematic plots illustrating the concept of repeated (left) or continuous
(right) injection(s).

Another important degree of freedom, as we shall see below, for both the repeated
and continuous injection, is the size of the shards. Two limiting cases can be
distinguished: the case of ‘many small shards’ and the case of ‘a few large shards’,
as illustrated in Fig. 2. The key difference between these two cases is that in the
former, there is at any instant a number of shards intercepting a given flux surface
(during the passage of a shard cloud across that surface), while in the latter, there are
temporal gaps between shards passages. Note that the ‘few large shards’ case should
not necessarily be based on SPI but could also correspond to repeated injections of
non-shattered pellets.

The last important degree of freedom is the pellet material. In this paper, we
will consider pure hydrogen, neon or argon pellets since these are the species currently
envisaged for the ITER DMS, but the results presented could easily be generalized to
other species. The key trade-off is between stopping power and the risk to make the CQ
too short, both being much smaller for hydrogen than for neon or argon, as we shall see
below.

3. Can shards stop Runaway Electrons? Analytical estimates

Let us begin with analytical estimates to assess the possibility to stop REs with shards,
assuming the latter penetrate into the forming RE beam. To simplify expressions, shards
are assimilated to cubes of edge length 2r,, with the same r, for all shards. A RE is
typically energetic enough to travel across a shard. When it does so, it loses an energy
AFE = 2r¢p, where p is the stopping power of the shard (assuming, for simplicity, that
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Figure 2. Schematic illustratiions of the ‘many small shards’ (left) and ‘a few large
shards’ (right) cases.

the RE crosses the shard in a direction parallel to an edge). The averaged energy lost
by a RE per toroidal turn in this process is:

Eloss/turn = shard/turnAE (1)

where Ngyard/turn i the average number of shards encountered per turn. In order to
estimate Ngward/turn, in What follows we will assimilate RE drift surfaces to flux surfaces
and assume that the poloidal position of a RE after a certain number of toroidal turns
is equivalent to a random variable with a homogenous probability density over [0, 27]
(this assumption will be justified in Section 4.4).

The energy gained by a RE from the loop voltage per toroidal turn is:

Egain/turn = evioop . (2)

We will use the value Vjoop, = 1.1 kV, which is expected at the beginning of a CQ of
exponential time constant 66 ms (corresponding to a duration of 150 ms in the ‘usual’
definition which consists in taking the exponential decay time between 80 and 20 % of the
initial plasma current and dividing it by 0.6) for an initial poloidal flux of 75 V.s, which
is a typical value for an ITER 15 MA plasma (this accounts for the presence of the highly
conductive vacuum vessel) [10]. We chose here a CQ timescale in the upper range of
what is considered tolerable [1], which is favorable for the discussed RE depletion scheme
(on the other hand, we take Vioop at the beginning of the CQ, conservatively ignoring
the fact that Vi, decays during the course of the CQ). It should be kept in mind that
the results below are strongly sensitive to Vigop since Egain /tum is directly proportional to
it, considering that collisional drag should be negligible at relativistic energies (it should
be equivalent to an electric field E. = 0.075n,¢?/v? in V/m, where ny, is the background
electron density in units of 102° m~3, ¢ is the speed of light and v the electron velocity
[4], to be compared to Vipep/2mR ~ 30 V/m for Viee, = 1.1 kV) and that synchrotron
radiation drag (which scales like the electron momentum squared at high energies, see
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[3] and references therein) might become important only at energies of several MeV. A
CQ timescale at the low end of what is considered tolerable in ITER, i.e. an exponential
time constant of 22 ms [1], would increase Vi,op by a factor 3 and severely impact the
required quantities for the proposed scheme.

A first condition for a successful depletion of the RE seed population is:

Egain/turn <1 3)
Floss/turn
This condition is sufficient to fully stop REs in the case of a continuous injection
of many small shards. On the other hand, for repeated injections separated by gaps or
for the case of a few large shards, REs may re-accelerate during the time intervals when
no shards are passing (the acceleration time of an electron from rest up to 10 MeV,
neglecting any drag, is ~ 1 ms in ITER with V.o, = 1.1 kV). In these cases, another
necessary condition for success is thus:

faop (4)
U pass
where tg4op is the time it takes to stop a RE and £, is the time during which the
shard cloud (in the case of repeated injections with many small shards) or an individual
shard (in the case of a few large shards) passes across the surface where the RE is
located.
We shall now provide estimates for Egain /turn/ Floss/turn a0d Lstop/tpass for the case of
many small shards in Section 3.1 and for the case of a few large shards in Section 3.2.

3.1. Case of many small shards

In the case of many small shards, the number of shards which intersect a given flux
surface is Nyay > 2rsdN,/dry, where dN,/dry is the shard number density with respect
to the minor radial coordinate 7y, and the 2r factor is an estimate of the extension of
shards along the minor radius.

The fraction of the poloidal perimeter of the flux surface which is intercepted by a
given shard is fy >~ 2ry/(27ry), assuming flux surfaces have a circular cross-section. It
can be remarked that, due to the 1/r, factor, shards will brake REs more easily in the
core than at the edge. The average number of shards that a RE encounters per toroidal
turn is then:

22 dN,
7'('7"1/, drw ’

(5)

Nshard/turn = Ns@tﬁf@ =

resulting in an average energy loss per turn:

473p dN,
Ty dry

(6)

It thus appears that Eloss/tum < d(Nyr3)/dry, o< d(N,Vy)/dry, where V; is the shard
volume. In other terms, Foss/tum i proportional to the radial derivative of the total

Eloss /turn =~
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volume occupied by the shard population. This can be understood when considering
the problem from the point of view of shards instead of electrons. Indeed, shards are
permanently being travelled across by a RE flux of density cngrg (note that here we
assume, for simplicity, relativistic REs travelling at the speed of light) and ngg is the
RE density (assumed homogeneous). This corresponds to a power dissipation in each
shard equal to cnrgpVs. The radial derivative of the power dissipated in shards is
thus cnrepVidN/dry,. The power lost by each RE is approximately Fios/tumc/(27R),
where R is the major radius. Thus the radial derivative of the power lost by all REs
is Floss/tumC/ (2mR)dNgg/dry, with dNgg/dry = nge % 271y X 2rR. Equating the two
preceding expressions for the radial derivative of the power dissipated in shards, one
finds:

Visp dN,

Eloss/turn = o .
271’7’w d’f’w

(7)

Considering that, to obtain Eq. 6, we had assimilated shards to cubes of edge length
2r, and thus of volume 872, Eqs. 6 and 7 are consistent with each other. However, Eq.
7 is more general.

An important comment here is that Ejog/tum does not depend on the shard radius
Ts, i.e. the shard size distribution does not affect Eloss/tum (s long as the ‘many small
shards’ regime is valid).

Let us make first numerical estimations. Concerning the stopping power p, we shall
conservatively use the minimal value with respect to the electron energy, which is reached
near 1 MeV. This should suffice for the rough estimates we are aiming at here, since p
varies moderately (i.e. by 50% or less) with the electron energy in the range 1-10 MeV.
The minimal ESTAR stopping power is 3.8 MeV.cm? /g for hydrogen, 1.6 MeV.cm? /g for
neon and 1.4 MeV.cm?/g for argon [11] which, multiplied by the respective solid density
of these materials, gives 38 MeV/m for hydrogen and 230 MeV/m for both neon and
argon. Condition 3 thus corresponds to VidN,/dry > 5.3Vogm/m for hydrogen and
VsdNs/dry > 0.87Vogm/m for neon or argon, where Vogyy, is the volume of a large
ITER DMS pellet under the present design, i.e. of a cylinder of diameter 28 mm and
length 56 mm (Vogym = 3.4 % 107° m?). We will refer to these pellets as ‘28 mm pellets’
in the following. This means that the volume of shard material should correspond to
more than 5.3 (resp. 0.87) 28 mm pellets per meter for hydrogen (resp. neon or argon).

We shall now specialize the above expression for Ejges/tum to the case of a shard
cloud from a single SPI. In this case, dNs/dry, = Ng/Lciouwd, where Ny is the number of
shards in the cloud and L. is the radial extension of the cloud. The latter is related
to the velocity spread of the shards Awvy in the following way: Leoua = [Avs/(vs), where
(vs) is the average shard velocity and [ = ryy — 7y is the distance shards need to travel
to reach the flux surface under consideration from their initial position r = ry. Thus:

‘/spNs <U8> (8)

271y (rs0 — ) Avg
In the present ITER DMS design, 7y ~ a + 0.35 m, where a ~ 2 m is the plasma
minor radius [12]. Fig. 3 shows Egain/turn/ Floss/turn a8 & function of 7, for Av,/(v,) = 0.2

Eloss/turn =
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and for a hydrogen, neon or argon 28 mm pellet. It can be seen that a single hydrogen
pellet is not sufficient to brake REs everywhere in the plasma, although it is sufficient in
the very core and very edge, but two synchronized pellets should be sufficient. On the
other hand, a single neon or argon pellet should easily be able to brake REs throughout
the plasma, and one fourth of a pellet should be marginally sufficient.

For a 28 mm diameter ITER DMS pellet

1.5
E
3 1
g
ﬂ_ ——Hydrogen \
c ——Neon or Argon
=1
£
0.5
wl
0 1
0 0.5 1 1.5 2

r,(m)

Figure 3. Eguin/turn/FEloss/turn Tatio as a function of the flux surface minor radius
Ty, for Avg/(vs) = 0.2 and for a 28 mm hydrogen, neon or argon pellet shattered into
many small shards, taking the minimal (with respect to the electron energy) ESTAR
stopping power and considering that Vj,o, = 1100 V.

As discussed above, for the case of repeated SPI with gaps between shard clouds,
we should also estimate fsop/tpass: The stopping time, assuming that the RE travels
across many shards during the passage of the shard cloud, is:
2R ERE

" 0

c loss/turn gain/turn

where ERg is the initial kinetic energy of the RE. The time it takes for the shard

cloud to pass across a flux surface is:

tstop =

tpass = l@;d = (rs0 — m)ésv;. (10)
We thus have:

tstop _ 2T R Ergp 1 <vs>2' (11)

L pase ¢ Eloss/turn — Egain/turn "0 — Ty A

In the limit Eiogs/tum > Egain/tum, this simplifies to:

tstop -~ 4W2RTwERE<US>

12
tpass CNs ‘/sp ( )

Not suprisingly, tstop/tpass 1S proportional to (vs), meaning that slower shards are
beneficial for stopping REs. On the other hand, tsop/tpass is independent of Av,. This is
because both tgp and fp,s are proportional to 1/Awg: a cloud with less velocity spread
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is more ‘packed together’ and thus brakes REs faster due to its larger shard density, but
it also passes faster across the surface, and the two effects compensate each other.

Fig. 4 shows tgop/tpass for Erg = 10 MeV as a function of (vs) at r, = 1 m (i.e.
mid-radius) (left) and as a function of 7, for (vs) = 100 m/s (right) for a single 28 mm
hydrogen, neon or argon pellet. It appears that a neon or argon pellet easily fulfills
tstop/tpass < 1, while a hydrogen pellet needs to be slow enough and may be efficient
only in the core region (furthermore, the assumption Eiss/turn > Egain/turn does not hold
for such a pellet as we have seen above, so Fig. 4 is over-optimistic).

For a 28 mm diameter ITER DMS pellet, at r, = 1m For a 28 mm diameter ITER DMS pellet with <V > = 100 m/s
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Figure 4. tgiop/tpass (in the limit where Elog/turn > Egain/turn) for Erg = 10 MeV
as a function of (vs) at 74, = 1 m (i.e. mid-radius) (left) and as a function of ry for
(vs) = 100 m/s (right) for a single 28 mm hydrogen, neon or argon ITER DMS pellet
shattered into many small shards. The black horizontal line indicates tsiop/tpass = 1,
i.e. the limit above which REs are not fully stopped.

Note that Eq. 9 assumes that the RE travels at the speed of light, which is not

accurate for weakly relativistic REs, for which ¢ should in principle be replaced by the
RE velocity vgg in Eq. 9. It can however be noted that the ratio Frg/vrg increases with
the RE energy. Therefore, the stopping time of weakly relativistic REs is necessarily
smaller than that of highly relativistic REs, for which Eq. 9 is appropriate. It is thus
conservative to estimate tg, through Eq. 9 for highly relativistic REs. In Fig. 4, we
have assumed Frg = 10 MeV. This is at the high end of the energy spectrum of the
Compton scattering source, while tritium 3 decay produces much less energetic electrons
(< 18 keV) [5]. The above estimates should thus conservatively cover all seed REs from
Compton scattering or tritium £ decay. It is also plausible that energy-limiting processes
such as synchrotron radiation will prevent the RE energy from getting much larger than
10 MeV.
An important point, however, is that the above considerations are valid only if the RE
has time to travel across many shards during the passage of the shard cloud, which is a
key assumption of Eq. 9. It is essential to assess whether this is the case. The typical
time needed for a RE to hit a shard is:

2R N 7T2R7“¢
URENshard/turn  VRET2AN,/dry’

(13)

thit =
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where we have inserted Eq. 5 to obtain the second equality. Now, inserting dN,/dr, =
Ns/Lcloud - Ns/(<vs>tpass)a we get:
thit - 7T2R7“¢ <U3>

~ . 14
tpass URET'? Ns ( )

It can be noticed that, in contrast with fsep/tpass; the ratio thi/tpass depends on the
shard radius r,. Since N, o< r;2, we see that ty;/ tpass OC Ts, Which is logical: a smaller
shard radius implies a larger poloidal coverage by the shards and thus more frequent
interactions between REs and shards (but with a smaller energy loss per interaction).
As a lower bound for vgg, we take the critical velocity needed to run away. This velocity
may be estimated to [4] vip ~ (O.O75nb%)0'5c, where n,, is the background electron
density in units of 10?° m™3. Assuming n, = 1, a typical value for ITER (conservatively
not accounting for a possible density rise resulting from a massive material injection),
gives v§p =~ 1.5 x 107 m/s. Considering a 28 mm pellet with (v,) = 100 m/s, ry = 1
mm and r, = 1 m, one finds tn;;/tpass = 0.09, i.e. about 11 interactions with shards
during the passage of the shard cloud, validating the assumption made in Eq. 9 for
these parameters.

3.2. Case of a few large shards

Let us now consider the case of a few large shards. As in the previous section, we
shall begin by assimilating shards to cubes of side length 2r, for simplicity. When a
shard intersects a given flux surface, it occupies a fraction =~ 2r,/(27ry) of its poloidal
perimeter, which corresponds to the probability that a RE located on that surface passes
through the shard per toroidal turn. When multiplied by AE = 2rp, this results in:

Eloss/turn = (15)

If we now consider the more realistic case of spherical shards, the averaged value
of Floss/turm OVer the passage of the shard across the flux surface can be calculated by
integrating over the shard passage:

E N/QTS A(r? —2®)pde  Vip 2
lossftun == o 2mry 2r, 2@ wry

(16)

providing a more general expression for Ej/turn Which is consistent with Eq. 15.
Eq. 16 is also consistent with the expression obtained for the case of many small shards,
Eq. 7, replacing dN,/dr, by 2/(7rs).

The condition Egain/turn/ Fioss/turn < 1 can then be written:

s /37rr,ievloop’ (17)

which translates to r; > 8.3 mm for hydrogen and r; > 3.4 mm for neon or argon,
for ry, =1 m.
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The time it takes for a spherical shard to pass across a flux surface is tpas = 275/ 0s,
where vs is the shard radial velocity. We thus have, making use of Eq. 16 and
assuming again Fioss/turn > Fgain/tun and considering highly relativistic REs (which
can be justified by the fact that Frg/vrg increases with the RE energy, as argued in
the previous section):

3
Tstop T RERET s

: (18)

tpass  cVip
which translates to r, > 16 mm for hydrogen and r, > 8.6 mm for neon or argon,
assuming vy = 100 m/s. These shard radii are roughly twice larger than those found
from the condition Eguin /turn/ Fioss/tum < 1, thus justifying a posteriori the assumption
Boss/turn >> Egain/tum (n0te that Eiossturn < 72). It therefore appears that in the ‘few
large shards’ regime, shards indeed need to be quite large. Assuming that shards result
from the shattering of a 28 mm pellet, the requirement ry > 16 mm (resp. 75 > 8.6
mm) corresponds to no more than ~ 2 (resp. ~ 13) shards per pellet, which appears
difficult, if not impossible. Repeated injections of smaller non-shattered pellets may be
better suited for this purpose.

As for the case of many small shards (previous section), it is essential to note
that the above estimates assume a large number of interactions with the shard during
its passage across the flux surface, i.e. hit/tpass < 1, and this assumption should be
assessed. In the present context, we have:

thit ~ 7T2R7”1/,’US‘ (19)

tpass URETE

If we consider again vgg = vy ~ 1.5 x 107 m/s, vy = 100 m/s, ry, = 1 m, we find
thit /tpass =~ 4 X 107*/r2 implying that r; needs to be substantially larger than 2 cm for
the ratio thit/tpass to be small. This is larger than the radius found from Eq. 18, and
thus appears more restrictive. However, our estimate for ty;; is too conservative for the
vast majority of REs. Indeed, due to the o< 1/v3p decay of the collisional drag force,
and unless vgy is initially very close to v§p, @ RE which does not run into the shard will
reach velocities much larger than vgy in a time shorter than ¢,,s. For example, a RE
with an initial parallel velocity vgg = 1.0001vgy submitted to an acceleration by the
parallel electric field and a collisional drag from the background electrons reaches ~ ¢/2
in 5 x 107 s, which is much smaller than ¢y, ~ 2 x 107* s for r, = 1 ¢cm and v, = 100
m/s. If we replace vgg by ¢/2 in Eq. 19, we obtain ty;/tpass ~ 4 x 107° /72, and now it
appears that ry only needs to be substantially larger than 6 mm for the ratio tuit/tpass
to be small. For the parameters considered here, the condition tpi/tpass << 1 therefore
does not appear to be more restrictive than the condition tgop/tpass < 1.

4. Can shards stop Runaway Electrons? Numerical simulations

The above estimates are useful as a first approach to the problem, but they are based on
several simplifying assumptions. As a second step in our study, we will now introduce
more realistic, although still largely simplified, numerical simulations.
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4.1. Model description

For simplicity, REs are assumed to follow field lines. All shards are considered to be
spheres with the same radius r4, which remains constant in time. The model evolves by
discrete steps, each step corresponding to one toroidal turn made by the REs. At each
step, time is incremented by 27 R/vrg, where vgrg is the RE velocity from the previous
step (each RE has its own time), and the poloidal angle of the electron is incremented by
271 /q, where q is the safety factor. Then, the position (Rgg, Zrg) of the RE in Cartesian
coordinates is calculated and the RE energy is incremented by:

N
AERp = eViop —p D d; (20)

is=1

where d; = 2\/max(r§ — (Rgrg — Rs(is, 1)) — (Zrg — Zs(is,1))?,0) is the distance
travelled across each shard, with (R(is,t), Zs(is, t)) the position of shard i, at time t.
However, the RE energy is not allowed to get larger than 10 MeV, which is a simplified
way to account for energy-limiting processes such as synchrotron radiation. The new
RE velocity is then calculated from its updated energy by vgg = ¢ X /1 — 1/42, with
v = Egg/(m.c?), m. being the electron rest mass.

We consider two types of magnetic geometries. The first one has flux surfaces of
circular cross-section with the poloidal angle in straight field line coordinates 6* taken
to be the geometrical angle (the toroidal angle also being the geometrical one). The
second geometry is from a realistic JET equilibrium scaled up to the size of ITER. Fig.
5 shows these 2 geometries.

Figure 5. Geometry of the circular (left) and realistic (right) equilibria used for
numerical simulations. Lines show iso-contours of the poloidal flux and of the straight
field line poloidal angle (taking the geometric angle as the toroidal angle). In the right
figure, red dots indicate the starting positions of the REs in the simulations described
in Section 4.3.
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4.2. Testing analytical predictions

Fig. 6 shows the minimal energy reached by a RE located on the r, = 1 m surface over
the passage of either a cloud of 1000 shards resulting from the shattering of a 28 mm
pellet, representative of the ‘many small shards’ case (left), or a single shard of radius
1 cm, representative of the ‘few large shards’ case (right), as a function of the (mean)
shard velocity, and for the circular (blue) and realistic (red) equilibrium geometries. The
material is neon or argon in both cases. Vertical lines indicate the threshold velocity
above which REs would not be stopped according to our analytical estimates, see Eq.
12 and 18. It can be seen that the analytical estimate works quite well for the circular
geometry, for both ‘many small shards’ and ‘a few large shards’, but overpredicts the
critical velocity for the realistic geometry. This is partly a consequence of the fact
that in our analytical estimate, we have under-estimated the poloidal perimeter of the
flux surface by using 27r,. In addition, it can be guessed from iso-0* lines in Fig. 5
(right) that the 6* of a field line after a random number of toroidal turns does not
have a homogeneous probability density over [0,2x], and in particular has a smaller
probability density near 6* = 0 (where shards are located), especially for flux surfaces
in the outer part of the plasma. These two effects tend to reduce FElggs/tum and thus
increase tgop/tpass, qualitatively explaining observations. It can be noted in Fig. 6 that
the minimal energy reached by the RE as a function of the (mean) shard velocity presents
large fluctuations. These are of statistical nature and are related to the relatively modest
number of interactions with shards.

28 mm Neon or Argon pellet, N_ = 1000 . Single Neon or Argon shard of radius 1 cm
8
—=—Realistic
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Figure 6. Minimal energy reached by a RE located on the r, = 1 m surface over the
passage of either a cloud of 1000 shards resulting from the shattering of a 28 mm pellet
(left) or a single shard of radius 1 cm (right), as a function of the (mean) shard velocity.
The material is neon or argon in both cases. The vertical lines indicate the critical
(mean) shard velocity for stopping REs according to Eq. 12 (left) and 18 (right).

4.3. Injection parameters allowing to stop Runaway Electrons

In order to seek injection parameters allowing to stop REs, we use simulations in realistic
geometry with REs initialized at 3 radial positions equally spaced between /1, = 0.05
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H | Ne | Ar Unit
Many small shards, continuous | 6 | 0.9 | 0.9 # of 28 mm pellets/m
Many small shards, repeated 5 109109 # of 28 mm pellets/injection
Single shard, repeated 1.5 ] 0.3 | 0.3 | Shard volume converted into # of 28 mm pellets

Table 1. Required injection rate to stop REs for a(n) (averaged) shard velocity of 100
m/s (see text for details)

and v/, = 0.8, where ¥, = (¢ — Yazis)/(Vbna — Yawis) is the normalized poloidal
magnetic flux (¢g.;s and 1y,q being the poloidal flux on the magnetic axis and at the
last closed flux surface) and at 3 poloidal positions equally spaced in §* between 0 and
2. The initial positions of the REs are indicated by red dots in Fig. 5 (right). We do
not consider REs beyond 1/4,, = 0.8 because as one approaches the LCFS, REs become
more and more difficult to stop, probably (mainly) because of the above-mentioned 6*
effect. RE formation might be avoided in the edge region by applying resonant magnetic
perturbations [14].

For the case of many small shards and a continuous injection, we consider a shard
size corresponding to a 28 mm pellet shattered into 1000 shards. We find that the
threshold in terms of solid material volume per unit length (recall the discussion below
Eq. 6) to stop REs is equivalent to about 6 (resp. 0.9) 28 mm pellets/meter for hydrogen
(resp. neon or argon). These values are close to analytical esimates from Section 3.1,
which may seem surprising since we have seen above that analytical estimates tend to
be over-optimistic. This is explained by the fact that in the simulation considered here,
the beam of shards extends across the whole plasma, meaning that it intersects each flux
surface twice, whereas the analytical estimate takes into account a single intersection.

For the case of many small shards and repeated discrete injections, we consider the
simultaneous injection of a certain number of 28 mm pellets, each shattered into 1000
shards, with an averaged shard velocity (vs) = 100 m/s and a relative shard velocity
spread Avg/(vs) = 0.2. We find that the threshold number of pellets to stop REs is
about 5 (resp. 0.9) for hydrogen (resp. neon or argon).

For the case of a few large shards, we consider a single shard launched from the LF'S
midplane and travelling across the plasma at v, = 100 m/s. We find that the threshold
shard radius for stopping REs is about 2.3 cm (resp. 1.4 cm) for hydrogen (resp. neon
or argon), which corresponds to about 1.5 (resp. 0.9) times the volume of a 28 mm
pellet.

The injection rates required to stop REs found in the different cases above are
summarized in Table 1.

4.4. Effect of rational surfaces

It may be expected that some REs located on low order rational surfaces will remain
outside the region where shards pass. While this is clearly true exactly on a rational
surface, a more important question is up to what distance from the rational surface this
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remains true. To address this question, Fig. 7 shows the minimal energy reached by
REs during the passage of the shard cloud, as a function of the RE radial position, for
a case with 3 large hydrogen pellets with (vs) = 200 m/s. REs are initialized away
from the region where the cloud passes. The vertical line indicates the position of the
q = 2 surface. It can be seen that indeed, REs initialized around ¢ = 2 are not braked
at all, but this is true only up to a radial distance smaller than 10~* of the minor
radius. This is because magnetic shear, combined with the fast velocity of REs, causes
a strong precession in #* of the REs in a given poloidal plane over the duration of the
cloud passage. With an axisymmetric magnetic field, rational surfaces therefore do not
seem to pose a major threat to the proposed scheme. On the other hand, the existence
of magnetic islands in the plasma could pose a problem since the helical transform is
constant inside the islands. This question is left for future work.
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Figure 7. Minimal energy reached by REs during the passage of the shard cloud, as a
function of the RE radial position. The vertical line indicates the position of the ¢ = 2
surface.

5. Can shards penetrate into the Runaway Electron beam?

As is well known from present experiments, a large RE population is capable of
vaporizing solid pellets very efficiently. The considered scheme can work only if the
RE population always remains sufficiently small that shards can easily travel across the
RE beam without being vaporized (on the other hand, we assume that melting would
not be an issue). The energy deposited by REs into a given shard during its travel
across the plasma is, per unit volume:

o = 2T (21)

eV

where ji¢d is the RE seed current density and G,, is the avalanche gain. The

‘no vaporization’ condition can be written Epeat K Evap, Where & is the shard
vaporization heat per unit volume, which can be converted into a condition on Gl .
Since Gay = exp(At/te_foq) With te_g1q the avalanche e-fold time and At the time
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H Ne | Ar
Many small shards, repeated | 1000 | 180 | 180
Single shard, repeated 300 | 60 | 60

Table 2. Required injection rate for shards to be able to penetrate, in equivalent
number of 28 mm pellets/s (see text for details).

during which the avalanche is free to develop, which in the present case is the temporal
gap between (clouds of) shards, one can deduce a condition on At.

In ITER, the RE seed current from tritium § decay and Compton scattering is
expected to be in the Ampere range [10], such that ji&d ~ 0.1 A/m?. Considering that
the poloidal flux variation corresponding to an avalanche e-fold is ~ 2.3 V.s [10] and
that Vieop = 1.1 kV, we have te_toq =~ 2.1 ms. Introducing the value of &,,,, which
is ~ 19, 120 and 260 MJ/m? for hydrogen, neon and argon respectively, we estimate
that the At corresponding to vaporization is about 10 ms for all three materials. If
we require for example a margin to vaporization (in terms of deposited energy) by a
factor 10, the maximum allowable temporal gap between (clouds of) shards is about 5
ms, corresponding to an injection frequency of 200 Hz. If we multiply the quantities
per injection required to stop REs given in Table 1 by this frequency, we obtain the
injection rates given in Table 2.

The case of a continuous injection of many small shards does not suffer from a
requirement related to shard penetration, since RE seeds would be constantly depleted,
such that the RE population would always remain far too small to vaporize shards (in
addition, REs would not have the possibility to reach large energies). The linear density
of pellet volume required to stop REs with this scheme (given in the first row of Table 1)
does not depend on (v,), while the injection rate is proportional to 1/(vs). If we assume
(vs) = 100 m/s, we obtained required injection rates equivalent to 600 (resp. 90) 28
mm pellets/s for hydrogen (resp. neon or argon). Comparing these numbers to those
in Table 2, it appears that for a strategy based on the injection of many small shards,
a continuous injection requires a roughly twice smaller injection rate than a repeated
injection, but required injection rates appear quite large in all cases. With a strategy
based on a few large shards, the required injection rate are a bit smaller.

A delicate point is that shards take time to reach the center of the plasma. For
example, at 100 m/s, they would take about 20 ms, which is much longer than the 5
ms allowable temporal gap found above. This suggests that one cannot afford to wait
for the beginning of the CQ to start injections (unless magnetic stochasticity persists
and deconfines REs for a long enough period, which is presently uncertain). A possible
solution which would need to be explored is to rely on left-over shards from pre-TQ
injections.
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6. Effect of potentially ablated material on Current Quench timescale

The last critical aspect to consider in order to assess the feasibility of the proposed
scheme is that if too much of the injected material is assimilated by the plasma, the
CQ could become shorter than tolerable. Fig. 8 shows how the assimilation of a certain
number of hydrogen (left), neon or argon (right) 28 mm pellets is expected to affect the
CQ exponential timescale, 7cq. Red lines indicate the minimal and maximal tolerable
values of 7cq. As in [5], we estimate the latter as 7cq ~ La®/(2Ron). We assume a
plasma self-inductance L = 5 pH (corresponding to the above-mentioned 75 V.s, which
accounts for the presence of the highly conductive vacuum vessel, divided by 15 MA),
a minor radius ¢ = 2 m and a major radius Ry = 6 m. The resistivity is calculated as
N =28x10"8X Zeg/T>/? with T, in keV and Zeg = (1 + Nimp Zet imp ) / (7 + Mimnp (2 Yimmp ) -
Here, (Z)imp is the averaged charge of the impurity, i.e. (Z)imp = >k Zimp kMimp k/Mimp»
where the sum is over charge states of the impurity, and Zeg imp is the effective charge
of the impurity, i.e. Zegimp = >k NimpkZ/ ({2 )impnimp). These quantities are functions
of T, obtained from ADAS data [13] assuming coronal equilibrium. The electron
temperature is calculated from the power balance between Ohmic heating and radiative
losses: nj? = NeNimp Lrad, Where ne = neg + (Z)impNimp, Meo representing the electron
density associated to the main ions. We assume j = 1 MA/m?. The radiative cooling
rate L;,q is a function of T, calculated from ADAS data assuming coronal equilibrium.

It appears that for hydrogen pellets (left plot in Fig. 8), 7cq is not strongly
sensitive to the number of assimilated pellets. Typically, up to about 10 pellets could
be assimilated while remaining within the tolerable 7¢q range. A caveat of our model is
however that hydrogen radiation is not included, which could make a key difference and
lead to plasma recombination for large amounts of assimilated material, as found in [9)].
On the other hand, for neon or argon pellets, 7¢q is much more sensitive to the number
of assimilated pellets. With the chosen parameters, the maximal tolerable amount of
assimilated material is equivalent to about 1% (resp. 3%) of a 28 mm pellet for argon
(resp. neon).

These tolerable amounts of assimilated material should be compared with
predictions of the ablated quantities. However, ablation rate scalings, like provided
in [15] for example, are not valid at typical CQ electron temperatures [16]. Future work
should thus be devoted to modelling pellet ablation during the CQ.

However, even if ablation is sufficiently small, after travelling across the plasma,
shards would hit the first wall and an important question is whether this could lead to
material coming back towards the plasma, either in the form of gas, solid or liquid, and
whether this could lead to more material assimilation.

7. Summary and outlook

Table 3 summarizes the injection rates required for shards to penetrate and stop REs
(combining information from Tables 1 and 2). The unit used in this table is the
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Figure 8. Current Quench exponential timescale as a function of the number of 28
mm pellets assimilated by the plasma, for hydrogen (left) and neon or argon pellets
(right). The initial plasma is supposed to have an electron density of 102 m~3 and,
in the case of the hydrogen pellets, also neon or argon impurities whose densities are
indicated in the legend.

H | Ne | Ar
Many small shards, continuous | 60 | 9 | 9
Many small shards, repeated | 100 | 18 | 18
Single shard, repeated 30 | 6 | 6

Table 3. Required injection rate for shards to penetrate and stop REs, in terms of
equivalent number of 28 mm pellets over 100 ms (see text for details).

equivalent number of 28 mm pellets that would need to be injected over a duration
of 100 ms, i.e. roughly over the CQ duration. Note that the ‘many small shards,
repeated’ case is probably the most relevant one for the present ITER DMS design since
it is closest to what would be obtained with repeated SPI. Required pellet numbers are
large, especially for hydrogen pellets for which they are beyond the capability of the
present ITER DMS design (which cannot inject more than 24 pellets of 28 mm). On
the other hand, for neon or argon, required numbers may be within reach, although
technical aspects would need to be investigated.

Table 4 summarizes how many 28 mm pellets could be assimilated before the CQ
becomes shorter than the lower bound set by electromagnetic loads (see Fig. 8). Note
that another limit on material assimilation, which has not been addressed here, is set
by the need to avoid ‘doing more harm than good’ in terms of RE generation and
acceleration through increasing the electric field and adding partly ionized impurities to
the background plasma. It can be seen that the assimilation limit due to electromagnetic
loads is extremely small. For neon or argon in particular, there are more than two orders
of magnitude difference between numbers in Tables 3 and 4, meaning that the assimilated
fraction has to be smaller than 1%. The assimilation limit due to RE generation and
acceleration is probably no more drastic than that, in an order of magnitude sense. The
development of pellet ablation models in CQ plasmas, as well as experiments on SPI
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H Ne | Ar
Max. # of assimilated 28 mm pellets for acceptable 7¢¢ | 5-10 | 0.03 | 0.01

Table 4. Maximum number of 28 mm pellets which could be assimilated before the
CQ becomes too short.

during the CQ in present machines, would help assess whether such a low assimilation
rate could be achieved.

Another aspect which needs to be looked into is the effect of the vertical plasma
motion during the CQ. One should ensure that shards do not ‘miss their target’ as a
result of this motion. An injection scheme ensuring a wide angular dispersion of the
shards would be helfpul in this respect. Also, as noted above, the effect of magnetic
islands should be investigated since they may result in some REs never interacting with
shards.

Yet another question is what would happen to the plasma current. If shards are
present in sufficient numbers to stop RE seeds, one may wonder if they might not
also stop the current carried by the thermal electrons, which could have deleterious
consequences e.g. in terms of electromagnetic loads. A direct blocking of the current on
a macroscopic level can however be excluded because the large inductance of the system
would imply breakdown in the shards before the current is suppressed [17]. Still, the
presence of the shards might increase the global resistance and thereby decrease the CQ
timescale. This question is left for future work.

It is important to stress that in the present study, we have considered only hydrogen,
neon or argon as candidate materials in order to match the capabilities of the present
ITER DMS design. However, thinking of a possible ITER DMS upgrade for the nuclear
phase, other materials could be considered. A particularly interesting suggestion from
Nick Eidietis would be to use small tungsten (W) pellets or grains coated with a low
Z material. These would combine the large stopping power and vaporization energy of
W with a weak effect on the CQ timescale from the ablation of the low Z material, and
thus appear as an ideal solution. Of course, technical aspects would need to be assessed,
like the formation and injection of such pellets or the effect of their impact on the wall
after travelling across the plasma.

Finally, it would obviously be good to test the proposed scheme in present devices.
This however requires a scenario that reliably produces very small, and at the same
time measurable, RE populations during the CQ, which is a challenging task. This
difficulty is related the large gap that separates ITER from present devices in terms of
RE physics (especially during the nuclear phase, which is expected to combine small
continuous seed generation with a very large avalanche gain), a gap that is hard to fill
other than by theory and modelling.
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