Passive runaway electron suppression in tokamak disruptions
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Abstract

Runaway electrons created in disruptions pose a serious problem for tokamaks with large current.
It would be desirable to have a runaway electron suppression method which is passive, i.e. a method
that does not rely on an uncertain disruption prediction system. One option is to let the large
electric field inherent in the disruption drive helical currents in the wall. This would create ergodic
regions in the plasma and increase the runaway losses. Whether these regions appear at a suitable
time and place to affect the formation of the runaway beam depends on disruption parameters,
such as electron temperature and density. We find that it is difficult to ergodize the central plasma
before a beam of runaway current has formed. However, the ergodic outer region will make the
Ohmic current profile contract, which can lead to instabilities that yield large runaway electron

losses.
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I. INTRODUCTION

The greater the plasma current is before a disruption, the more efficiently the avalanche
runaway mechanism can convert it into a beam of runaway electron current [1-3]. Runaway
electrons therefore pose a serious threat to the operation of future tokamaks with large
current, such as ITER. The kinetic energy of the runaways is sufficiently high (tens of MeV)
that the runaway beam can cause severe damage if it impacts on the vessel due to loss of
position control. Moreover, as the runaway electron beam drifts toward the wall and is
“scraped off” against it, a substantial part of the energy contained in the poloidal magnetic
field can be transferred to the runaway electrons, thus further increasing their capacity for
damage [4]. It is therefore essential to have a disruption mitigation system that efficiently
reduces the runaway generation.

The two experimentally most studied mitigation concepts are massive gas injection and
pellet injection. The strategy in both these techniques is to inject a large amount of material
in order to cool the plasma in a controlled way before a natural disruption would otherwise
have taken place. Such controlled shut-down scenarios can significantly reduce the problems
of non-uniform wall heat loads during the thermal quench phase and large vessel forces due
to halo currents in the current quench phase [5-8]. In addition, the goal is that the injected
material should raise the electron density to a high enough level to prevent runaway electron
generation. However, before material injection can be used as a reliable means to suppress
runaways in [TER-size tokamaks, there are several issues that need to be resolved. This
concerns for instance how to achieve a suitable deposition profile of the appropriate materials
inside the plasma. Moreover, the shear amount of material that needs to be introduced for
complete runaway suppression poses a problem in ITER in particular because of vacuum
pump limitations and extreme heat loads on the wall [9]. A further concern is that it is
necessary to predict that a natural disruption is about to happen early enough, in order to
initiate the controlled shut-down process before the disruption. This is indeed a non-trivial
task [10], and it would be advantageous if the runaway suppression did not rely on this
requirement.

In the present paper we investigate the possibility to use a passive technique to suppress
runaways in disruptions. The idea, proposed in Ref. [11], is to construct the wall in such a

way that any toroidal current it carries is forced to take a helical path. The large toroidal



electric field induced in a disruption then drives helical currents in the wall, creating magnetic
islands in the plasma, which if they have sufficient overlap lead to ergodic regions and
enhanced runaway losses. If the losses are large enough to balance the avalanche gain, large
runaway currents can be avoided.

The helical wall structure would not affect the normal discharge because the toroidal
electric field in the highly conducting pre-disruption plasma is very small (less than a tenth
of a volt in ITER). The wall, with its lower conductivity, thus carries a very small current
during the main discharge phase. In contrast, the loop voltage in the disruption is expected
to be a hundred to a thousand volts, which gives a considerable wall current and large
magnetic perturbations. One concern is that the plasma start-up phase could be negatively
affected by helical wall currents, but it was noted in Ref. [11] that this will be a limited
problem, because the ramp-up loop voltage is small (in ITER of order of a volt). In addition,
the error field control coils could be used to compensate what little asymmetric field is driven
by the start-up voltage.

The proposed technique would only address the runaway electron problem. To mitigate
the heat load other methods would be required, e.g. gas or pellet injection. Large vessel
forces could potentially also be an issue for the proposed passive method. However, the
currents that are induced in the vessel during a disruption are large whether they are chan-
nelled in a roughly pitch-resonant path with the magnetic field or not. Channelling the
currents into a roughly pitch-resonant path, as needed for magnetic surface break up, does
not increase the forces on the vessel. Indeed, the forces would vanish if the currents were in
exact pitch resonance. Moreover, since the vessel forces are related to the designed helical
current paths in the wall, one can in principle calculate how the forces are distributed and
construct the wall to withstand them.

A potential advantage with the proposed scheme could be that even if the other mitiga-
tion techniques fail, runaways will still be affected by the passive system, since the necessary
electric field to drive the helical wall currents is inherently present in the disruption. The
present study will show that it may not always be possible for the passive runaway sup-
pression scheme to create island overlap regions in the central part of the plasma (where
the runaways are created) in time to prevent a significant runaway current. However, the
outer half of the plasma easily becomes ergodized, and the Ohmic current channel therefore

contracts, which may lead to MHD instabilities that flush out the runaway electrons.



The passive runaway suppression strategy has similarities with the use of resonant mag-
netic perturbation (RMP) coils, in that both methods make use of currents outside the
plasma to perturb the magnetic fields and inflict runaway losses. Both techniques also have
to deal with the problem that magnetic islands form most easily at low order rational sur-
faces, which are initially very rare in the central part of the plasma, where runaway electrons
tend to be created [12]. However, the helical currents driven by the disruption electric field

in the passive scheme can be much larger than the currents used in RMP coils.

II. MODEL

To assess the theoretical feasibility of the proposed scheme, we use a simple cylindrical
model for the plasma and the surrounding conductors as shown in Fig. 1. The evolution of
the current profile is followed using the code presented in [13], which calculates the evolution
of the toroidal electric field £ and the runaway density when there is a prescribed sudden

drop in conductivity o (e.g. a disruption). Inside the plasma, the induction equation
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is solved, where the current j = o F + n,yec consists of an Ohmic and a runaway electron
part. The velocity space distribution of the runaway electrons is not modeled in detail.
Only the total density of runaways n.,(r,t) is considered, and this density changes in time
according to the well-known Dreicer [14] and avalanche generation rates [1]. In the present
context, the calculation of the runaway density is only interesting in so far as it shows
when the runaway current would have become a significant fraction of the original plasma
current if no losses were to occur. Before this time, the aim is to create enough magnetic
perturbations to cause the runaways to leave the plasma.

In the cylindrical model geometry in Fig. 1, the plasma radius is 7 = a and the helically
conducting wall is situated at r = b. Since E varies linearly with Inr in vacuum in a
cylindrical model, an ideally conducting wall is required at some outer radius r = ¢, which
is taken to be of the order of the tokamak major radius. At r = b, a toroidal current is

induced, for which the poloidally averaged surface current density I, is given by Eq. (1) as
iy laE]
b Y
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FIG. 1: Cylindrical model geometry

where the brackets denote a jump [z], = z(r = b") —z(r = b7). Equation (2) together with
the vacuum variation of the electric field yield a relation between E, 0F/0r and OE /0t at
r = a. This relation is the boundary condition for the cylindrically symmetric part of the
numerical calculation, which solves Eq. (1) inside the plasma using a Crank-Nicolson scheme

to step forward in time on a radial grid.

A. Helical wall currents

We want to create magnetic fields inside the plasma with several different poloidal and
toroidal harmonics m and n, and study whether the ensuing islands overlap. Not taking
technological constraints into account, we of course have a lot of freedom in how to design the
wall to achieve this, but we limit ourselves to simple geometries. A very simple helical wall
structure, where the current follows straight lines in the (6, ¢)-plane would only give islands
at one rational surface. In order to obtain perturbations at several m and n, it is necessary
to make the helix undulate or wiggle somewhat. In practice, such an irregular helical path
would be unavoidable because of the many ports in the vessel. The current density at r = b
can be written as j = 0(r — b)Vk x Vr, where (0, ¢) is the current potential. To create
the necessary toroidal and poloidal “sidebands”, we let the current potential be a function

k(§), where ¢ is defined as

£ = N(¢+ asing) — M (6 + Bsinb). (3)



One can in general write x as
o
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where the kg term is responsible for the net toroidal current. For simplicity, we only keep

one term in the expansion, so that
. L -7 . .
k= Kok + ige +c.c.) = Ko + Ky siné. (5)

Furthermore, to ensure that the toroidal current density
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is positive in our model we must have |3] < 1 and k1 < kg. We choose k; = Ko, so that
there are separate current paths delineated by lines of zero current, which could correspond
to slits or insulating bands made in the wall to guide the current. A Fourier decomposition

of k in 6 and ¢,

k= ko + (Z K€ 0 4 c.c.) , (7)
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yields the coefficients
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From Eq. (7) we now obtain the toroidal surface current density
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where the helically varying contributions to the surface current densities are
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and the net toroidal current in the shell is I, = 27bly, = 27koM. We neglect the effect

of the term in Eq. (9) proportional to cosé, because we consider a cylindrical model. In
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reality, such an asymmetric current would shift the plasma towards the wall, and the closer
proximity to the helical currents would then make it easier to break up the central magnetic
surfaces than what follows from the present analysis. Figure 2 shows the current density
for an example set of parameters M = 3, N = 2, a = 0.5, = 0.9, which is used as a
reference case in the calculations. The values of a and 3 were chosen to give a relatively
large undulation to the £ =constant contours (see Fig. 2b), while keeping df/d¢ > 0. In
a more realistic situation, one would need to chose the current paths in the vessel so as to
avoid too large forces on the structure. The force per wall area for the current potential (5)
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which can be as high as ~ BI,(1+a)N/(mMR), but in the limit of small o« and 5 and M/N =~
q(b) the force vanishes because the current is parallel to the magnetic field. There is a trade-
off between producing islands at many rational surfaces, which requires large undulation
of the current paths, and keeping the forces small, which requires small undulation. This
may be alleviated in a more realistic geometry, where the plasma shaping helps to couple
different poloidal mode number components of the perturbed magnetic field together [15],
which reduces the need for current path undulation.

The currents are driven by the electric field E calculated in Eq. (1). It is assumed that
helical electric field components are much smaller than the symmetric component F| so that
the m, n perturbation does not cause any feedback to itself by inducing currents in the wall.
The helical currents I,,, are therefore directly proportional to E. The wall is modeled as a
thin cylindrical shell with conductance oy, and thickness d. The thin shell approximation
is valid when d is smaller than the skin depth in the current quench (which for steel is
~5—10 cm in JET and ~ 10 — 20 cm in ITER). The symmetric part of the surface current

density becomes Iy = oyand E (b), and the m,n component is therefore

Lymn = Owand E(b)%t}nw (Na) Jpns (MB). (12)
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FIG. 2: a) Normalized surface current j4(6,¢) for the example case M = 3, N = 2, a = 0.5,

B =0.9. b) Corresponding zero current (§ = 7) contours.

B. Magnetic field

The helical currents in the wall lead to helical fields in the plasma, which are here modeled
using the magnetic vector potential (rather than the electric field as was done in Eq. (1)
for the symmetric component). The toroidal component of the magnetic vector potential is

expressed as

A= Z Apn (1, 1) cos(mb — no). (13)

m,n

In the plasma, the vector potential obeys the following differential equation
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where ky = uoj/B, see e.g. Ref. [16]. In the last term, which is singular at the rational
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surface radius ry where m = ¢(r5)n, we make the approximation
1 N n/m—u
n/m—u  (nfm—1)2+A2°
where ¢ = 1/q and A,,, is related to the island half-width §,,, through A, = 0., dc/dr|,..

(15)

The fact that the cold post-thermal quench plasma is highly resistive implies that the islands



have all reached their saturated half-widths [16]
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=4/ — ) 1
Omn \/ rB |du/dr (16)

Since this half-width depends on the solution A,,, to Eq. (14), the approximation (15) must

be made iteratively.

In the vacuum regions, the singular term is absent in Eq. (14) and the solutions are
Apn = Cr™™ + Dr™. The boundary condition A,,, = 0 at r = ¢ and the jump condition
tolsmn = —[0Amn/Or]y at r = b yield the following relation between A,,, and 0A,,,/0r at
the plasma edge

_/~L0[smn =
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The evolution of island sizes is determined by numerical solution of Eq. (14) inside the
plasma with Eq. (17) as boundary condition. In the present simulations, radial transport of
runaways due to the perturbed magnetic fields is not included, but as we will see, one can
draw several important conclusions without including this effect. This is because the main
difficulty is to generate the island overlap regions where the runaway electrons are. Once

this hurdle has been overcome, one can begin to study how large the losses would be.

III. RESULTS AND DISCUSSION

In a disruption simulation, we mimic the thermal quench phase of the disruption by
prescribing the plasma temperature to fall exponentially to a small value Tg,,; = 10 eV on
a short time scale (1 ms in the case of JET). On this time scale, the resulting decrease in
conductivity o cannot be compensated for by resistive diffusion, i.e., by the left-hand side of
Eq. (1), so a high electric field is induced. On the longer, resistive time scale of the plasma
~ a*ppo, the electric field diffuses according to Eq. (1), and the Ohmic plasma current
quenches. The resistive time of the wall is even longer (~ poowandbln(c/b)), so initially,
the part of the lost Ohmic plasma current which is not replaced by runaway current will be
driven as the current [, in the wall. On the resistive time scale of the wall, the wall current

I, is eventually replaced by a current I. in the outer conductor at r = c.
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These current dynamics can be studied in Fig. 3a for a simulation with the JET-like
parameters [y = 1.9 MA, B=35T, n, =3-10" m™3, Thpa = 10 eV, d =5 cm, R = 3 m,
a=1m, b=13m and c =3 m. Figure 3a shows that without losses, the runaway current
becomes significant at around 6 ms, so ideally the desired runaway loss mechanism should
become active before that. Otherwise, the peaked runaway current profile in Fig. 3b will
result.

The helical current density components Ig,,, in the wall are proportional to I, and the
solution of Eqgs. (14-17) with Iy, in the boundary condition (17) results in the islands
indicated in Fig. 3c. In the first millisecond we do not display any islands, because the
plasma is still hot and the island saturation time is not short compared to the other time
scales, invalidating the use of Eq. (16). Moreover, it is likely that the thermal quench
is caused by large internal islands, which should then, in principle, be included in the
simulation. These pre-existing islands could make it easier for the externally generated non-
axisymmetric fields to ergodize the plasma. However, after the temperature drop, the initial
islands can be expected to quickly decay away on the Rutherford time scale, so we do not
consider them here.

One sees that, in the Fig. 3 example, island overlap regions start to form at around the
time when the runaway beam current appears, but only in the outer half of the plasma
because of the higher density of rational surfaces there. Later, when the runaway current is
larger, a ¢ = 1 surface appears, and a more centrally situated island forms. The Poincaré
plots in Figs. 3d and e at the times ¢ = 5.3 ms when I,,,/Ip = 1% and at 6.8 ms when
Lun/Io = 15% of the initial current, respectively, also indicate that the central region,
where the runaway electrons appear, does not become ergodic. This example is therefore
discouraging for the use of this type of passive mitigation scheme.

However, the simulation result is sensitive to input parameters such as, for instance, the
electron density. It is interesting to vary this parameter in particular, since injection of
gas or pellets (which may be necessary for mitigation of heat or mechanical loads) would
increase the electron density. The slightly higher density n, = 5 - 10 m~3 chosen in
Fig. 4, yields a higher ergodicity in the inner plasma when the runaway current has reached
appreciable levels (an increased Ty, gives similar results). The reason is not only that the
higher density results in a lower runaway current, but also that it appears at a later time

when the wall current has increased and created ergodic regions, see Fig. 4a. Perhaps even
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FIG. 3: a) Evolution of Ohmic current, runaway current and wall currents at » = b and r = ¢.
b) Initial current density profile (red), q profile (red dashed) and post-CQ runaway current profile
(black). The little bump was added to the initial current profile to avoid an unstable m = 2,n =1
mode. c¢) Rational surface positions (dash-dotted) and corresponding islands (solid). Only islands
with 0, /a > 5-1072 are shown. Colors (online) represent m = 1,2,3... as blue, green, red, cyan,
magenta, yellow, black.... d) and e) Poincaré plots at the times when I u,/Iy = 1% and 15%

respectively. Different colors (online) represent different field lines.

more importantly, the lower primary generation leads to a more peaked radial profile of the
runaway current [13] and the rational surfaces therefore move closer to the center. However,
the potential increase in runaway losses this could lead to is counteracted to some extent by
the fact that the runaways are also more centrally located.

The outcome also depends on the helical structure of the wall. Figures 5a and b show
the islands for the same case as in Fig. 3 but with M =2, N =1and M =1, N = 1,

respectively. In general, lower M and N tend to yield fewer but larger islands. At times
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FIG. 4: The same as Fig. 3 but with n, = 510! m=3.

when the peaked runaway current has already formed and resulted in the appearance of a
g = 1 surface, one sees that the M = 1, N = 1 option creates the largest island overlap
region. However, before the runaway current becomes significant, only the outer half of the
plasma becomes ergodic, regardless of M and N. (We note that the stability properties and
the calculated island size at ¢ = 1 are not very accurate in a cylindrical model.)

The parameters o and [ in our simple wall current model are responsible for creating
islands at sufficiently many rational surfaces. If these parameters are chosen too small,
mostly the the ¢ = M/N surface is affected. Another geometric property that can affect
the size of the chaotic regions is plasma elongation. This effect is not studied in the present
paper, but it has been seen in other works that elongation tends to enhance runaway losses
[17].

One effect that can give early runaway losses is if the changes in the current profile leads
to MHD instability. If the current in the outer half of the plasma is lost because of the

ergodic magnetic field, then the current channel shrinks considerably. This contraction may
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FIG. 5: Islands for the case in Fig. 3 witha) M =2, N=1andb) M =1, N =1

happen already before the runaways have started to contribute to the current. To study
if this results in instability without going into details on how the islands affect the current
profile, we do the following. In the simulation presented in Fig. 3, a line r.(¢) is manually
drawn, outside which the magnetic field is assessed to be ergodic enough. In this outer
region, the resistivity is increased by a large factor, so that the current density becomes
reduced to a very low level. The outer part r > r. is now regarded as belonging to the
vacuum region, and when a rational surface crosses the boundary into the vacuum, the
corresponding m/n mode may become unstable to an external kink mode.

The line 7.(¢) is shown in black in Fig. 6a and the final current density profile in Fig. 6b
indicates that the current has been removed from r > r.. Stability is determined by the
criterion that A, (r.)[dAun,/dr],. < 0 when the solution for inner radii is patched to a

m

decaying r~™ solution for r > r.. For the rational surfaces where an external kink mode

is unstable when ry > r., the dash-dotted line in Fig. 6a, which shows the position of the

13



rational surface, has been continued as long as the simulated current profile yields instability.
We observe for instance that the green dash-dotted line indicates that the m = 2, n =1
mode becomes unstable at ¢ = 9 ms. At that time we thus expect the occurrence of large
scale MHD activity that will destroy the nested flux surfaces and reduce the number of
runaways drastically. However, it is not known how much of the runaway beam is lost, or if

nested flux surfaces will form again after this event.
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4 J /jaxis,init
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FIG. 6: a) The plasma current has been removed in the outer region r > 7.(t) delineated by
the black line. The lines showing rational surface positions (dash-dotted) have been drawn in the
region 7 > r.(t) only where the corresponding external kink mode is unstable. Anm =2, n =1
mode (green) is seen to become unstable at ¢ ~ 9 ms, which means that the simulation after this
time is of limited relevance. b) Current density and q profiles. Note that the final current profile

is practically zero in the outer half as intended.

Finally, Fig. 7 presents a simulation for an ITER-like plasma with I, = 15 MA, B =5.3T,
Ne = 8-10° m™3, Thp = 10eV,d=10cm, R=62m,a=27m,b=31m, c=>5m.
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This is a simulation which, like the one in Fig. 4, has a rather modest primary runaway
generation and therefore a highly peaked final runaway current density profile, see Fig. 7b.
Figures 7a and ¢ show that the rational surfaces move inward already before the runaway
current becomes significant, but because of the " dependence of A,,, at small r, the islands
shrink as they approach the center. The major island overlap regions therefore remain in
the outer half of the plasma until the time when the runaway current starts to influence the
g-profile. The Poincaré plot in Fig. 7d shows that when the runaway current is around 7% of
the initial current, also the central part is ergodic. (Remember that the runaway transport
due to the ergodic field is not included here.) Moreover, also in this ITER-like case, the
results depend on the parameters and the physics included in the model. If other primary
sources, such as e.g. hot-tail runaway generation are important, one expects a less peaked

profile [18] and ergodic regions that are situated at larger radii.
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FIG. 7: ITER simulation. Plots a), b) and c) are of the same kind as in Fig. 3. d) Poincaré plot
at 75 ms, when Iy, /Iy ~ 7%.
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IV. CONCLUSIONS

The helical wall currents make the outer half of the plasma cross section ergodic under
many circumstances. However, to create large island overlap regions in the central plasma
where the runaway beam forms is difficult, because the density of low order rational surfaces
is initially very low in the center. To make the few centrally located rational surfaces
display large islands one needs to make the main periodicity numbers of the wall, M and
N, small. The success in ergodizing the more central regions before the time when runaway
electron current becomes significant also depends on parameters such as electron density and
post-thermal quench temperature. Parameters that lead to less efficient primary runaway
generation tend to yield more peaked runaway current profiles and thus ergodic regions
closer to the axis.

A combination of the presented scheme with other disruption mitigation schemes would
thus be advantageous. In order for such a combination to be considered passive, one would
need to devise a material injection scheme that is triggered by the disruption. We have seen
that the electron density increase required for the helical currents to significantly ergodize
the magnetic field is of the order of the pre-exiting plasma density, as opposed to a hundred
times more, which would be needed to guarantee £ < E. in ITER [10]. The material
injection device could therefore possibly be a simpler contraption than the existing systems.
It could for instance be a wall component that gives off a suitable material in a disruption,
acting as a “fuse”, i.e., an element that can be sacrificed and replaced.

The proposed passive technique may be successful in its own right in another way. We
have seen that it is likely that the contraction of the Ohmic current profile before the major
runaway current formation results in MHD instabilities. These instabilities would flush out
a large part of the existing runaway population. Finally, we note that the results presented
here may underestimate the efficiency of the passive scheme, since plasma shaping [17] and
the associated coupling between different poloidal mode number components [15] are not
taken into account. Further investigations to more accurately assess the feasibility of the

passive technique would need to include this mode coupling.
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