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An innovative concept for power and particle removal from the divertor is proposed. This scheme takes full
advantage of both liquid metal convection and conduction to remove heat from the divertor, which is the most
difficult issue for fusion reactor design. We propose that a liquid metal (LM) should replace the solid divertor
plates on the bottom of the vacuum vessel. The LM is continuously supplied from openings located at the inner
separatrix strike point on the floor of the LM container on the bottom of the vacuum vessel, and exhausted from
openings located at the outer separatrix strike point on the floor of the LM container. The LM flow is guided along
the field line to reduce MHD drag. In the event of a disruption, the current induced in the LM during the current
quench is in the same direction of the plasma current. The induced LM current would either attract the plasma
toward the LM divertor (leading to a benign Vertical Displacement Event), or force the LM toward the core
plasma, providing automatic disruption mitigation, not requiring a learning process. The use of liquid tin instead
of liquid lithium would provide greater stability against Rayleigh-Taylor and Kelvin-Helmholtz instabilities in
quiescent plasmas.
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1. Introduction
The removal of extremely high heat loads on the diver-

tor poses the most challenging issue for DEMO designs,
and unmitigated edge localised modes (ELMs) and dis-
ruptions will cause melting and subsequent deformation of
tungsten target surfaces, raising a very serious concern for
ITER and DEMO. The EFDA Report [1] indicates that “[a]
solution for the heat exhaust in the fusion power plant is
needed. A reliable solution to the problem of heat exhaust
is probably the main challenge towards the realisation of
magnetic confinement fusion. The risk exists that the base-
line strategy pursued in ITER cannot be extrapolated to a
fusion power plant. Hence, in parallel to the programme in
support of the baseline strategy, an aggressive programme
on alternative solutions for the divertor is necessary.” The
report by the Japanese Joint-Core Team for the Establish-
ment of Technology Bases Required for the Development
of a Fusion DEMO Reactor [2] also points out that “[with]
regard to the concern with the divertor heat load, this can-
not be solved in a simple way because there are major gaps
between required conditions and present technologies”.

Presently, the standard material for the divertor of
ITER [3] and DEMO [4] is tungsten, mainly due to its high
melting point and low tritium retention. However, tungsten
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targets may melt as a result of the thermal quenches asso-
ciated with several hundred unmitigated disruptions/VDEs
and ELMs, even in the H/He stage of ITER [3]. A re-
cent survey [5] points out that the complete suppression of
these transients, even in DEMO, would be extremely dif-
ficult. Other potential issues for tungsten include tritium
retention in deep traps produced by neutron damage, seri-
ous surface damage and erosion caused by high cycle pulse
heat loads well below the melting threshold, surface mod-
ification with He bubbles, nano-fibers, He holes, cracking
due to increase in the ductile-to-brittle transition tempera-
ture (DBTT), radiation hardening, void swelling, etc. [5].
A strong effort for the development of alternative materials
is thus called for.

An actively-convected liquid metal divertor
(ACLMD) was proposed to provide a solution to these
two problems [6]. The ACLMD employs a liquid metal
(LM) in place of solid divertor targets. In the original
scheme, toroidal electrodes embedded in the LM enable
active convection induced by the J × B force, where
J is the current in the LM and B is the magnetic field.
The active convection spreads the heat from the plasma
deposited on narrow zones to a large volume/surface,
significantly facilitating heat removal. After ELMs and
disruptions, the LM will quickly recover a flat surface and

c© 2020 The Japan Society of Plasma
Science and Nuclear Fusion Research

1401011-1



Plasma and Fusion Research: Regular Articles Volume 15, 1401011 (2020)

its heat removal capability. This stands in striking contrast
with a conventional tungsten target, which would require
replacement after unmitigated disruptions and ELMs
because heat handling could seriously deteriorate due to
surface deformation after melting and re-solidification.
Proof-of-principle (PoP) experiments for the ACLMD
were carried out in NIFS, demonstrating that the ACLMD
also provides a means to pump particles in steady state [7].

This paper proposes an innovative concept of power
and particle control. The LM flow guided along the field
line, which reduces MHD drag, is the key to strong convec-
tion. The need of electrodes for LM motion is also elimi-
nated.

Furthermore, implementation of a LM divertor could
enhance the resilience of a tokamak reactor to disruptions
and ELMs. In the event of a disruption, the current induced
in the LM during the current quench is in the same direc-
tion of the plasma current, would either attract the plasma
toward the LM divertor (resulting in a benign Vertical Dis-
placement Event), or force the LM toward the core plasma,
enabling automatic disruption mitigation. The eddy cur-
rents induced in the LM during an ELM and the conse-
quent LM ejection can be substantially reduced by electri-
cally separating the inner and outer divertor channels. If
this concept works, it could greatly mitigate the divertor
heat handling problem and problems associated with dis-
ruptions and ELMs, facilitating the design, construction,
operation and maintenance of future reactors.

Although comparison of liquid metals is beyond the
scope of this paper, tin is a good candidate for the liquid
metal material for a divertor, due to its low melting tem-
perature, low vapour pressure, low toxicity and low chem-
ical activity. Other characteristics of tin are discussed by
Miyazawa [8].

2. Liquid Metal Flow Rate Required
to Remove Heat
First, let us discuss the liquid metal flow rate required

to remove heat from the divertor. We estimate the LM
flow rate required to remove power P (W) with the fol-
lowing formula, assuming liquid tin with mass density ρ
(kg/m3), specific heat C (J/kg/deg), flow rateΓ (m3/s), tem-
perature of supplied tin Tin (degree C), and temperature of
exhausted tin Tout (degree C):

Γ =
P

ρC(Tout − Tin)
,

with P = 400 MW, ρ = 7×103 kg/m3, C = 228.4 J/kg/deg,
Tout = 400◦C, and Tin = 300◦C, we obtain Γ = 2.5 m3/s.

The power Pdrive required to drive the LM flow Γ
against the gravitational force is given by:

Pdrive = ρghΓ ∼ 2 MW,

for g = 9.8 m/s2 (gravitational acceleration) and h = 10 m
(height of the divertor LM surface measured from the elec-
tromagnetic pump (EMP)). This power is negligible com-

pared with the power the LM divertor will handle.
The flow speed u// along the field line is estimated to

be:

u// =
Γ

2πRwθ
=

2.5
2π · 8.5 · 0.2 · 0.05

= 5 m/s,

using a major radius R of 8.5 m [4], a tube width w of
0.2 m, and a field line pitch θ (= Bp/Bt, where Bp and
Bt are the poloidal and toroidal magnetic field, respec-
tively) of 0.05 are assumed. It is also assumed that the
inlets and outlets are installed at intervals of h/θ, where h
is the height of the inlets/outlets such that all the in-flow
and out-flow around the toroidal direction (θ) are supplied
and exhausted by the inlets/outlets, which are discussed
further in the next session.

3. Concept of MAGLIMD
This scheme is based upon a very fundamental princi-

ple: liquid metal is mobile along the field line. In the sim-
plest scheme (Figs. 1 - 3), all that is needed are a toroidally-
continuous LM container, outlet tubes of LM with open-
ings located near the separatrix strike point on the outboard
bottom of the LM container, as well as LM inlet tubes with
openings located near the separatrix strike point on the in-
board bottom of the LM container. The flow from the inlet
to the LM surface is driven by an EMP. The flow in the
private flux region, having a component across the field
line, is driven by a centrifugal force (present in the mov-
ing frame) or a pressure gradient, which will be discussed
in the next section. The flow from the LM surface to the
outlet is driven by the gravitational force. This scheme is
much more compact than the original Slim-CS divertor [9]
and ACLMD [6].

Since the LM flow along the field line does not suffer
from MHD drag, the LM volume that is directly connected
to the outlet along the field line will be exhausted at that
location, whereas the LM in the neighbouring volume will
flow in. The LM in the volume that is directly connected
to the inlet along the field line will flow out from that loca-
tion. Since the LM connected to the outlet and the LM con-
nected to the inlet flow in the same toroidal direction, the
whole LM will rotate toroidally due to viscosity. Conse-
quently, the uniformity of LM characteristics (temperature
and particle inventory) toroidally will be improved, despite
the fact that the openings for LM supply and exhaust can
be provided only at discrete locations in the toroidal direc-
tion.

If necessary, further enhancement of toroidal unifor-
mity is possible. In a fusion reactor, where the divertor
configuration is fixed and the field line forms a grazing
angle with respect to the LM surface, inlet/outlet open-
ings can be arranged in such a way that all the in-flow and
out-flow around the toroidal direction are supplied and ex-
hausted by the inlets/outlets, although the openings are in-
stalled at only discrete locations in the toroidal direction
(Fig. 4).
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Fig. 1 Poloidal cross-section of a tokamak with MAGLIMD and
its side view. The solid lines of the side view indicate
magnetic field lines running on the outboard separatrix
surface and the broken lines magnetic field lines running
on the inboard separatrix surface.

Fig. 2 Bird’s eye view of MAGLIMD and the LM flow.

Fig. 3 Schematic of MAGLIMD. The solid arrows indicate LM
flows along the field line. LM is injected from the inlets
installed on the separatrix strike point on the inboard floor
of the LM container, driven by an electromagnetic pump
(EMP). The injected LM flows along the field line up to
the LM surface. The LM is exhausted from the outlets
installed on the separatrix strike point on the outboard
floor of the LM container. The LM flows along the field
line up to the outlet. The dotted arrows indicate flows
across the field line. Insulation of the container wall and
inlet/outlet tubes significantly reduces MHD drag. The
arrows within the LM container indicate the direction of
the LM toroidal flow.

Fig. 4 In a fusion reactor, where the divertor configuration is
fixed and the field line in the LM divertor forms a graz-
ing angle with respect to the surface, inlet/outlet open-
ings can be arranged in such away that all the in-flow and
out-flow around the toroidal direction are supplied and
exhausted by the inlets/outlets despite the openings being
installed at only discrete locations in the toroidal direc-
tion.

In the simplest configuration, the LM flow is driven if
there is an LM inlet and an outlet that are both on the same
field line (Fig. 5 (a)). If the field is perpendicular to the flow
velocity u, a u × B electromotive force will be induced. If
the container is conductive, the j× B force would drag the
flow (i.e., via MHD drag). However, if the container or
the inner wall of the container is insulated, the MHD drag
would be significantly reduced (Fig. 5 (b)).

Let us discuss the case of an LM container that is
toroidally continuous with its insulated inner wall and
the magnetic field B oblique to the LM surface in the
toroidal direction. If there is a radial flow velocity u, the
toroidal current j should be considered in the force bal-
ance (Fig. 5 (c)). With the LM velocity u in the radial di-
rection, the u × B electromotive force drives a current j in
the toroidal direction if the magnetic field B is oblique to
the LM surface in the toroidal direction (Fig. 5 (d)). The
toroidal current j and the magnetic field B oblique to the
LM surface will lead to the j × B drag force.

However, a simple estimate of the MHD drag (Wdrag)
indicates that due to geometry (i.e., the grazing angle be-
tween the field line and the LM surface) and the centrifu-
gal force, the MHD drag is acceptable. Figure 6 (a) shows
a plan view for the divertor configuration in Fig. 1. The
toroidal flow component in the private flux region is re-
moved for simplicity. The flow (vsurface) in the private flux
region involves motion across the field line, which induces
u× B force that is nearly vertical, particularly near the LM
surface. The current only flows in the toroidal direction,
and the field line is nearly horizontal (Figs. 6 (b) and (c)).
The toroidal current is driven by the toroidal component
of force due to the perpendicular electric field (E⊥), which
is almost vertical (Fig. 6 (d)). The MHD drag (Wdrag) is
therefore

Wdrag = j⊥B · 2δ
= θ jtoroidalB · 2δ
= θσEtoroidalB · 2δ
= θ2σE⊥B · 2δ
= θ2σu⊥B2 · 2δ
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Fig. 5 (a) LM flow parallel to B and (b) LM flow perpendicular
to B associated with the u × B electromotive force; use
of an electrical conductor for the inner wall would lead
to a drag on the LM flow (i.e., MHD drag); insulation of
the inner wall would significantly reduce the MHD drag.
(c) LM in a toroidal container, where the field line lies
obliquely to the surface. If the LM has velocity u across
the field, the toroidal current j should be considered in
the force balance. (d) With the LM speed v in the radial
direction (Fig. 5 (c)), the u × B electromotive force drives
a current j in the toroidal direction if the magnetic field
B is oblique to the LM surface in the toroidal direction.
The toroidal current j and the magnetic field B oblique to
the LM surface will result in the j × B drag force.

= θ3σu//B2 · 2δ,
or

Wdrag ∼ (0.05)3 · 2 × 106 · 5 · 62 · 0.04

∼ 1800 Pa

∼ 0.018 atm.

Fig. 6 (a) Plan view of Fig. 1 showing the direction of the LM
flow. The toroidal component of the flow along the field
line in the private flux region is removed for simplic-
ity. (b) Elevation view of Fig. 1. (c) Elevation view
of toroidal current jtoroidal, with its major component j//
(parallel to B) and a small component j⊥ (perpendicu-
lar to B). (d) Elevation view of the electric field E⊥
(which enables a u×B force to be induced), with its small
toroidal component (Etoroidal) driving the toroidal current
( jtoroidal).

Here. j⊥ is the current density perpendicular to the mag-
netic field B ∼ 6 T, δ ∼ 0.02 m is the cross-field length
(Fig. 7), θ ∼ 0.05 radian is the angle between the magnetic
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field and the liquid surface, jtoroidal is the toroidal current
density, σ ∼ 2 × 106 S/m is the electrical conductivity of
liquid tin just above the melting temperature, Etoroidal is
the toroidal electric field, and E⊥ is the electric field per-
pendicular to the magnetic field. It is also assumed that
u⊥ ∼ u//θ. This estimate suggests that a step ∼2.6 cm in
height on the LM surface would make a pressure gradient
across the field line, which could balance the MHD drag.

Furthermore, the work done by the centrifugal force
Wcf (as present in the moving frame) can be made stronger
than the MHD drag.

Wc f = (ρu//
2/R) · Δ.

Where Δ ∼ 0.2 m is the radial distance of the private region
where the centrifugal force is active (Fig. 7).

Wc f

Wdrag
=
ρu//Δ/R
σθ3B22δ

∼ 7 × 103 × 5 × 0.2/8.5
2 × 106 × 0.053 × 62 × 2 × 0.02

∼ 2.

The MHD drag on the LM flowing in the duct perpen-
dicular to the magnetic field is analyzed with a formula de-
rived by Shercliff [10]. The Hartmann number H is given
by:

H = Ba(σ/μ)1/2,

where B is the magnetic field (T), a is the half size of the
duct, σ is the electrical conductivity of the LM, and μ the
viscosity of the LM.

The MHD drag is given by:

∂p
∂z
∼ − u

a2
Hμ,

where p is the pressure of the LM, z is the distance along
the duct, and u is the LM velocity. The wall contacting the
LM is insulated.

For B = 6 T, a = 0.1 m, σ = 2 × 106 S/m, μ = 1.85 ×
10−3 Pa·s [11] and u = 5 m/s, we obtain

H ∼ 2.0 × 104,

Fig. 7 Various parameters for the MAGLIMD.

∣
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∣
∣

∂p
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∣
∣
∣
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∼ 2 × 104 Pa/m.

With a duct length of 10 m running perpendicular to
the magnetic field, the MHD drag is ∼2 × 105 Pa, which is
within an acceptable range.

4. Start-Up and Shutdown
At the discharge start-up and shutdown, a toroidal cur-

rent can be induced in the LM. Consideration of the elec-
tromagnetic force on the LM is required.

4.1 Start-up in the limiter configuration
At the discharge start-up in a limiter configuration, the

LM would be ejected if the j × B force exceeds the gravi-
tational force (Fig. 8 (a)).

JtoroidalBp > ρg, where jtoroidal ∼ σE,

E is the toroidal electric field.

Fig. 8 (a) Discharge start-up in the limiter configuration (b) Cur-
rent induced in LM and the resultant j × B force at the
discharge start-up in the divertor configuration. (c) Dis-
charge shutdown in the limiter configuration. (d) Current
induced in the LM and the resultant j × B force at dis-
charge shutdown in the divertor configuration.

1401011-5



Plasma and Fusion Research: Regular Articles Volume 15, 1401011 (2020)

E >
ρg

σBpp

,

E >
7 × 103 · 9.8
2 × 106 · 0.2 = 0.17 V/m.

Bp ∼ 0.2 T is assumed. At the discharge start-up, the mini-
mum toroidal electric field is estimated to be 0.3 V/m [12].
This suggests that the divertor might have to be empty of
LM at the start-up, and the LM should be supplied after the
electric field is below this value.

4.2 Discharge start-up in the divertor con-
figuration

At the discharge start-up in a divertor configuration,
a current will be induced in the LM in the same direction
as the plasma current, but the LM would not be ejected
toward the core (Fig. 8 (b)).

The induced LM current (ILM) and the poloidal field
from it would not disturb plasma operations. The magni-
tude of ILM can be estimated as follows.

ILM ∼ σVl

2πR
· ALM ,

ILM ∼ 2 × 106 · 1
2π · 8.5 · 0.1 ∼ 4 kA.

Note that the typical poloidal coil current of a reactor is 10
MA-turn. A one-turn loop voltage Vl of 1 V and a poloidal
cross sectional area of the LM container ALM of 0.1 m2

(e.g., 0.5 m wide and 0.2 m deep) are assumed.

4.3 Discharge shutdown in the limiter con-
figuration

At the discharge shutdown in the limiter configuration,
a current is induced in the LM in the direction opposite to
the plasma current. The LM will not be ejected in this case
(Fig. 8 (c)).

4.4 Discharge shutdown in the divertor con-
figuration

At the discharge shutdown in the divertor configura-
tion, current will be induced in the LM in the direction op-
posite to the plasma current. The LM would not be ejected
toward the core if the plasma current ramp down rate is
sufficiently slow, and the toroidal electric field does not
exceed the level discussed in Sec. 4.2 (Fig. 8 (d)).

5. Rayleigh-Taylor and Kelvin-
Helmholtz Instabilities

5.1 Theoretical background
The free surface instability of liquid metal was anal-

ysed by Hassanein [13], Jaworski [14] and Fiflis [15].
The dispersion relation includes the determinant

which is proportional to:

D = −ρg + ( j × B) · n− γk2 + ρpu
2
pk.

D > 0 means that the mode is unstable, and D < 0 in-
dicates stability. k is the wavenumber normal to B, which
corresponds to the direction of greatest instability. The first
term is gravitational force which is stabilising, and the sec-
ond term is related to the electromagnetic force which is
stabilising or de-stabilising depending on the sign of the
vector product; the current density j originates from the
scrape-off layer (SOL) plasma and n is the unit vector in
the upward vertical direction. The third term represents
the surface tension which is stabilising, and the last term
the driving term for the Kelvin-Helmholtz instability due
to the plasma mass flow and is destabilising; ρp and up

are the mass density and flow velocity of the plasma. The
equation can be rewritten with the last term reformulated
by using the Bohm sheath condition:

D = −ρg + ( j × B) · n− γk2 + ppk.

Here pp is the total plasma pressure at the sheath.

5.2 SOL current
The SOL current has been measured in many toka-

maks during the quiescent phase of plasmas [16–18] and
during ELMs [19–23]. The measured currents were largely
consistent with the thermoelectric current theory [24,25] or
the extension of the theory to electron pressure imbalance
[26], which predicts that the SOL current flows from the
higher Te side to the lower Te side. This corresponds usu-
ally to the SOL current flowing from outboard to inboard
during the quiescent phase, and from inboard to outboard
during ELMs for negative B in the counter-clockwise di-
rection, with the ion-∇B drift pointing downwards. The
resultant electromagnetic force in the LM is stabilising dur-
ing the quiescent phase and de-stabilising during ELMs
(Fig. 9). In JT-60U, however, the sign of the SOL cur-
rent was reversed when the divertor became detached or
a MARFE developed at the X-point [18]. In JT-60U and

Fig. 9 The broken lines indicate ELM currents in the SOL and
LM, which flow along B in the plasma and across B in the
LM. The solid line shows the resultant electromagnetic
force, ejecting the LM into the core.
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Fig. 10 Stability diagram for Li and Sn during the quiescent
phase in the private flux region.

JET, SOL currents parallel to B were up to 2 × 105 A/m2.
In JET [19] and TCV [20], SOL currents parallel to B up to
1 × 106 A/m2 were measured during ELMs. Jaworski [23]
measured SOL currents ∼1 × 104 A/m2 during quiescent
phases and ∼1 × 105 A/m2 during ELMs in NSTX, using
probes installed flush to the divertor PFC surfaces. As-
suming pitch angles in the range of 0.05 - 0.1 radians, the
results from NSTX, JT-60U, JET and TCV are consistent
with each other.

5.3 Private flux region
In the private flux region, i.e., the area between the

inner and outer channels, there is no plasma. This elimi-
nates the effect of the sheath plasma pressure pp, so that
the equation for D can be simplified:

D = −ρg + ( j × B) · n− γk2.

During the quiescent phase, if the electromagnetic
force is pointing downward, the free surface in the private
flux region is stable. If the electromagnetic force points
upward, the free surface would be unstable for the case of
lithium, but stable for the case of tin (Fig. 10), due to the
higher mass of tin. Here, a poloidal current of 1×104 A/m2,
toroidal field of 6 T, gravitational acceleration of 9.8 m/s2,
lithium mass density of 0.512 × 103 kg m−3, lithium sur-
face tension of 0.4 N/m [27], tin mass density of 6.99 ×
103 kg m−3, and tin surface tension of 0.5 N/m [28, 29] are
used.

A free surface of lithium can be stable during the qui-
escent phase at high wavenumbers (e.g., 103 m−1). That is
the motivation for using a capillary pore structure (CPS)
with sub-mm pore dimensions [30], but this makes it dif-
ficult to rely on heat removal by convection. In contrast,
a free surface of tin is stable during the quiescent phase
due to its heavy mass, eliminating the flow constraints of
the CPS and opening up the possibility of efficient heat re-
moval with convection.

During ELMs, SOL currents are enhanced by an or-
der of magnitude in comparison with the quiescent phase,
which makes the free surface unstable even for the case of
tin. Separating the two divertor channels and eliminating

Fig. 11 MAGLIMD with two divertor channels separated elec-
trically.

Fig. 12 (a) Kelvin-Helmholtz stability diagram of lithium sur-
face. (b) Kelvin-Helmholtz stability diagram of tin sur-
face.

the current flowing radially inward in the private flux re-
gion should significantly reduce the j× B force, and could
enhance the stability of the free surface (Fig. 11). A diode
is an option for controlling the current flow that might also
improve the stability, provided that the j×B force is point-
ing downward.

5.4 LM surface in contact with the plasma
With the assumption that the Rayleigh-Taylor insta-

bility can be suppressed by separating the two divertor
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channels (Fig. 11), the Kelvin-Helmholtz stability was ex-
amined. The parameters assumed for the plasma hitting
the LM during an ELM were ne = 1 × 1021 m−3 and
Te = 100 eV. Even with significant mitigation (e.g., a re-
duction by a factor of 50 in the pressure), a lithium surface
is unstable over a wide range of wavelengths (Fig. 12 (a)).
The tin surface is stable assuming a mitigation of a fac-
tor of 50 (Fig. 12 (b)), indicating the need of ELM miti-
gation methods, which have been under development for
many years.

One should note here that the consequence of unmiti-
gated ELMs is more serious for solid tungsten targets com-
pared to LM targets. The ELMs will cause serious damage
to the surface of tungsten targets, which would then have
to be replaced. In the case of LM divertors, the surface
flatness will be recovered quickly.

6. Prompt Redeposition at ELMs
The prompt redeposition of tungsten (W) is a partic-

ularly large effect with ITER ELMs, because of the high
plasma density (> 1× 1021 m−3) and high electron temper-
ature (>100 eV) near the divertor targets [31]. The formula
for the fraction of non-redeposition fnon−redep [32] is given
by:

fnon−redep =
p2

1 + p2
, p = τionωgyro = λion/ρWmax

+ .

When ELMs occur, p � 1, and fnon−redep ∼ p2 � 1.
The electric field in the magnetic pre-sheath (MPS) pre-
vents the W ions from entering the main plasma beyond
the MPS [31]. For the case of tin (Sn) under ELM condi-
tions, p ∼ 0.01 is estimated with ionization cross-section
formulated in [33], indicating that similar to W, there is
almost complete prompt redeposition of tin.

7. Disruptions
This section is focused on the discussion of what is

expected to occur with the LM divertor during disruptions.
A possible scheme to mitigate disruptions at an early stage
of current quench (CQ) is also discussed.

7.1 Thermal quench
At the thermal quench (TQ), a large fraction of plasma

energy WTQ is expelled from the core and deposited onto
the LM divertor in a short time ΔtTQ. The analysis of
the consequence of the TQ, including vapour shielding,
is beyond the scope of this paper. As experimentally ob-
served [34,35] and numerically predicted [36] for tungsten
PFCs, however, a significant ingress of LM is expected into
the core through “splashes” and cool the plasma. These
splashes may result in radiative dissipation of the remain-
ing thermal and magnetic energy and could provide disrup-
tion mitigation.

Fig. 13 (a) The toroidal currents induced in the LM, the poloidal
magnetic field, and the electromagnetic force on the LM
during the current quench in the divertor configuration.
(b) The toroidal currents induced in the LM, the poloidal
magnetic field, and the electromagnetic force on the LM
during the current quench in the limiter configuration.
(c) Halo currents in the divertor configuration. (d) Halo
currents in the limiter configuration.

7.2 Current quench
At the current quench (CQ) of a disruption in a diver-

tor configuration, a current will be induced in the LM in the
same direction as the plasma current. Since the direction of
the j × B force is facing away from the core (Fig. 13 (a)),
the LM would not be ejected toward the core, The core
plasma, however, would be attracted toward the divertor
and result in a benign vertical displacement event (VDE),
which will eventually result in a limiter configuration.

When the VDE leads to a limiter configuration, the
j × B force due to the toroidal current induced in LM and
the poloidal field will eject the LM into the core, resulting
in automatic disruption mitigation (Fig. 13 (b)). The j × B
force during the current quench would be much stronger
than the gravitational force.

Since the vertical speed of the VDE is slow (∼0.5 s),
the height of the LM can be increased so that the top of
the dome will be protected. The level of the liquid metal
surface can be increased at a rate of dh/dt ∼ f/(2πRw) ∼
2.5/(2π · 8.5 · 0.5) ∼ 0.1 m/s, suggesting that the top of
the dome might be wetted by the LM in time to protect it
against direct contact with the core plasma.
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Fig. 14 Automatic disruption mitigator. A toroidally continu-
ous tube, with its top open, is filled with LM. At the
CQ, a toroidal current will be induced in the LM in the
same direction as the plasma current. The Lorentz force
will eject the liquid toward the core, which will result in
radiative dissipation of the remaining plasma and mag-
netic energy.

The j × B force due to halo currents and the toroidal
field does not eject the LM toward the core (Figs. 13 (c)
and (d)).

7.3 Automatic disruption mitigator
The discussion in the previous subsections suggests

that aside from possible splashes during the TQ, the current
quench and halo current processes do not eject LM toward
the core, unless the discharge is limited on the bottom. In
case a more substantial scheme for automatic disruption
mitigation is needed, the following arrangement could be
useful.

A toroidally-continuous tube, installed on the lower
midplane with its top open, is filled with LM (Fig. 14). At
the current quench (CQ) of a disruption, a current will be
induced in the LM in the direction of the plasma current.
The resulting j×B force will eject the LM toward the core,
providing automatic disruption mitigation. A tube with a
cross section of 1 cm × 1 cm and a length of 50 m can hold
35 kg of liquid tin, which is sufficient to quench runaway
electrons. The ejection speed of the liquid tin is estimated
to be ∼5 m/s.

8. Particle Control and Tritium In-
ventory
Hirooka et al. have demonstrated that when galinstan

liquid is convected by the j × B force, hydrogen as well
as helium particle recycling is noticeably reduced under
steady state plasma bombardment [7].

The hydrogen solubility in tin is 0.47 × 10−4 H/Sn
at 400◦C and 1.54 × 10−4 H/Sn at 1005◦C [37, 38]. This
suggests that the DT particle exhaust rate with the
MAGLIMD, at a tin flow rate of 2.5 m3/s at 400◦C, is up to
∼8000 Pam3/s, and that DT particles can be recovered by
cooling the liquid tin.

In JET-ILW experiments, glow discharge cleaning

was performed after 200 shots of operation [39]. This re-
sult suggests that assuming an effective discharge dura-
tion of 10 s in JET experiments, steady state operation of
fusion reactor that lasts much longer than 2000 s would
require continuous wall conditioning; otherwise the dis-
charge characteristics will deteriorate. The steady state
particle exhaust capability of the MAGLIMD could pro-
vide continuous wall conditioning during a discharge, con-
tributing to steady state operation.

The tritium inventory in the vacuum vessel must
be controlled for safety. The tritium inventory in the
MAGLIMD, with a volume of ∼5 m3 (2π × 8.5 m × 0.5 m
× 0.2 m), is estimated from hydrogen solubility to be
0.021 kg. This is much lower than the administrative limit
of 0.64 kg for the tritium inventory in the ITER vacuum
vessel [40].

9. Sputtering Yield
Enhancement of sputtering yields at elevated temper-

ature at ∼400◦C was shown for lithium and tin both for
deuterium and helium impact [41]. This suggests that the
operating temperature could be limited due to this effect.

10. Corrosion
Corrosion of structure materials in contact with liquid

metals could be problematic at high temperature. Kondo
[42] showed that JLF-1 steel exposed to liquid tin at 600◦C
for 250 h developed a reaction layer ∼200 µm thick. How-
ever, corrosion of RAFM in contact with lithium can be
reduced by about an order of magnitude if the temperature
is reduced by 100 degrees [43], suggesting the importance
of temperature control. In addition, reduction of corrosion
could be possible by the proper choice of liquid metal and
structural and coating materials, which are under develop-
ment.

11. Summary
1) An innovative concept for divertor power and particle

control, the magnetically guided liquid metal divertor
(MAGLIMD), is proposed and discussed. This new
concept could provide a simple and compact scheme
for power and particle control in fusion reactors with
easy maintenance and high reliability.

2) LM flow driven along field lines from the supply to
exhaust locations will cause the entire bulk of the
LM move toroidally, making the LM characteristics
toroidally uniform despite the finite number of supply
and exhaust points.

3) Tin is stable against the Rayleigh-Taylor instability
during the quiescent phase of plasmas due to its high
mass density, eliminating the need of a CPS to restrain
its motion.

4) The MAGLIMD takes advantage of the LM flow
along the field line oblique to the LM surface to min-
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imize MHD drag. Analysis is made on the MHD
drag associated with the toroidal current, driven by
toroidal component of the electromotive force arising
from cross-field flow. The MHD drag is expected to
be acceptable and is compensated for by small steps
on the LM surface and/or centrifugal force (present in
the moving frame).

5) During the current quench in a disruption, a toroidal
current is induced in the liquid metal divertor in the
same direction as the plasma current. The resultant
electromagnetic force pulls the main plasma toward
the divertor (leading to a benign VDE), or splashes
the LM toward the main plasma (providing automatic
disruption mitigation).
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