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Abstrakt: Navzdory tomu, že magneticky udržená termonukleární fúze je díky nově bu-

dovaným a plánovaným reaktorům stále realističtější, jedna z osmi zbývajících výzev,

přežití tepelného štítu chránící vakuovou komoru reaktoru (tvaru tokamaku) před plaz-

matem, stále hledá řešení. Jedna z nestabilit plazmatu, Edge Localized Mode (ELM),

je pravidelný tepelný puls výrazně ničící tepelný štít. Navrhujeme nový koncept mag-

netického rozmítání kontaktního bodu plazmatu se štítem (strike-point) dostatečně rychle

a daleko, aby se rozložilo tepelné zatížení. Demonstrujeme proveditelnost takového sys-

tému specializovaných měděných cívek nacházející se přímo ve vakuové komoře a připo-

jených k rezonančnímu obvodu, včetně indukovaných proudů a výkonové elektroniky, pro

EU DEMOnstrační fúzní elektrárnu (EU DEMO). Naše simulace poskytují požadované

rozmítání strike-pointu při frekvenci 1 kHz, čímž se potlačuje nárůst povrchové teploty

vyvolaný ELM faktorem 3. Když se rozmítání sloučí s jinými známými koncepty zmírnění

tepelného toku, ELM by mohly být zmírněny natolik, aby se zajistil bezpečný provoz EU

DEMO při módu s vyšším udržením energie.

Klíčová slova: tokamak, termonukleární plazma, EU DEMO, divertor, materiál

a tepelné šoky, ELM nestability a jejich mititgace, rezonanční

obvod, vysokoproudé systémy
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Abstract: Despite the fact that magnetic thermonuclear fusion is becoming more and more

realistic through newly built and planned reactors, one of eight remaining challenges, sur-

vival of its heat shield protecting the reactor tokamak vacuum vessel against plasma, is

still looking for a solution. One of plasma instabilities, Edge Localized Mode (ELM), is

a heat pulse significantly destroying the heat shield. We propose a novel concept of mag-

netic sweeping of the plasma contact strike point fast and far enough in order to spread

the heat loads. We demonstrate feasibility of such system of dedicated in-vessel copper

coils connected to a resonant circuit, including the induced currents and power electron-

ics for EU DEMOnstration fusion power plant (EU DEMO). Our simulations yields the

desired strike point sweeping at 1 kHz frequency, suppressing the ELM-induced surface

temperature rise by a factor of 3. When multiplied by another known mitigation concepts,

ELMs might be mitigated enough to ensure safe high-confinement operation of EU DEMO.
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1 Introduction

Today’s world is increasingly aware of its dangerous dependence on fossil fuels. Their

ever-increasing consumption is not sustainable in the long run. Even though there are still

being found new deposits and new ways how to get fuel (for example: shale gas extraction

[1] or methane hydrate extraction from the ocean floor [2]), their combustion still produces

greenhouse gases and smoke, which adversely affects human health, implicate long-term

climate changes and dependence of the European Union on politically unfriendly countries.

Despite all the efforts of the modern world to reduce its dependence on fossil fuels, their

combustion still represents ∼ 85% of global primary energy consumption. Compensation in

the form of current renewable resources (solar, wind, hydro, geothermal, ...) often depends

on the weather, day/night cycle, season and location. Its usage is limited in the Czech

Republic below 1/4 of the year due to absence of large-enough electric storage. As a result,

it reduces their land use performance, which is already significantly lower than that of fossil

fuels. A rescue was offered by fission nuclear energy at the beginning of the second half of

the 20th century, but it has been stagnant for 50 years due to a negative public response

due to world-famous fission power plant accidents.

Fusion energy appears to be a solution in form of an inexhaustible and, in addition,

safe source of green energy with acceptable economics [3]. Unfortunately, for 70 years,

humanity has not yet succeeded in building a power plant that would be able to compete

with other sources in terms of efficiency. All this could be changed by International Ther-

monuclear Experimental Reactor (ITER) [4], which is to act as an energy amplifier with

an amplification of Q = 10 of input energy, reaching a fusion power output of 500 MW

in 2035. We expect the first European DEMOnstration power plant (EU DEMO) with a

useful heat output of > 2 GW to be built by 2060, according to Fusion Energy Roadmap

from 2018 [5].

While the construction of ITER is in full swing, thanks to its larger parameters, DEMO

design is still being developed. The most crucial for its design will be the results from ITER,

to which it should in principle be very similar. However, some problems can be predicted

today. In this work, a system that solves one of eight main problems of DEMO [6], namely

survival of solid shield targets by high thermal pulses of thermonuclear plasma, will be

presented.
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2 Overview

2.1 Thermonuclear fusion

2.1.1 Principle

The human body is dependent on obtaining energy from food. Food contains sugar

molecules that the body is chemically able to rearrange into other molecules or arrange-

ments. However, each different interacting arrangement of atomic particles has a different

binding energy, which manifests itself as a slight change in mass of all considered particles,

according to known Einstein’s relationship between the energy E and the mass m

E = m · c2 [7], (1)

where c = 2.998 · 108 m/s is speed of light propagation in vacuum [8]. Thus, if the

arrangement of the sugar molecule in the body has a lower overall weight than before,

energy is released. The same principle works, for example, in combustion of fossil fuels,

where carbon atom C and two oxygen atoms O have a greater mass than carbon dioxide

molecule CO2. Excess energy is transferred to kinetic energy of CO2 during the process,

which manifests itself as heat on a macroscopic scale. Nuclear fusion uses ∼ 107× greater

difference in binding energies per particle than is possible by chemical reactions.

The current favorite seems to be a fusion of hydrogen isotope ions: deuterium 2
1H+

(D+) and tritium 3
1H+ (T+), which has the largest effective cross-section (probability of

merging) of all considered. The D-T fusion scheme looks like this

D+ + T+ = 4
2He2+ + 1

0n + 17.6 MeV. (2)

But conditions for achieving it are at our current technological limits. To overcome repul-

sive electrical forces between charged ions extreme temperatures are needed. On the other

hand, maximum temperature is limited by a requirement for the greatest possible energy

gain. The most suitable conditions for efficient D-T fusion are between 10 keV and 20 keV

(or 116 ·106 to 232 ·106 K, for comparison, temperature in the Sun’s core is only 16 ·106 K).

No solid material is able to withstand such temperatures, and therefore current efforts of

research projects are mainly focused on finding the most suitable way to maintain and

separate the plasma from the rest of the fusion power plant.

2.1.2 Plasma

It is important to realize that any substance is in a state called plasma at these tem-

peratures. It is a state in which particles of matter are so energetic that they ionize

themselves via collisions (the ionization energy of hydrogen is 13.6 eV, which corresponds
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to a temperature of 160,000 K) or via already free electrons accelerated by an external

electric field. Released electrons have a possibility of a free movement around the cluster

of positively charged atomic nuclei. Thus, the plasma appears macroscopically neutral in

the same way as a substance from which it originated. But thanks to the free movement

of charged particles relative to each other, currents can be induced in the plasma (similar

to metals, but ions can also conduct current in the plasma), even trapping the particles

using magnetic fields, therefore sustaining the plasma in desired volume.

The cause is so-called Lorentz force FL, which acts on any particle with electric charge

q and velocity v in a electric field E and a magnetic flux density B

FL = qE + qv × B [9] (3)

While the first term qE drives the particle in E direction and thus forms a current in

the plasma, the second member qv × B acts perpendicular to both the movement of the

particle v and direction of the magnetic field B.

If we neglect the first term qE (can cause drifts of resulting trajectories and/or increas-

ing v in the direction of B) and consider a homogeneous magnetic field in a direction of

x-axis, B = (B; 0; 0), we can derive a trajectory of the particle with mass m with respect to

its initial velocity v(0) = (vx0; vy0; vz0). According to the second Newton’s law of motion

m
∂2r

∂t2
= m

∂v

∂t
= Fmagnetic

L = qv ×B [10], (4)

where r = (x; y; z) is a position of the particle starting from r(0) = (x0; y0; z0) and t stands

for time. After writing the vector equation in scalar form

∂2x

∂t2
= 0 (5)

∂2y

∂t2
=

qB

m
· ∂z
∂t

(6)

∂2z

∂t2
= −qB

m
· ∂y
∂t

, (7)

we can guess a result to be in a form of

x(t) = X1t+X2 (8)

y(t) = Y1 sin(Y2t+ Y3) + Y4 (9)

z(t) = Z1 cos(Z2t+ Z3) + Z4 (10)
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x-component can derived easily by assuming initial conditions

x0 = x(0) = X2 (11)

vx0 = vx(0) =

(
∂x

∂t

)
(0) = X1 (12)

In order to find the constants of the other two equations we first substitute them into the

original equations

−Y1Y
2
2 sin(Y2t+ Y3) = −qB

m
· Z1Z2 sin(Z2t+ Z3) (13)

−Z1Z
2
2 cos(Z2t+ Z3) = −qB

m
· Y1Y2 cos(Y2t+ Y3) (14)

Because the equations must hold at all times t, it must hold that

Y2 = Z2 = B2 and Y3 = Z3 = C3 (15)

With these conditions, we can shorten the equations

Y1B2 =
qB

m
· Z1 (16)

Z1B2 =
qB

m
· Y1 (17)

and see that

Y1 = Z1 = A1, therefore B2 =
qB

m
(18)

Finally, the initial conditions remain

y0 = y(0) = A1 sin(C3) + Y4 vy0 = vy(0) =

(
∂y

∂t

)
(0) = A1

qB

m
cos(C3) (19)

z0 = z(0) = A1 cos(C3) + Z4 vz0 = vz(0) =

(
∂z

∂t

)
(0) = −A1

qB

m
sin(C3) (20)

Solving the velocity equations we get

v2y0 + v2z0 =

(
A1

qB

m
cos(C3)

)2

+

(
−A1

qB

m
sin(C3)

)2

=

(
A1

qB

m

)2

(21)

A1 =
√

v2y0 + v2z0
m

|q|B
= v⊥0

m

|q|B
(22)

Because time evolution of vy,z is only harmonic, v⊥0 = v⊥. C3 is a constant phase shift

depending only on the initial values, such as the constants Y4 and Z4, and are not important

for us. The harmonic evolution of coordinates y, z and velocities vy,z shifted by 90° results

into a circular motion of radius rL = v⊥m
|q|B , called Larmor radius, and angular frequency

ω = |q|B
m . Assuming the constant velocity in the x-direction we obtain a helical trajectory.
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If we approximate non-homogeneous magnetic field as being composed of homogeneous

fields "glued" together by some error fields we can say that the particle follows the magnetic

field line (slightly different in each of homogeneous fields) around which it orbits. When

studying even the "error" fields we would find that it causes jumps of the particle to a

different field line, these jumps represent themselves as necessary drifts of the original

trajectory.

This way of keeping an extremely hot and ionized mass in a vacuum, in principle,

independently of its surroundings, led many scientists in the middle of the 20th century to

come up with many ideas on how to build a fusion reactor. In the late 1950s, the world

recognized that Russian device called tokamak is the most suitable.

2.1.3 Tokamak

So far, the most successful fusion reactors are stars. To fuse hydrogen atoms into

helium they use their enormous gravitational forces, which we are unable to imitate on

Earth. But, as noted in section 2.1.2, in the middle of the 20th century, magnetic force

proved to be an option for maintaining an extremely hot plasma in terrestrial conditions.

Scientists around the world have come up with various device concepts (Z-pinch, θ-pinch,

linear magnetic mirrors, inertial fusion, fusor, ...), but they all failed to release more energy

than they consumed. Among all these designs, a tokamak device has proven to be very

successful in scaling these energy conditions to larger and larger copies of itself.

Tokamak, or toroidal vessel with magnetic coils, serves to sustain a discharge at ther-

monuclear temperatures and to understand both plasma and thermonuclear fusion. The

plasma discharge is confined inside a toroidal vacuum vessel (filled with working gas, i.e.

mostly hydrogen and/or its isotopes) by system of coils (see Figure 1) generating strong

magnetic B and electric E fields reaching several Tesla and inducing currents even up to

100 kA/m2.

Figure 1: Basic arrangement of magnetic coils of every tokamak.
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The central solenoid (in older designs a ferritic transformer core was used) induces a

toroidal current in the plasma, which heats the plasma, but only up to ∼ 1 keV. Higher tem-

peratures are achieved by means of additional heating systems, beams of neutral particles

or microwave electromagnetic waves. Distribution of the induced current density creates

a pressure gradient which results in the highest plasma density on axis of the torus. But

only a combination with the toroidal magnetic field coils creates a helical magnetic field,

which cancels the otherwise necessarily emerging E × B drift of particles from the center

of the torus. As a result, all electrically charged particles remain on helical trajectories

along the magnetic field lines. However, the plasma current creates such a magnetic field

which necessarily tries to stretch the current loop to a straight line. Therefore, the outer

coils of the poloidal magnetic field, which compensate the force, must not be missing in the

tokamaks either. The poloidal field coils also stabilize the plasma vertically/horizontally

and optimize its shape.

In order to better stabilize and purify the plasma, many tokamaks began to use a

so-called D-shape and X-point. It is a shape of the magnetic configuration in poloidal

cross section, see Figure 2. The D-shape serves to balance the particle ratio in the vessel,

because the toroidal shape of the vessel has more particles on outside, on Low magnetic

Field Side (LFS). The asymmetric letter "D" has a larger area (more particles) on inside of

the torus, where the coils of toroidal field are closer to each other (HFS). The D-shape also

allows a creation of the X-point (or more points) in which there is zero poloidal magnetic

field. Particles, whose trajectory is radially further from the center of the plasma than

the magnetic field line which crosses the X-point, have left the magnetic confinement and

continue to a selected area into the divertor region. The limiting magnetic surface closing

itself in the vessel is called the Last Closed Flux Surface (LCFS). Due to extreme velocities

along the magnetic field lines, the flow of escaped particles is concentrated in two toroidal

circles (strike-points, when viewed in poloidal cross section). This means that the divertor

tiles must withstand immense heat fluxes in the order of 106 to 108 W/m2.

Figure 2: Poloidal cross section of a tokamak vessel showing the D-shape plasma
with the X-point and the strike-points.
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In plasma with X-point configuration, it is possible to switch from a standard Low con-

finement mode (L-mode) to a High confinement mode (H-mode) via the help of additional

heating systems. H-mode was discovered by chance and offers ∼ 2× or more better plasma

confinement than L-mode. While in L-mode, diffusion of the particles from the plasma is

dominated by fast turbulent structures, in H-mode there is such a large difference in plasma

flows at its edge that they can significantly suppress the turbulence. Such suppression of

diffusion results in a steeper increase in plasma parameters at its edge (pedestal region),

see Figure 3

Figure 3: Comparison of H-mode/L-mode edge profiles measured by Thomson
scattering on DIII-D tokamak. Obtained and modified from [11].

The success of the tokamak in the effectiveness of maintaining thermonuclear fusion is

closely followed by similar device, stellarator. Instead of the induced current, it uses addi-

tional external coils to create the helical magnetic field. It is believed that its disadvantage

lies only in engineering complexity of its design, which causes worse results for the same

volume of plasma, but nowadays technologies are changing that. On the other hand, it

would in principle allow for a continuous and safer (without plasma current instabilities)

operation of a power plant, which in turn is a very complex matter for the tokamak (in

principle an inductive device). In future reactors, non-inductive heating is envisaged, which

also would have the task of maintaining the constant current in the plasma. Thus, the

central solenoid begins to be given more secondary functions in form of an initial break-

down and heating of the working gas. The first European DEMOnstration power plant

(EU DEMO1) still relies on a pulse mode in form of 2 hours long plasma and 15 minutes

long pause to reverse the polarity and start another discharge.
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2.2 Plasma-divertor interaction

Despite the fact that in the volume of confined plasma the main events take place, which

can very strongly influence its surroundings through radiating processes, electromagnetic

inductions and especially thermal loads, in this work we will mainly focus only on plasma,

which has already diffused through LCFS and is in the area called Scrape-Off Layer (SOL),

see Figure 2.

2.2.1 Basic SOL model

To understand how plasma can be described in SOL, we will show the simplest model.

The magnetic field inside and outside LCFS does not differ much locally, the same rules

for particle motion apply to the plasma in SOL as to the confined plasma. Particle flow

density perpendicular to the magnetic field Γ⊥ can be determined by the Fick’s first law

Γ⊥ = −D⊥ · ∂n
∂r

(23)

Where n denotes the concentration of particles in perpendicular (radial) direction to the

toroidal magnetic field r and D⊥ stands for the diffusivity. In real tokamak plasma there

are other transport mechanisms such as drifting turbulent blobs, which are not proportional

to the density gradient ∇n, so D⊥ can serve here only as a rough estimation of reality.

Inconsistency between theory and experiments led to high hopes in the early days of fusion

research, but D⊥ turned out to rather follow experimentally measured Bohm diffusion

coefficient for magnetized plasmas DB ∼ B−1, which is orders of magnitude higher than the

firstly expected classical diffusion coefficient Dclassic ∼ B−2. And such large particle/energy

loss is the main reason why we, so far, can not maintain energy-efficient thermonuclear

plasma in power plants smaller than ITER.

We see the radial difference in closed (inside LCFS) and open (outside LCFS) magnetic

field only when we talk about the longitudinal flow of particles j∥. The particles, as we said

in Section 2.1.2, flow along the field lines that in the open field intersects the tokamak vessel.

The plasma comes into contact with the vessel in the divertor region. The longitudinal

motion of particles is much looser than the perpendicular and is given only by the ion-sound

velocity

cs =
√
γkBT/m (24)

for a given temperature T of particles with mass m. kB = 1.381 · 10−23 J/K is the

Boltzmann constant [8] and γ is the adiabatic index of the plasma. Considering the same

particle leakage throughout LCFS and a random longitudinal direction of the particles as

they leave the plasma, the particle density profile n(r) in SOL will be the same everywhere
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around LCFS. But because the particle flow in one direction along LCFS increases and

is balanced by the particle flow in the other direction, there exists the stagnation point

approximately (in this model) on the side opposite to the X-point, where the resulting

particle flow Γ∥ = 0, see Figure 4.

a) b)

Figure 4: a) Poloidal cross-section of a tokamak showing a constant increase in
particles along LCFS (yellow arrows) that can flow along or against the magnetic
field (red, blue). Flows in both directions equalize at the stagnation point (in reality
the stagnation point is localized way further on LFS due to higher particle losses
on LFS). b) Basic SOL model scheme. The model is easier to understand when
stretched along the magnetic field lines located near LCFS.

We also need to know the longitudinal distance the particles can travel before impact.

We need to realize the helical shape of the magnetic field in the tokamak. If the particle

orbits in poloidal direction N = 1 times around the plasma, it orbits M ≥ 2 (plasma

stability limit) in toroidal direction. The ratio of these orbits is called the safety factor q.

If we start measuring the trajectory of the particle from the stagnation point before hitting

the divertor target, it will offend the so-called connection length

Lc ∼= πqR (LITER
c ≈ 150 m) (25)

Now we only compare the particle losses from SOL given by Γ∥ with the inflow of

particles into SOL given by Γ⊥

∂

∂r

(
D⊥

∂n

∂r

)
=

ncs
Lc

(26)

If we consider the independence of D⊥ and cs on r, we obtain

n(r) = n(a) exp

[
−(r − a)

λn

]
(27)

where λn =
√
D⊥Lc/cs is the characteristic thickness of SOL in orders of 100 cm. The
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electron heat balance can be considered in similar way leading to a temperature profile

Te(r) = Te(a) exp

[
−(r − a)

λT

]
(28)

and thanks to that, the heat flux profile looks also similar

q∥(r) ∼= q∥(a) exp

[
−(r − a)

λq

]
(29)

Despite the fact that today, especially thanks to COMPASS tokamak [12], a rather

double exponential (near to LCFS and longer main) q∥ profile is considered

q∥(r) = qmain
∥ (a)[exp(−(r − a)/λnear

q ) +R−1
q exp(−(r − a)/λmain

q )], (30)

we see that the heat flux incident on the divertor targets can be described as the exponential

decrease. This is the main reason why the mentioned narrow strike-points can be observed

on the divertor targets, where surface temperature of the tiles often reaches > 103 °C and

this work will try to reduce such temperature to acceptable values. Above, we presented

the diffusion coefficient D⊥ as a number that we would like to be as small as possible, but

now, we see that the larger D⊥ gets the lower the heat flux will be in the divertor region.

2.2.2 Edge Localized Modes

We have seen that the steady-state heat flux on divertor q⊥ (perpendicular to surface

of the divertor targets) turns out to be highly concentrated in space, but even so, in future

power plants it is expected not to exceed the engineering limit q⊥ ≈ 16 MW/m2 for a

swirl water cooling on ITER or the somehow better hypervapotron. Getting below this

limit requires, however, nearly order of magnitude decrease (by radiation) of the power

flowing towards divertor. A much bigger problem are events, where also concentration in

time takes place. Such events are very fast, but brings much more energy, therefore called

transient heat events. One type of such events is caused by a regular instability called Edge

Localized Mode (ELM).

This short burst releases 3-10% of stored plasma energy, accompanies the discovery

of H-mode for which it is typical and are the main reason why H-mode is less and less

considered as the main operational regime of fusion power plants. Under certain conditions

smaller and/or irregular ELMs may occur that have been given a variety of classifications

[11]. This work is primarily concerned only on the larger Type-I ELMs that are of more

serious concern for future devices. In Figure 5 we can see what is happening in pedestal

during ELM. Before ELM, the energy of plasma accumulates at its edge, which is then

released in a brief moment, decreasing ne and Te profiles.

By extrapolation from current devices, the impacting parallel ELM energy density ε∥
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Figure 5: Measured plasma pedestal profiles on DIII-D tokamak before ELM hap-
pens and after it happens. Obtained and modified from [11].

can be estimated, see Figure 6. So-scaled prediction for ITER reaches ε∥ = 15 MJ/m2.

Even when mapped to the divertor target under shallow heat flux impact angle of 4.5°,

it gets above tungsten recrystallization temperature ≈ 1, 200 °C (so strongly limiting its

lifetime for cracking) but at least below melting (which was indeed observed on JET

tokamak with deliberately high impact angle) [13]. It is clear that the problem will be

even greater at larger EU DEMO.

Figure 6: Parallel ELM energy density ε∥ measured against a modeled prediction.
Graph also shows the characteristic times of ELMs 10−4 − 10−3 s, which are also
important for comparing different thermal loads. Obtained and modified from [13].
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2.2.3 Other transient heat events

In tokamaks with divertor configuration other heat transients are possible, each with

specific duration and heat load. They are often caused by a disruption. The tokamak

disruption is a dramatic event in which the plasma confinement is suddenly lost. In a

major disruption, it is followed by a complete loss of the plasma current. For example,

the EU DEMO heat shock during an unmitigated disruption can exceed 100 MJ/m2/s1/2,

critically damaging the heat shield [14]. Sacrificial (one-use only) limiters are therefore

considered to protect the vacuum vessel (see Figure 7), so the mitigation system presented

here might be considered only as a reserve in such events.

Figure 7: EU DEMO limiter configuration for protection of First Wall (FW)
during UP-VDE and DOWN-VDE. Obtained and modified from [15].

The strongly elongated plasma configuration in ITER-like devices is vertically unstable

unless an active control feedback at the vertical position is applied. A malfunction of this

feedback system for variety of reasons can lead to a rapid plasma vertical displacement. As

the plasma contacts the top or bottom of the vacuum vessel, the plasma current is rapidly

forced to zero. The whole thermal energy of the plasma is expected to be lost at the

contact point. This is called the Vertical Displacement Event (VDE) and is considered one

of the worst possible events that will irreversibly damage the tokamak shield (evaporate

a large part of the tungsten layer and endanger the cooling channels themselves) and can

cause even worse accidents. Typical load for ITER is estimated as 60 MJ/m2 deposited in

500 ms [16].

2.2.4 Divertor shield and heat pulses

If we consider that the steady-state heat load is within the limits for the ITER-like

tungsten divertor target, it is also necessary to keep the transient heat load below the

tungsten thermal shock limit η = 50 MJ/m2/s1/2 [17]. When exceeded, the affected part
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of the shield melts. For EU DEMO and ITER it is expected to regularly happen due

to ELMs when operating in H-mode, especially at the edges of the tiles due to finite ion

orbit drifts. Comparing η with the previously mentioned values, we see the reason why

transients are so dangerous for the long-term operation of a fusion power plant.

Even if η is not exceeded, it is important not to exceed the recrystallization temperature

1200 °C too many times, above which a significant reduction of the strength of tungsten

was observed in the heat flux tests of divertors [18], and major cracks appear on its surface.

This can, among other things, lead to plasma volume contamination by sputtered W ions.

Even tiny fraction of 3× 10−5 of W in the plasma increases by 20% the fusion limit (due

to strong plasma radiation cooling), only for which a thermonuclear burn is possible [19].

2.2.5 Heat pulse mitigation techniques

Although there are many ways to effectively reduce the steady-state q⊥, such as inject-

ing a high proton number inert gas (Neon, Argon) into the divertor region to radiate as

much incoming energy (impurity seeding) or periodically changing the strike-point position

(described below in Section 2.4.1), none of them can reduce the Type-I ELM energy by a

factor of 15 to 90 required for EU DEMO1 [17].

Many other methods directly targeting ELMs have achieved interesting results, but

everyone is still awaiting results from ITER to see if the desired suppression takes place,

how plasma confinement reacts to such systems and how reliable can they be. Among the

most interesting are:

• Resonant Magnetic Perturbation (RMP) coils which with their additional radial mag-

netic field and real-time control feedback can fully stabilize the pedestal and com-

pletely prevent the formation of ELMs [20].

• ELM triggering via deuterium pellets does not suppress the total energy deposited

by ELMs on the divertor targets but it increases their frequency so that the energy of

individual ELMs is much lower. Since ≈ 5 mm pellets fired with frequencies 10-60 Hz

for ITER are required [21], its long-term reliability could be an issue.

• Vertical “kicks”, which also try to increase the frequency of ELMs, but using the sys-

tem of vertical plasma stabilization, which is necessarily available to every tokamak

[22].

More attractive solutions are plasma configurations which are naturally ELM-free.

Among these, two candidates are of particular interest: the Quiescent H-mode (QH-mode)

and the Improved L-mode (I-mode). Both regimes exhibit the noteworthy advantage of

being naturally ELM free. However, both of them are quite poorly explored and under-

stood in comparison to the standard ELMy H-mode configuration. As such, there are still
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many open points which need to be carefully evaluated, both in terms of experiments and

in terms of modelling, before anything can be concluded. R&D in present devices must be

focused towards building knowledge on such regimes, namely to find operating boundaries,

confinement and transition power scaling [23].

The last hope could also be a divertor shield made of liquid metals. Many experiments,

most recently on COMPASS tokamak [24] and possibly in the future on COMPASS Up-

grade tokamak [25], show its applicability. It is the use of low-melting metals (lithium,

tin or their combinations) wetted in a capillary porous structure from high-melting metal

(tungsten, molybdenum). The liquid metal forms a thin homogeneous layer on surface of

the porous structure, which begins to evaporate under high thermal conditions. The fluid

is stabilized by capillary forces, thanks to which it is also constantly replenished from a

reservoir, so it is also possible to shape the target. When a certain heat load is reached,

similarly to impurity seeding, generated metal vapor is so dense that a significant amount

of incoming energy is radiated outside of the divertor.

Its main drawback is strong plasma impurity contamination which requires significant

further research. More important to this work, because the target surface cooling by

heat conduction is relatively negligible with respect to the cooling by vapor shielding and

the vapor shielding even undesirably decreases when the dense plasma strike-point sweeps

away from the hot vaporizing surface region, the liquid metal divertor is not suitable in

combination with the fast sweeping technology described here.

2.3 EU DEMO

Although ITER (major radius R = 6.2 m, minor radius a = 2.0 m, plasma volume Vp =

840 m3) will be much larger than current largest tokamak JET (R = 2.96 m, a = 1.25 m,

Vp = 100 m3), still it will be just a research reactor. Only its successor, the DEMOnstration

power plant (DEMO), is to function as a full-fledged power plant. There are several

proposals for DEMO around the world, but they are all waiting for experience from ITER.

The same is true in European Union, whose proposal EU DEMO is the demonstration of

technological and economic viability of fusion power operating with a closed tritium fuel

cycle through the production of a few hundred MWs of net electricity to the grid. To

achieve its goals, if utilizing a conventional tokamak design, EU DEMO reactor must have

linear dimensions about 50% larger than ITER (see Figure 8), and a plasma density about

30% greater, which implies even larger heat loads on PFCs than on ITER.

On 25th November 2020 in Brussels, Belgium, the first project-wide gate review of EU

DEMO project was completed by independent expert review panel. This gate is significant,

not only as it marks the transition between the Pre-Conceptual Design Phase (2014 –

2020) and the Conceptual Design Phase (2021 – 2027), but also as it is the first time that

a competent and experienced independent panel provides critical feedback to EU DEMO
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Figure 8: Planned development of tokamaks with the aim of achieving economically
acceptable fusion energy. It is worth mentioning the just being launched Japanese
tokamak JT-60SA, which should replace the function of the old JET tokamak by
following a complementary research and development programme of future fusion
power plants. Obtained and modified from [26].

stakeholders. At present, work in Europe continues to be focused on the design of a pulsed

DEMO plant concept, the so-called EU DEMO1, which is, unlike many other projects,

the logical consequence of the most mature knowledge in physics (i.e. the H-mode scaling,

exhaust, technology, ...) and so our work parameters are set to fit this project, see Table 1.

major radius R 9.0 m
minor radius a 2.6 m

on axis toroidal magnetic field Btor 5.9 T
induced electrical current in plasma Ip 18 MA

mean electron temperature < Te > 12.6 keV
mean electron density < ne > 7.3× 10−19 m−3

"burning" plasma duration tburn 2 h
fusion power output Pfus 2014 MW

net electricity output Pe,net 500 MW
power flowing into the divertor region Pdiv 161 MW

blanket structure material EUROFER 97
vacuum vessel material AISI 316

low-temperature superconducting magnets material Nb3Sn (grading)
plasma facing components material W

number of toroidal segments N 54

Table 1: Overview of the main parameters for EU DEMO1. Data obtained from [23].

One of the eight main challenges in EU DEMO proposal [23], called Key Design In-

tegration Issues (KDIIs), is the wall/divertor protection to withstand plasma transients.

Because even a small number of ELM events could cause serious damage to the tungsten

divertor targets. In EU DEMO, a single Type-I ELM event will be sufficient to melt the
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divertor target tungsten surface, and 50-100 unmitigated ELMs would result in the ero-

sion of the entire target thickness [27]. As natural ELMs are foreseen with a frequency of

∼ 1 Hz, many of ELM mitigation measures do not provide a credible solution for DEMO,

and thus, unless a mitigation of ELM energy by a factor of 15 to 90 is found, it is very

likely that the ELMy H-mode cannot be used as plasma operating regime in EU DEMO

(this is perhaps true also for ITER). In this work, we will demonstrate a new way to safely

mitigate such ELMs.

2.4 Fast divertor sweeping

When we talk about divertor sweeping, we mean sweeping of the position of strike-

points in poloidal direction along divertor Plasma Facing Components (PFCs). The total

energy supplied by the plasma is then deposited over a larger area at a given moment,

which leads to a decrease in surface temperature and more efficient cooling.

The first ideas, scaling and calculations of this innovative system are described in [28,

29, 30, 31]. Where no eddy currents induced in the conductive components of the divertor,

especially the divertor shield, were originally considered. Their inclusion in [13, 32, 33] in

the simplest possible geometry of the divertor shielding significantly changed the necessary

parameters.

2.4.1 Slow divertor sweeping

A divertor sweeping on JET tokamak is used as a standard technique to mitigate the

steady state heat flux. Sweeping at 4 Hz with an amplitude of 5.4 cm, they were able to

reduce surface temperature of the tungsten divertor tiles by 50% in a JET ‘hybrid’ high

performance ELMy H-Mode scenario with a heating power of ∼30 MW and a radiation

power of ∼10 MW. Only thanks to the sweeping it was possible to maintain this discharge

for the whole 5 s [34]. A similar sweep is considered as an emergency option (or concur-

rently) in the event of a sudden loss of plasma detachment on reactor-class tokamaks such

as EU DEMO [35] or SPARC [36]. Specifically for EU DEMO, a sweep of 20 cm/1 Hz is

considered when a sudden increase in the steady state heat flux to ∼15 MW/m2 happens.

This will reduce the peak heat flux to cooling by a factor of ∼ 4 and reduce the tungsten

shield surface temperature by a factor of 2. In the case of long term steady-state use, 4 Hz

sweeping is considered.

This "slow" sweeping magnetic field is excited by the outer poloidal field coils, the

frequency of which is limited to a few Hz due to induced eddy currents that do not allow

the field to penetrate through the conductive vacuum vessel. However, for sweeping to be

effective for transient heat pulses, it is necessary to increase the frequency up to several

kHz, therefore we call it the "fast" sweeping.
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2.4.2 Sweeping system layout

In [13], the coil system is described as a C-shaped solenoid that will be placed in each

of the 54 DEMO divertor cassettes, see Figure 9a. Each of the cassettes would have to

contain two such coils, one for the strike-point on LFS (outer strike-point) and one for the

strike-point on HFS (inner strike-point). The coils must be placed as close to the plasma

as possible to maximize their efficiency. But at the same time they must be in substantial

occlusion at least behind the Plasma Facing Components (PFCs). PFCs themselves will

be significantly segmented due to thermal expansion and induced currents from the plasma

instabilities, but their steel support structure must be solid. Therefore, the work assumes

a toroidal placement of the coils in the necessary gaps between the individual divertor

cassettes, but even so, the damping eddy currents in the structure are not negligible. In

[13], there is considered a hole (10 cm in diameter) in the PFC, so the coil mouth must

settle far enough from the possible position of the strike-point to prevent the edges of the

hole from melting. The hole must be filled with a non-conductive plasma-facing material,

such as boron-nitride.

a) b)

Figure 9: a) 3D display of one of the 54 × 2 coils, which starts from behind the
divertor PFCs and ends in the radial middle of the divertor region. A poloidal cut
is made in the PFC support structure, which represent the non-conductive contact
of two adjacent EU DEMO divertor cassettes. At the mouth of the coil, the cut
is widened to a circular hole. b) The result of the MATLAB code following the
magnetic field lines in the tokamak magnetic configuration summed with the field
from the sweeping coil, shown in poloidal cross-section. Obtained and modified
from [13].

In Figure 9b we can see the resulting shape of open (not closing within the tokamak

vessel) magnetic field lines. In the approximation of strong magnetic fields (rL ≪ the
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typical size of any divertor component) and low collisional plasma ( 1
ion collisional frequency ≪

divertor connection length · ion parallel velocity), the field lines represent plasma

streamlines. It is the result of a MATLAB Field-line Tracking code [37], which followed

the direction of the magnetic field in cylindrical geometry (sufficient approximation of the

reactor torus). The coil magnetic field was calculated in COMSOL Multiphysics software

and added to the re-scaled magnetic configuration from COMPASS tokamak to EU DEMO

dimensions.

It is obvious that this system of 2x54 copper coils (each weighs 900 kg) occupies a

substantial part of the divertor cassette. Their use is therefore more advantageous within

a larger reactor. It is important to keep in mind that a separate circuit with high-voltage

capacitor banks is also a significant financial and space issue, at least the capacitors and

switches can be located far enough from the reactor.

2.4.3 Performance

Another 2D MATLAB Heat Conduction code [13] used scaled data from an infra-red

camera from JET tokamak. The camera recorded the time evolution of the tungsten tile

surface temperature at the strike-point during one of the world-largest ELMs. The obtained

profile of the incident heat flux was scaled in amplitude, space and time [13]. Figure 10

shows the result of the simulation, where 4× lower tile surface temperature compared to

the situation without fast sweeping is obtained.

Figure 10: Results from the heat conduction simulation of tungsten divertor tar-
get after one ELM. The ELM divertor surface temperature sweeping suppression
factor FSTS = 3990 K

1019 K = 4 when strike-point is swept with 66 mm amplitude and
2063 Hz frequency. The simulation includes also the slow strike-point sweeping of
200 mm amplitude at 4 Hz. Obtained from [13].
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According to version from [28], the coil would have to sustain 2 kHz regular I × Btor

huge force of 800 kN, thus any rigid attachment would yield vibrational fatigue. Instead,

leaving it freely rotate along horizontal axis (as shown in Figure 11), the force acting on

a 600 kg heavy coil inertia results in only 0.1 mm vertical displacement for each ELM-

sweeping 2 ms long event. Since odd/even ELMs start with positively/negatively charged

capacitor, respectively, those rotational skips alternate direction and thus keep the coil

displacement within 0.1 mm range. In the case of a newer sweeping system, proposed in

this work, we consider its parameters to be very similar, thus also neglecting the vibrations.

Figure 11: Expected vertical sweeping coil displacement during two subsequent
ELMs. Each ELM contains 4 sweeps. Obtained from [28].

To ensure the same conditions for each subsequent ELM and prevent the overheating

of the cooling water, it is necessary to combine both fast and slow sweeping. While the

fast sweeping suppresses thermal shock during one ELM, the slow sweeping must move

the strike-point to a position unaffected by the ELM. However, this system does not fully

include eddy currents, does not address the interaction of the sweeping magnetic field

(< 1 T, ∼ 2 kHz) with the surroundings, and does not contain the correct EU DEMO

magnetic field configuration.

2.4.4 RLC circuit

It is considered to connect each of the coils to a separate undriven series RLC circuit.

The RLC circuit represents the connection of three electrical components: a resistor with

an electrical resistance R, an inductor (coil) with an inductance L and a capacitor with a

capacitance C. When talking about a series RLC circuit, the components are connected

one after another. And when talking about an undriven RLC circuit, then the circuit

is not connected to an external voltage source (external voltage source can only charge

the capacitor, as seen in Figure 12b). If the capacitor is charged in such circuit and
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then the circuit is switched, energy will begin to flow from the capacitor to the magnetic

field around the inductor and back. This exchange will be harmonic with a frequency

f0 =
1

2π
√
LC

, called the resonant frequency.

a) b)

Figure 12: a) An example of wiring with Litz wire technology, which forces a
high-frequency current to flow evenly across the cable cross-section to avoid large
losses. b) Schematic of considered undriven series RLC circuit. Obtained and
modified from [13].

In [13] 2 × 54 of such circuits are described having capacity C = 6 mF given purely

by capacitors charged with DC voltage of V = 3.2 kV and inductance L = 1.4 µH, which

represents only the field induced by sweeping coil. It is assumed that the components are

connected (and the coil constructed) using so-called Litz wires (see Figure 12a), which

negate increasing losses in AC lines when compared to DC. This gives the circuit less

resistance R = 28 µΩ, but the total losses of all circuits (taking into account the duty

cycle given by the frequency of ELMs) are still Pohmic = 3.5 MW when the amplitude

of AC current is I = 210 kA. The losses in orders of MW and the price and size of the

system itself already raise the question of whether this method is applicable in practice

when reducing surface temperatures by factor of FSTS = 4.

2.5 Alternating Magnetic Conductor

However, the mentioned concepts of fast sweeping suffer from the presence of induced

eddy currents, which cause a significant interaction of the coils with the tokamak structure

and the surrounding systems. This greatly impairs the penetration of the magnetic field

through the protective heat shield of the vessel and thus unnecessarily increases the required

power of the sweeping system. The coils themselves and their supply cables also take up a

lot of volume in the area behind the divertor, and it is therefore desirable to move them to

more distant areas, which again increases the demands on the magnetic field. Therefore,
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between 2020 and 2021, a number of proof-of-principle experiments were conducted, which

aimed to test a new concept of passive focusing of alternating magnetic field using the

so-called Alternating Magnetic Conductor (AMC) [38].

AMC is a conductive tube of any shape through which a cut is made along its axis. The

source of the alternating magnetic field (a coil) of frequency f is located at the selected

position inside the tube. We orient the coil so that its axis lies on axis of the tube,

see Figure 13b. The coil excites a magnetic field that cannot pass through the tube’s

conductive material of conductivity σ and magnetic permeability µ due to the induction of

eddy currents negating the local original magnetic field. The damped magnetic field thus

drops to 1/e of its original amplitude in the thickness of

δ = 1/
√

πfσµ [39] (for copper and 1 kHz: δ = 2.1 mm) (31)

For AMC to function fully, its thickness must be greater than δ.

The mentioned cut of the tube (AMC) is very important. If the tube had no cut, eddy

currents would create the exact opposite magnetic field, which would negate the entire

original field. Such result is an implication of the eddy currents behavior trying to prevent

the passage of a component of the magnetic field which is perpendicular to the surface of

the material. This is also the case with the cut tube, but the eddy currents must now

take on a different configuration, which in principle does not allow the magnetic induction

lines to go anywhere other than along the tube, see Figure 13b. And since the density of

the magnetic field lines can be identified as the magnetic flux density Φ (Φ = B · S for a

constant magnitude B of the magnetic field parallel to the surface with a total area S), it

is clear that with a constant density of the magnetic field lines along the axis of the tube,

magnitude of the magnetic field does not change either.

At first sight, AMC could be mistaken for a waveguide, but theory and practice work

completely differently. The propagation of a wave in the waveguide is given by differential

equations with boundary conditions at interface of the waveguide walls and the inside

of the waveguide. The possible results are different wave modes with frequencies given

by the geometry and material of the waveguide. AMC, on the other hand, has a clear

frequency monotone increasing solution. The main difference compared to the waveguide,

however, lies in the longitudinal cut of AMC, which, in turn, would completely destroy

the waveguide. AMC must also be completely conductive, while waveguide can be also

constructed of dielectrics.

Furthermore, AMC could be mistaken for a magnetic shielding made of ferromagnetic

material (µr ≫ 1), but the difference is also obvious. The AMC cannot shield the stationary

field because used copper has the relative magnetic permeability µr
.
= 1. This gives AMC

an interesting advantage over shields made of ferromagnetic materials, because in the

tokamak the strongest magnetic field is stationary ∂Btoroidal
∂t = 0, so it does not exert any
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a)

b)

Figure 13: AMC operating principle. Figure a) shows only the coil and in section
its magnetic field including the field lines. Figure b) shows the resulting magnetic
field when using AMC.

force on AMC.

2.5.1 Experiments

The main goal of the experiments was to confirm/refute the original assumptions, find

suitable configurations and find out some scaling dependencies. We were later able to scale

the obtained results with the help of numerical simulations, the use of which to find the

basic principles would be unreliable and unnecessarily laborious.

The most important thing for us was the result of an experiment, where a copper plate

with a cut was inserted in front of the excitation coil. In the case of placing the excitation

coil in AMC, which was subsequently non-conductively pressed to the plate, there was a

significant increase (> 101×) of the magnetic field behind the plate, compared to the case

without AMC. This experiment confirmed the basic idea of AMC in a topology similar to

the placement of sweeping coils on the DEMO divertor.
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A more practical experiment was to find the best AMC possible. The excitation coil

was inserted into different AMCs at different positions from the ends of AMC, measuring

the magnetic field at the mouth of AMC. Figure 14 shows a comparison for 9 different

AMCs. The best AMC is the one that shows the smallest possible change in the magnetic

field at the mouth of AMC when the position of the excitation coil changes. This definition

is best met by AMC consisting of a conductive aluminum foil layer and an insulating layer

of paper, which are applied to each other and spirally wound into a tube shape.

Figure 14: Measured magnetic field at the mouth of different types of AMCs for
changing the position of the excitation coil inside AMCs.

It can also be seen that the better AMC, the lower the magnetic field values can be

measured at closer distances of the excitation coil to the mouth of AMC. In other words, for

a given AMC, there is a certain distance of the excitation coil from the mouth of AMC for

which AMC begins to be useful. AMC seems to be somehow keeping the original magnetic

energy, only changing the shape of the magnetic field, further research is required in order

to better understand.

2.5.2 Simulations

Simulation software COMSOL Multiphysics was used to scale the experiments. An

arrangement similar to that in the experiments in Figure 14 was modeled in it. By com-

parison with the results from the simulations, see Figure 15, it was found that the results

do not agree for "too good" AMC (according to the quality definition in Section 2.5.1).

This led to the decision that only AMC type consisting of a tube with one longitudinal cut

would continue to be considered in the simulations.

The following simulations were converted to geometry from [13] approximately corre-

sponding to the current geometry of the EU DEMO divertor. AMC was placed around the

sweeping coil in form of a conductive cylinder with a cut. Comparison of the simulations

revealed up to 3× larger magnetic field around the X-point induced by the sweeping coil

when using AMC [38].
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Figure 15: Comparison of simulation with experiment. The coil is inserted into
AMC at various positions, measuring the magnetic field at the mouth of AMC.

3 Magnetic field simulations

COMSOL Multiphysics software (used builds 5.2, 5.6 and 6.0) was used to simulate

magnetic field of the sweeping coils. It is a cross-platform finite element analysis, solver

and multiphysics simulation software. We chose it because of its widespread support and

very user-friendly environment, which does not degrade its accuracy. On the contrary,

COMSOL has thus become a very simple and accurate tool that allows one to quickly

modify a simulation during research. Only one of its many modules, the AC/DC Mod-

ule, was sufficient for this work. This module offers several solvers for a wide variety of

electromagnetism physics.

The interface we have used the most is called Magnetic Fields. It is used to compute

magnetic field and induced current distributions in and around coils, conductors, and

magnets. It solves Maxwell’s equations, which are formulated using the magnetic vector

potential A and, optionally for coils, the scalar electric potential ϕ as the dependent

variables.

B = ∇× A, E = −∇ϕ− ∂A
∂t

(32)

To correctly distinguish the interaction of different materials in a wide range of electro-

magnetic frequencies, the module offers several physical conditions and approaches, which

we will now discuss.

3.1 Simulation settings

Given the nature of the simulations, i.e. magnetic field around the harmonically swept

coil at frequency f = ω
2π , it was logical to choose the so-called Frequency Domain Study

(or called the Fourier Domain). The time-dependent variables (A(t), ϕ(t), B(t), E(t), ...)
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thus obtain a prescription of form

Vi(t) = Vi · expi(ωt+φVi
), s(t) = s · expi(ωt+φs), (33)

where Vi is the amplitude of the i-th component (i ∈ {1; 2; 3}) of Vi(t) of any vector

variable V(t) and s is the amplitude of any scalar variable s(t). φVi and φs then indicate

the phase shift of the individual variables. This makes it possible to completely exclude

the time dependency of variables from the equations, and the algorithm then uses one of

the iterative solvers, which only needs to be converged once, so the simulation can be many

times faster. As a result, only a real part of the complex solution is sufficient and can be

written in the harmonic form

Vi(t) = Vi · cos(2πf · t+ φVi), s(t) = s · cos(2πf · t+ φs) (34)

By choosing the Magnetic Fields interface, we get a set of three elementary nodes that

form the necessary basis of physical equations.

• Ampère’s Law node adds the Ampère’s law for the magnetic field and provides an

interface for defining the constitutive relation and its associated properties as well as

electric properties.

• Magnetic Insulation node adds a boundary condition that sets the tangential com-

ponents of the magnetic potential to zero at the boundary

n×A = 0 (35)

• Initial Values node adds an initial value for the magnetic vector potential for a

nonlinear solver. We choose the default value of

A = 0 (36)

The modeling of the coil itself was simplified compared to previous work in Section 2.4,

where the coil had a real 3D structure of a curved solenoid. Now the coil was represented

by a hollow cylinder modeled using an internal node known as Coil. The Coil node was

set to Homogenized Multi-turn, which models a bundle of wires tightly wound together.

Circular coil geometry subnode was added in order to simulate the sweeping coil.

Because EU DEMO cassette size ratio is approximately 3:1 (radial:toroidal), there is

a significant interaction of toroidally adjacent coils. We therefore introduced Periodic

Boundary Conditions node into the model with the so-called standard periodicity settings
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for which

A(x1) = A(x2), (37)

where xi represent the coordinates of periodic boundaries.

BiCGStab Iterative Solver was used for solving the resulting linear system of equations.

This solver uses the biconjugate gradient stabilized iterative method, which we assumed

as the most stable method throughout the variety of simulations.

We had to adjust mesh of the simulated geometry several times for the solver to find a

solution. It is a problem of simulating the cassette of a very large size (few meters) relative

to millimeter gaps in AMC. Few details of resulting mesh can be seen in Figure 16.

a) b)

c) d)

Figure 16: a) View on resulting mesh showing the difference in sizes of mesh
elements in various areas. b) Mesh of vacuum space is removed in order to see
meshed AMC. c) View on PFC mesh and d) shows its detail where the mesh of
AMC crosses the mesh of PFC. Total mesh consist of 106 domain elements (107

degrees of freedom) which results in total computation time of 4 CPU hours (core
frequency of 2.9 GHz) per simulation while occupying up to 100 GB of RAM on
Soroban computational cluster located on IPP of the CAS.
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3.2 EU DEMO configuration

We started with a 3D model of the divertor cooling system in ITER-like divertor cassette

from 2016, see Figure 17. The cassette has been greatly simplified into a homogeneous

structure copying the edges of the model to save computational time (limited by the used

computer cluster node). One convergence should not take more than ∼an hour, because

the geometry itself and various aspects of the simulation have changed countless times

during the research. Due to the need to simulate magnetic field even outside the cassette,

around blanket, the rest of the geometry including PFCs was obtained from the contours

from the tokamak poloidal cross-sections [40].

Figure 17: The original model of the divertor cassette from 2016, which was resized
for EU DEMO to match CREATE DEMO magnetic equlibria [37].

The coils themselves have been placed outside the divertor cassette, which greatly

facilitates their implementation compared to previous work. The weight of one coil is ∼ 2 t

and any intervention in the complicated cooling network in the cassette is not preferred

from an engineering point of view. This placement also allowed us to implement AMC more

arbitrarily. AMC was made of 3 mm thick copper sheet (skin-depth δ1.2kHz = 2.3 mm), its

surface was 5 mm away from the edges of the coil and AMC connected every two coils in

one toroidal segment. The aim of the interconnection was to improve the penetration of

the magnetic field through the conductive PFC structure and to prevent the interaction of

1 kHz magnetic field with surroundings.

Eventually, the entire geometry was cut into the shape of two adjacent halves of two

adjacent toroidal segments, see Figure 18. It can be seen that the coil system is thus

toroidally offset from the cassette arrangement by half a cassette. The cut between the

individual cassettes is 1 cm wide; with a narrower cut, penetration of the magnetic field
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is suppressed. The radially converging edges of the simulated geometry are replaced by a

periodic boundary condition, so the resulting simulation corresponds to the actual toroidal

geometry.

a) b) c)

Figure 18: a) Resulting geometry of simulations. Dark red color represents AMC
made from copper, yellow colored are the copper sweeping coils, gray is the nearest
PFC support made from EUROFER 97 as is the pink colored divertor cassette
and brown colored blanket b) Detail for a suitable cutout in PFC, which is located
outside a possible position of the strike-point and is in the magnetic shadow behind
the adjacent inclined PFC (as seen on top of a)). c) Cut through AMC showing
the coil location.

3.3 Optimization

Due to the still evolving design of EU DEMO, there is not much information about

the construction of the tokamak in the vicinity of the divertor, so we did not focus so

much on optimizing the mouth and rotation of the coils relative to the strike-point, but

more on which parts should be left separate and how far (divertor consist of 54 replaceable

cassettes) and which would be appropriate to conductively interconnect. So we placed the

coils perpendicular to PFC structure and close enough to the strike-point to avoid overlap

with the divertor cassettes.

Figure 19: Dependence of magnetic field strength (∼ 10 cm away from outer
strike-point) on the gap width between adjacent divertor cassettes. All points are
calculated for frequency f = 1.6 kHz, gap width in AMC 1 mm and 10 kA in
100 turns per coil.
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Because the tokamak magnetic confinement (or any other toroidal device) is in principle

worse on LFS, the thermal load is proportionally worse on outer strike-point. Therefore,

we continued to implement the system only for the outer strike-point, because for inner

strike-point conditions are expected to be automatically met.

More difficult was to choose a suitable gap thickness between the toroidal segments (gap

in AMC is fixed). We did not know the possible width of the gap, but as the simulations

showed, the larger the width, the more the magnetic field passes through, see Figure 19. To

maintain the toroidal integrity of PFC, we fixed the width to 1 cm, which is still less than

the toroidal inter-cassette gap on ITER 20 ± 5 mm [41]. So if EU DEMO inter-cassette

gap will be larger, the sweeping efficiency will also improve.

a) b)

c)

Figure 20: a) Cross-section (in the middle of the toroidal gap) of the resulting
magnetic field (in its amplitude), where only copper coils in a vacuum are con-
sidered (the contours of tokamak geometry indicate only the location of the coils).
The red lines follow the direction of magnetic field so that their density is constant
throughout the image (unlike magnetic field lines). b) The cassette and a 5 cm
thick PFC support structure from EUROFER 97 are added. Thicker purple lines
indicate the idea of the best possible shape of field lines, which we try to achieve via
AMC. c) Copper AMC was added (guided from coil to coil around the cassette).
A return to a stronger magnetic field in the plasma region is evident. The blanket
modules are missing here, but they do not influence the magnetic field inside the
divertor region [37]. All 3 options are simulated for f = 1.6 kHz.

Increasing field penetration through a larger gap in PFCs makes sense, but on the other
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hand, our goal was (in the idea of magnetic field lines as streamlines of abstract fluid) to

use AMC to enclose magnetic field lines in some kind of circuit closing in part in AMC,

passing only through the additional hole in PFCs at the mouth of the coils (not through

the inter-cassette gap) and more passing near the X-point, see Figure 20b. The resulting

constant magnetic field line density would lead to a stronger magnetic field at the X-point

position, where the original tokamak poloidal field is Bpol = 0. There, in principle, would

be the greatest change in the magnetic field topology lim
Boriginal

pol →0

Bsweeping
pol

Boriginal
pol

→ ∞, and

since the change in the trajectory of the particles accumulates along its path, we would

get the best sweeping efficiency. However, as mentioned in Section 2.5.2, AMC used does

not achieve the desired qualities and the result from Field-line Tracking [37] shows ∼ 2×
lower efficiency when using thinner inter-cassette gaps (such result therefore corresponds

to Figure 19).

As the main difference between Figure 20b and Figure 20c is the addition of AMC we

can present you the efficiency of AMC. Without AMC, the Field-line Tracking simulations

[37] shown 4× lower sweeping amplitude (FSTS decreased by 30%) when the same ohmic

losses were accounted for.

Another parameter is a gap in AMC, but it is clear here that we want to achieve the

smallest possible gap. Unfortunately, even with multiple AMC layers, we will not achieve

the desired AMC quality, see Section 2.5.2. There is a certain saturation of computational

capabilities, where due to the narrower gap, the simulation is no longer able to monitor

the growing quality of AMC (even when mesh is more and more finer), see Figure 21. We

therefore fixed the gap thickness in AMC to 1 mm (but we know from experiments that a

better AMC could actually be made and therefore more efficient sweeping system).

Figure 21: Dependence of magnetic field strength (∼ 10 cm away from outer strike-
point) on the AMC longitudinal cut width. All points are calculated for frequency
f = 1.6 kHz, gap in divertor 1 cm and 10 kA in 100 turns per coil.

We then followed up on an attempt to improve the enclosure of the magnetic field

lines from both coils, as in Figure 20b. Figure 22 shows the results of several possible

ways of conductive interconnection of divertor cassettes, which show that the strongest

magnetic field is still obtained in the case where no additional interconnection is made

(confirmed by Field-line Tracking simulation). This is good in principle, because even
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at ITER, PFCs themselves are segmented into monoblocks with dimensions 28 × 12 ×
28 mm (Tor×Pol×Rad) [41], not only for thermal expansion but also to prevent current

induction during distributions. The reduction of the magnetic field at the X-point, despite

the prevention of return of the divertor-hole-passed field lines other than through the second

coil, is explained by the fact that more field lines are enclosed in AMC volume itself (e.g.

they are more compressed in close proximity to the sweeping coil)

a) b)

c) d)

Figure 22: Poloidal cross-section (in the middle of the toroidal gap) of the sim-
ulated magnetic field (in amplitude) for different arrangement of gaps between
toroidal segments in PFC and AMC. The gaps corresponding to each configura-
tion are highlighted by a pink line. The simulations also include a gap in the
cassette in which the view is located. The gaps have a possible thickness in PFC
of 1 cm and in AMC of 1 mm. The blanket modules are missing here, but they do
not influence the magnetic field inside the divertor region [37].

Because we see in Figure 20c that the dominant magnetic field strength reaches only

to about half of the total length of simulated AMC (given by AMC quality), halving AMC

can save space around the divertor cassette at the cost of a small reduction in AMC quality.

In Figure 23 we can see a comparison of the resulting fields, where near the strike-point in

the case a) we get almost the same value of the magnetic field BAMC
long = 22.5 mT as in the

case b) BAMC
short = 22.2 mT. However, we must keep in mind that such a volume saving only

works in the case of currently used AMC, which is not able to fully extend the magnetic
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field through its volume (in Section 2.5.1 we see that a much better AMC can be made).

a) b)

Figure 23: Difference between a) fully interconnected coils via AMC and b) AMC
shortened by ≈ 50% and without any difference inside the divertor region. The
shortening is sketched around the AMC boundary with a pink line.

3.4 Frequency dependence

In previous works (see Section 2.4), the dependence of results on frequency was caused

only by the penetration depth of eddy currents. Due to the used tungsten structure with

a thickness of 10 cm, it was so far negligible, so that the frequency dependence has not

yet been described for the selected geometry and frequencies (δW
1kHz = 3.8 mm). But in

this work, we will see that there are even two other important factors that cause frequency

dependence.

Due to the higher frequencies required to apply the fast sweeping principle (ELM time

scale τELM = 3 ms ≫ sweep period 1/f), we also neglected the effect of the variable

penetration depth into the material. However, because eddy currents can be viewed as

a secondary electrical circuit connected to the main sweeping circuit via electromagnetic

induction (such as a transformer), a frequency-dependent phase shift of the eddy currents

Ie relative to the primary current Is can also occur. Such a phase shift can manifest itself

in two ways:

1. Because both currents Ie,s create harmonic oscillations of magnetic fields Be,s their

sum Bsweeping will also be a harmonic function. Bsweeping amplitude (sweeping effi-

ciency) depends on the relative phase shift of Be and Bs.

2. Since we consider Figure 20b to be intuitively the best magnetic arrangement (or also

to try to get as many magnetic field lines as possible in the direction perpendicular

to the original poloidal field: max(
Bsweeping

pol

Boriginal
pol

· Bsweeping×Boriginal

BsweepingBoriginal ), we could also quickly

(no need to run Field-line Tracking simulation) guess the sweeping efficiency only

from cross-sections of magnetic field. And because the resulting field Bsweeping is the
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sum of Be + Bs, the phase shift of field Be is visible in the poloidal cross-section of

Bsweeping.

3.4.1 Ion fly-time

The second factor of frequency dependence is a flight time of Deuterium ions along the

sweeping coils. Because this phenomenon is not part of the simulations in COMSOL, but

is part of the Field-line Tracking simulations, only the principle and results are described

here, as in [37].

According to [42], electron temperature at divertor during ELM T divertor
e,ELM ≈ 0.8·T pedestal

e ,

where T pedestal
e ≈ 5 keV is electron temperature which diffuses from the plasma out-

side of LCFS. Therefore, the fly-time of Deuterons with the corresponding speed cs =√
2Tie/mD = 700 km/s through the region of only one coil is 2πR

Ncs = 1.2 µs. Each ion passes

through ∼ 50 − 100 coils. During 100 µs the sweeping current with frequency f ≈ 1 kHz

vary significantly. Extremely slow ions even switch direction of the coil’s perturbation

during their flight. The ions at the velocity distribution tail, carrying most of the ELM

energy, fly faster than cs and thus are insensitive to this problem. For T divertor
i,ELM ≥ 5 keV

and f < 4 kHz the 3D Field-line Tracking simulation yields ≤ 20% weaker strike-point

sweeping amplitude.

In COMSOL, we simulated the behavior for several frequencies. Calculated mag-

netic fields were passed into Field-Line Tracking simulations the resulting sweep amplitude

λsweep(f) can be seen in Figure 24. Therefore, a small correction to λsweep will be assumed

later in the circuit analysis.

Figure 24: The overall desired strike point shift λsweep for
16 kA×63 turns×54 coils. Eddy currents in the divertor structure and AMC
generate (undesirably) a decreasing frequency dependence. Similarly, the effect of
slowly flying ions further weakly decreases the strike point shift amplitude.

4 Sweeping circuit

As important as the sweeping magnetic field acting on the strike-point is an analysis

of the circuit that generates the field. As in previous works, we will stick to the reso-
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nant frequency of RLC circuit, see Section 2.4.4. The main difference is an analysis of

interdependent circuit parameters, the search for real components in current market and

consideration of two ways to connect the RLC circuit. Thanks to this, we were able to find

the most optimal solution with the greatest possible efficiency against losses, which is also

achievable with current technology.

4.1 Analysis

The idea was to represent as many important quantities as possible, especially ohmic

losses EELM
Ω per ELM and FSTS, on some chosen parameter. We chose the number of turns

per coil Nturns. In calculations, we keep the sweeping amplitude λsweep constant (we assume

λsweep ∼ Nturns ·Is) and consider the total length of connection cables dcable = 100 m (from

the capacitor to the coil). We also keep constant the coil volume Vcoil = 0.07 m3 and mass

Mcoil = 2 t.

For every Nturns we start by calculating total circuit inductance L = Lcoil + Lcable +

LCES, which consists of several components connected in series:

• The main part of L is, of course, the strong field generated from the sweeping coil

itself, which is calculated using the total energy of magnetic field in the simulation

volume of V

Lcoil =

∫
V (H ·B)COMSOLdV

I2s
; H = B/µ, (38)

where µ = µrµ0 and µr is a material value of magnetic permeability (µCu
r = µW

r
.
= 1

and µEUROFER 97
r = 40 [43]) relative to vacuum µ0 = 1.257× 10−6 H/m [8].

• Inductance of supply stranded wire cables was approximated as an inductance of

twisted pair

Lcable = (4× 10−7[H/m]) · ln
(
2scable

Dcable

)
· dcable [44], (39)

where we considered wire diameter Dcable to be the same as wire separating distance

scable.

• The inductance of Capacitor Energy Storage (CES) LCES = Lswitch + Lcapa is dis-

cussed below in Section 4.2.2 and is negligible compared to other values.

Also parasitic capacitance can arise on the cables themselves. The real conductor has

a resistance, resistance creates a voltage drop and the voltage difference at the two ends of

the conductor is actually a capacitor. The parasitic capacitance of the supply cables can
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again be approximated by a twisted pair

Ccable = (28[pF/m]) · εr

ln
(
2scable
Dcable

) · dcable [44], (40)

where εr is the material relative value of permittivity, which we set εr = 1, because we

consider the coil and some part of the cable in a neutron radiation zone in a vacuum, where

common insulating materials are not usable. We obtain values of 100 nF, which, as we

shall see, are negligible to the capacity CCES.

Before CCES, we calculate the circuit resonant frequency f using inductive reactance

XL

XL = 2πfL and UL = IsXL → f =
UL

2πLIs
, (41)

where we consider for voltage on the inductor UL = UCES. We then calculate CCES in

order to fit the resonant frequency

CCES =
1

L · (2πf)2
(42)

The remaining parameter is the circuit ohmic resistance R = RCu + Reddy + RCES.

Similarly to L, we calculate it as the sum of three resistive components:

• Resistance of the coil and cable RCu can be determined from their geometry, because,

as we will show later in Section 4.2.1, the ratio of ohmic resistance for AC and DC

current is RAC/RDC = 1.

• The largest losses (≈ 10× larger than the rest) are found in the conductive surround-

ings of the coil (especially AMC), which are caused by eddy currents. In COMSOL

Multiphysics, we calculated the mean value of surroundings resistance RCOMSOL,

which we then scaled to any frequency f as

Reddy = RCOMSOL ·

√(
f

fCOMSOL

)
(43)

• And again resistance of switches and capacitors Rswitch +Rcapa = RCES is discussed

in the Section 4.2 below.

Now we can calculate total ohmic losses of the sweeping system of 2×N coils per one

ELM. Because, in fact,

Is(t) = Is0 sin(2πf · t) · exp(−t · 2R
L

) (44)
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we have to integrate the losses over τELM

EELM
Ω =

∫ τELM

0

1

2
R[Is(t)]

2dt · τELM · 2 ·N (45)

We estimated the ELM time scale τELM = 3 ms based on scaling in [28], which results to

a very similar time scale as on ITER. Dissipated energy from CES per one ELM can be

evaluated as

EELM
diss =

EELM
Ω

1
2CCESU

2
CES

· τELM · 100[%], (46)

where We studied EELM
diss in order to reduce the sweep amplitude λsweep during ELM. Be-

cause Is(t) ∼ sin(2πf ·t), the strike-point stays at the sweep edges longer than in the middle

position (the sine function changes the fastest when equals to zero) which yields undesir-

ably low FSTS. However, even when λsweep ∼ Is is reduced to 0.7 · Is0 (for Nturns = 63),

the Heat Conduction simulation [37] concludes that this effect is unfortunately negligible.

Finally, the dependence of FSTS on Nturns is estimated by fitting the Heat Conduction

simulation results [37] as

FSTS = 1 +
3

4
ln(1 + f · τELM)

√
λscaled/λELM

q , (47)

where λELM
q = 2 cm is the EU DEMO ELM divertor heat flux decay length scaled in [28].

But λsweep cannot be set directly into Eq. 47, because, as we stated earlier in Section 3.4,

there is a bond between the sweeping circuit and the eddy currents due to which λsweep ∼
Nturns · Is does fully not apply. λsweep needs to be fixed at higher frequencies as

AC voltage amplitude UCES ±18 kV
AC current amplitude Is ±16 kA

Strike-point sweep amplitude λsweep ±5 cm
Length of connection cables dcable 100 m

Divertor hole diameter (toroidal, poloidal) 10 cm, 30 cm
EU DEMO ELM decay time τELM 3 ms

EU DEMO ELM divertor decay length λELM
q 2 cm

Capacitor Energy Storage capacitance CCES 77 µF
Total inductance L 99 µH

Sweeping frequency f 1.8 kHz
Ohmic losses per ELM EELM

Ω for all coils 140 kJ
Weight of two coils and their cables Mcoil +Mcable 5.2 t
Relative energy dissipation within one ELM EELM

diss 20 %
Surface Temperature Suppression Factor FSTS 3.2

Table 2: Parameters of the sweeping system parameterized for the EU DEMO
fusion tokamak. Two coils and cable is in each 54 divertor cassettes. The values
are for Nturns = 63, for which the highest FSTS = 3.2 was reached.
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λscaled = λsweep · exp(−f/2.4kHz) (48)

We plotted the resulting dependencies in Figure 25.

Figure 25: Scan over number of turns per coil Nturns. Highest Surface Temperature
Suppression Factor FSTS = 3.2 is reached for Nturns = 63. Obtained and modified
from [37].

In Figure 25 we can see that for higher number of turns Nturns > 100, the connection to

the capacitor plays negligible role, however, FSTS drops due to smaller resonant frequency

f . For Nturns < 50, the ohmic heating loss EELM
Ω and total mass Mcoil + Mcable rise to

unacceptable large values. The highest FSTS whilst still low EELM
Ω is reached Nturns ≈ 60,

for which the crucial system parameters are summarized in Table 2. Thanks to these simple

graphs, we were able to realize that the only parameter we should really maximize is the

capacitor voltage UCES. Thanks to the simulations from [37] we see that, unfortunately,
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FSTS rises only very weakly with voltage as FSTS ∼ 3
√
UCES.

We consider all the coils connected as fully independent circuits due to safety: if several

of them break down, the system still works, with just proportionally lower amplitude. An-

other option would be to connect them all parallel into a single and much bigger capacitor

bank. However, our market search concluded that such a big CES would anyway sustain

from a similar amount of components (if CES is composed only from market available

products), thus its complexity would not yield any advantage.

4.2 Feasibility

4.2.1 Stranded wires

Litz wire technology has been known since the first radio transmissions on medium

frequencies (∼ 1 MHz). The trick is the way the wires are wounded. The result of these

winding patterns is to equalize the proportion of the overall length over which each strand is

at outside of the conductor. This has an effect of distributing the current equally among the

wire strands, reducing its resistance, see Figure 26. In other words, at higher frequencies,

as with AMC, the current density only accumulates on the conductor surface. Because the

cable consists of several conductors, it is possible to change positions of outer and inner

conductors along the cable. This minimizes the inductance of the cable and spreads the

current density over the entire cable cross-section.

Figure 26: Dependence of the resistance ratio when alternating current is applied
RAC and when direct current is applied RDC on AC frequency for different wire
diameter. RAC/RDC > 1, due to eddy currents, which drive the current density
to the surface of the cable (reduces the effective cross section, i.e. increases the
resistance). Obtained from [45].

Thanks to assumed 45 mm thick Litz-type conductor, its resistivity is low enough to
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dissipate only 60% of capacitor energy during one ELM. Litz wires with non-insulated

strands (non-insulated Litz wire = stranded wire), which we consider as a necessary condi-

tion in neutron radiation environment, has 5× higher RAC/RDC−1 increase with frequency

with respect to an insulated Litz wire, see Figure 27. At frequency below 100 kHz, how-

ever, RAC/RDC ≈ 1 (see Figure 26). Therefore, at our frequency 1.8 kHz, we can simply

RAC = RDC, assuming the strands are less then 0.25 mm thick.

Figure 27: Dependence of the resistance ratio when alternating current is applied
RAC and when direct current is applied RDC on AC frequency for different wire
types. Type-1 means insulated strands, type-2 means oxidized strands and type-
3 stands for non-insulated strands (FEM is a simulation that was tested in [46]
and VPI is an additional method of impregnation, both of these graphs are not
important for us). Obtained from [46].

4.2.2 Capacitor banks

Performed analysis of the circuit and its influence on the strike-point sweeping showed

us that capacity is the loosest parameter for us and is in the order of commonly available

Capacitor Energy Storage (CES). So a standard non-polarized CES (which can, unlike

other types, work in AC mode) will suffice. We know that FSTS ∼ 3
√
UCES, so we would

want the largest possible voltage UCES. On the other hand, the dependence is so weak that

we prefer to limit ourselves to a voltage of ∼ 18 kV, at which there are still no undesirable

problems with sparking in the circuit.

For the independent coil connection (connection, where every coil has its own CES),

we can use, for example, a ring-film capacitors (Ucapa = 8 kV, Ccapa = 50 µF) [47] in

series of N s
capa = 5 in Np

capa = 10 parallel channels. This yields a voltage of UCES <

N s
capa · Ucapa = 40 DCkV= 20 ACkV with a capacity of Np

capa · Ccapa/N
s
capa = 0.1 mF,

a parasitic resistance of Rcapa = N s
capa · Np

capa = 0.1 mΩ and a parasitic inductance

of Lcapa = 25 nH for a single coil. The resulting peak current through one capacitor

Icapa = Is/N
p
capa = 1.6 kA is acceptable for such capacitor. In total, it would be necessary

to connect N s
capa ·N

p
capa ·N = 2, 700 capacitors (only to sweep the outer strike-point), thus

a custom CES would be preferable option for such a huge project as EU DEMO1.
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4.2.3 High power switches

For switching the voltages of UCES and currents of Is, typically thyristors and IGBT

transistors are used. However, due to the difficulties with the thyristor turning off and

insufficient pulse length, in our application IGBT transistors are more convenient. Since

any available discrete semiconductor switches have still insufficient breakdown voltage and

maximum current, we consider again a Series-Parallel (N s
switch = 15 × Np

switch = 6) com-

bination of IGBT transistors (Uswitch = 1.2 kV, Iswitch = 3.6 kA) [48] yields parameters

over our requirements of N s
switch · Uswitch = 18 kV and a maximum continuous current of

Np
switch · Iswitch = 21.6 kA.

Since the voltage drop is only UON
switch = 2 V for one ON switch, we get an effective

resistance of Rswitch =
Ns

switch·U
ON
switch

Np
switch·Iswitch

= 1.4 mΩ for one coil. IGBT is in principle a tran-

sistor, so for AC circuits at a resonant frequency, NAC
switch = 2 opposing switches must be

connected in the circuit, where each takes current in one direction. In total, the system

requires N · N s
switch · Np

switch · NAC
switch = 9, 720 IGBT transistors. We consider their par-

asitic capacitance to be negligible with respect to the capacitor, as well as the capacitor

resistivity is negligible with respect to the switch.

An example of the feasibility of such a switching approach is the industrial pulsed

power device presented in [49]. There, a similar block of IGBT transistors is utilized for

periodical switching of 20 kV, 150 A pulses. Obviously, by a parallel combination of such

blocks, the desired current could be reached.

5 Discussion

Since this is a completely new approach how to suppress ELM induced damage, several

feasibility issues were not treated here due to its complexity and probably relatively low

significance.

Even with a possible 1 Hz natural ELM frequency and an almost continuous EU DEMO

mode, IGBT switches would turn ON/OFF ∼ 105 times in one day. Older high-current

switch technologies have only achieved such lifetime values, so the question is whether

current and future technology or custom-made CES will achieve better qualities.

The magnetic field sum from the coils and the plasma equilibrium would not only

generate linear perturbation (used for the 3D tracking) but also ergodic regions (with fully

chaotic 3D topology) similar to the Resonant Magnetic Perturbation (RMP) technique. We

think, however, that the ergodicity in our system is much weaker than in RMP because of:

1. much higher toroidal symmetry (number of coils N = 54 ≥ 2 + 2 usually considered

in RMP),
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2. all the coils have the same polarity whilst in RMP the even/odd coils switch polarity,

3. RMP coils located at midplane integrate the chaotic perturbation over much longer

distance than the swept coils in divertor.

Therefore, in this study we ignored the ergodicity issue.

There is a risk of possibly induced currents in the plasma by this oscillating magnetic

field. In similar calculations for RMP [50], these plasma induced currents somehow reduce

the RMP-field penetration into the plasma. We did not consider this issue due to its

complexity and it should be investigated in follow up studies.

We also do not consider core plasma MHD instabilities which might be induced by this

oscillating magnetic field, however, we think it is negligible because the perturbation is

strongly localized within the divertor region.

In [51], significant neutron irradiation of 2-4 displacement/atom/year is expected in

the region behind the water/helium cooled divertor cassette. There also nuclear heating

of 5 MW/m3 is calculated for EUROFER. Assuming similar values for the copper coils, it

is comparable to the coil ohmic heating and thus requires attentive investigation in future

studies.

If the frequency of ELMs was increased to safer fELM = 10 Hz [52] (natural ELM 1 Hz)

via additional ELM mitigation methods, we would get a continuous power of ohmic losses

EELM
Ω · fELM = 1.4 MW which we consider still acceptable.

Finally, the question is whether this financially, technologically and energy-intensive

system is worth a FSTS
.
= 3 times lower PFC surface temperature, but we will probably

find out when the situation demands it. What is certain is that the system can be further

improved, such as finding a suitable method to simulate a better AMC (or limit AMC

to the immediate vicinity of the coils as in Figure 23), designing a custom-made CES or

even test completely different circuit connection (we chose the RLC circuit for its natural

simplicity, but in terms of current technologies, similar oscillations can be excited by the

external circuit and even not only harmonics).

6 Conclusion

We studied feasibility of a yet-never-tested technology aimed to suppress surface tem-

perature rise during the undesired ELMs (possible to use only as an emergency system

when other ELM-size control system fails) in EU DEMO1 divertor which are predicted to

highly exceed tungsten damage threshold which would otherwise led to thermal cracking,

melting and sputtering. The same principle would be applicable to other research or ther-

monuclear energy tokamaks when increasing and concentrating energy in the plasma, such

as spARC (which will face the same or even worse heat loads) or COMPASS Upgrade [53].
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The result of this work are the parameters of the system, which was now tested for the

first time in the currently assumed magnetic and geometric configuration of EU DEMO1.

Fast harmonic sweep of the outer strike-point would decrease the targets surface temper-

ature by factor of three. It requires installation of a dedicated in-vessel 1.5 tons copper

coils inside each 54 divertor cassettes (2 coils in order to sweep also both inner and outer

target), each in a resonant circuit with 18 kV capacitor bank and an array of IGBT units,

requiring power supply of 140 kJ per ELM. This technology can be usefully combined with

other ELM-suppression methods (resonant magnetic perturbation and impurity seeding),

however, not with liquid metals.
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