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In this paper, we propose an active radiative liquid lithium divertor concept (ARLLD).
We summarize a previously introduced radiative liquid lithium divertor (RLLD) concept.
We also point out various roles liquid lithium can play in the divertor system with ARLLD complementing RLLD.
We point out the ARLLD can play an effective ﬁrst line of defense for protecting divertor PFCs.
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a b s t r a c t
Developing a reactor compatible divertor has been identiﬁed as a particularly challenging technology
problem for magnetic conﬁnement fusion. Application of lithium (Li) in NSTX resulted in improved Hmode conﬁnement, H-mode power threshold reduction, and reduction in the divertor peak heat ﬂux while
maintaining essentially Li-free core plasma operation even during H-modes. These promising Li results
in NSTX and related modeling calculations motivated the radiative liquid lithium divertor (RLLD) concept
[1]. In the RLLD, Li is evaporated from the liquid lithium (LL) coated divertor strike point surface due to
the intense heat ﬂux. The evaporated Li is readily ionized by the plasma due to its low ionization energy,
and the poor Li particle conﬁnement near the divertor plate enables ionized Li ions to radiate strongly,
resulting in a signiﬁcant reduction in the divertor heat ﬂux. This radiative process has the desired effect
of spreading the localized divertor heat load to the rest of the divertor chamber wall surfaces, facilitating
divertor heat removal. The modeling results indicated that the Li radiation can be quite strong, so that
only a small amount of Li (∼a few mol/s) is needed to signiﬁcantly reduce the divertor peak heat ﬂux
for typical reactor parameters. In this paper, we examine an active version of the RLLD, which we term
ARLLD, where LL is injected in the upstream region of divertor. We ﬁnd that the ARLLD has similar
effectiveness in reducing the divertor heat ﬂux as the RLLD, again requiring only a few mol/s of LL to
signiﬁcantly reduce the divertor peak heat ﬂux for a reactor. An advantage of the ARLLD is that one can
inject LL proactively even in a feedback mode to insure the divertor peak heat ﬂux remains below an
acceptable level, providing the ﬁrst line of defense against excessive divertor heat loads which could
result in damage to divertor PFCs. Moreover, the low conﬁnement property of the divertor (i.e., <1 ms for
Li particle conﬁnement time) makes the ARLLD response fast enough to mitigate the effects of possible
transient events such as large ELMs.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Developing a reactor-compatible divertor system is a particularly challenging physics and technology problem for magnetic
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conﬁnement fusion [2,3]. While tungsten has been identiﬁed as the
most attractive solid divertor material, many challenges including surface cracking and deleterious modiﬁcation of the surfaces
by the plasma must be overcome to develop robust plasma facing components (PFCs) [4]. In recent DEMO divertor design studies
[5–7], the steady-state heat handling capability of a tungsten-based
divertor design is only about 5–10 MW/m2 , which is nearly an order
of magnitude lower than the anticipated unmitigated heat ﬂux
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∼40–60 MW/m2 for the next generation ST-based Fusion Nuclear
Science Facility (FNSF) [8], Pilot Plant [9], and a 1 GW-electricclass DEMO/Power Plant with the device size of ITER. In addition,
there are serious concerns over potential damage to the PFCs by
the very high transient heat ﬂuxes accompanying ELMs and other
uncontrolled events. Application of lithium (Li) in the NSTX spherical tokamak resulted in improved H-mode conﬁnement, H-mode
power threshold reduction, and ELM mitigation while maintaining essentially Li-free core plasma operation even during H-modes
[10–21]. A particularly important and relevant observation from
the NSTX liquid lithium divertor (LLD) experiment for the present
paper is the divertor heat ﬂux reduction accompanying the Li coating of divertor surfaces in NSTX [22]. The measurements showed a
∼50% reduction in peak heat load on the divertor strike point surfaces with only a modest amount of Li (∼300 mg) evaporation prior
to the discharge compared to 150 mg evaporation. It is estimated
that <10% of the evaporated Li is deposited over the LLD surfaces.
The heat ﬂux reduction is accompanied by an increase in the localized radiation measured by bolometers from the region above the
inner and outer strike points. Motivated by this observation, a liquid
lithium (LL) based radiative divertor concept termed RLLD (radiative liquid lithium divertor), has been proposed [1]. For those not
familiar with the RLLD concept, it is reviewed brieﬂy in Section 2. In
Section 3, the motivation for the active Li radiation based divertor
concept is described. In this paper, we examine the case of active
Li injection upstream to the divertor plate, but within the divertor
chamber near the divertor throat. The injected Li ionizes quickly
and radiates as it ﬂows toward the divertor plate. We term this
active version of the radiative LL divertor the ARLLD. In Section 4, a
model calculation for ARLLD is described. The model predicts signiﬁcant reduction in the heat ﬂux to the divertor by non-coronal
equilibrium Li radiation with a modest amount of Li injection.
Encouragingly, even for an ITER-sized 1 GW-electric fusion power
plant, the calculated required Li evaporation rate is quite modest,
i.e., ∼a few mol/s. In Section 5, we discuss the ARLLD and RLLD
concepts under reactor conditions. In Section 6, conclusions and
discussion are given.
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Fig. 1. A possible RLLD conﬁguration in a fusion power plant. (a) RLLD is envisioned
to be placed at the bottom of the reactor chamber to capture LL, dust, and other solid
impurities.

2. A review of radiative liquid lithium divertor (RLLD)
To brieﬂy review the concept, the RLLD is placed at the bottom of
the reactor chamber for obvious reasons from the LL handling point
of view, and also to capture any impurity particles including dust
generated within the reactor chamber [23] as illustrated in Fig. 1. A
simpliﬁed schematic of the RLLD is shown in Fig. 2, noting that the
actual RLLD shape should follow the contour of an outer divertor
leg. The LL is introduced at the upper part of the RLLD at multiple
toroidal locations, and it gradually ﬂows down the RLLD side wall
as a thin ﬁlm via gravity and capillary action. The thin LL ﬁlm thus
formed should provide very effective pumping (or entrapment) of
the working gas, impurities, and dust generated within the reactor
chamber. The RLLD chamber being of the lowest temperature in the
reactor chamber together with the usual divertor action, should
facilitate the pumping of the entire reactor chamber. The RLLD
chamber wall temperature can be in the 250–450 ◦ C range, which
is signiﬁcantly lower than that envisioned for the fusion reactor
ﬁrst wall. The LL ﬂowing down the divertor side wall accumulates
at the bottom of RLLD where the divertor strike point is placed. By
placing the LL surface in the path of the divertor strike point, the
LL is evaporated from the surface through sputtering, evaporation,
and chemical processes [24]. The evaporated Li is quickly ionized
by the plasma and the ionized Li ions can radiate strongly, reducing
the heat ﬂux to the divertor strike point surfaces and protecting the
substrate material.

Fig. 2. A simpliﬁed schematic of RLLD chamber. The LL ﬂows down along the side
wall to provide pumping, and the thicker LL layer at the bottom provides radiative
Li source for heat ﬂux reduction and divertor substrate protection. A new feature is
the active LL injection from the side wall.

3. Motivation for active radiative liquid lithium divertor
(ARLLD)
The motivation for LL utilization for divetor heat ﬂux mitigation
can be seen in Fig. 3. The ﬁgure depicts various possible protective
functions LL can perform for divertor PFCs. Perhaps the last line
of defense is the LL evaporation from the LLD tray. Through evaporation, Li can carry some heat away from the material surfaces
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Fig. 3. Lithium–plasma interactions in the RLLD/ARLLD divertor conﬁgurations.

analogous to the latent heat effect. The evaporated Li could form
a Li vapor cloud in front of the divertor surface and provide some
additional protective function [25]. We note that there is a divertor
concept utilizing the evaporative energy to handle the divertor heat
ﬂux [26]. As the lithium enters the plasma along ﬁeld line, it can
ionize up to three times. As shown in the ﬁgure, one may note that
the amount of energy it takes to ionize Li ions can be quite large
(∼20 MJ/mol) for full ionization compared to only 150 kJ/mol for
vaporization. However, one may note that both vaporization and
ionization processes do not actually remove the energy from the
plasma, and the energy can be re-deposited back onto the divertor
plate. Possible beneﬁts of evaporation and ionization are spreading of the transient heat ﬂux via the radial and temporal spreading
of the heat ﬂux through axial and radial diffusions as depicted in
Fig. 3. There are also charge-exchange processes which can take
some energy away from the plasma to the surrounding divertor
wall. The energy transported per Li ion due to charge exchange is
on the order of the Li ion temperature, which is non-negligible but
likely to be not signiﬁcant. Since the charge exchange processes
may occur more preferentially in the recycling region near the
divertor plate, the solid angle available to spread the heat throughout the divertor chamber maybe also limited to about a little more
than 50%. The non-coronal equilibrium radiative heat dissipation
has the potential of radiating a large amount of heat, estimated to
be ∼100 MJ/mol (or ∼1 keV equivalent per lithium atom as was ﬁrst
pointed out in Ref. [27]), i.e., nearly three orders of magnitude larger
than through the evaporative process. Indeed, the lithium radiation
level of ∼0.8–1 keV per lithium atom was recently reported in an
experiment in the tokamak T11M [28]. This enhanced non-coronal
radiation has been suggested previously through model calculations [27,29,30]. An example of such a calculation (from Fig. 16 of
Ref. [30]) is shown in Fig. 4, where the radiation intensity per Li
ion and electron is plotted as a function of electron temperature
for various values of ne , where ne is the electron density and 
is the Li ion particle conﬁnement time. The coronal equilibrium
is when ne  is inﬁnite. As can be seen in the ﬁgure, the radiation
can increase signiﬁcantly (by several order of magnitude) above
the coronal equilibrium value for poorly conﬁned plasmas. This is
because of the fact that the Li ion is highly radiative only during the
initial period of its birth in the plasma. Once it is in coronal equilibrium, its radiation level becomes low. This transient radiative
process is the main mechanism by which the calculated radiation
level goes up nearly linearly with the inverse of ne  as shown in
Fig. 4. The estimated radiation level used for the present calculation

Fig. 4. The Li non-equilibrium and coronal radiation (ne  = inﬁnity) power per one
atom and one electron as a function of electron temperature and ‘non-stationary
parameter ne ’.

Fig. 5. Conceptual diagram for an actively-cooled, actively-wetted LL PFC.

is indicated by the red horizontal line, and the expected divertor
plasma parameter range for NSTX and DEMO is depicted by the
circles in Fig. 4. We shall check this assumption in the model calculations in Section 3. Another beneﬁt of the radiative process is that
it removes and transports energy from the plasma electrons to the
surrounding wall, where the deposited heat can then be removed
through a secondary heat exchanger as depicted in Fig. 2. The ARLLD
concept has the advantage of inducing radiative loss well away
from the divertor plate, thus having a better chance of spreading
the heat more evenly throughout the divertor chamber wall. There
is also an increasing realization that it may be difﬁcult to remove
high steady-state heat ﬂuxes greater than 5–8 MW/m2 in a reactor
for tungsten-based divertor PFCs. This is required in order to keep
the maximum surface temperature below 1200 ◦ C to prevent tungsten recrystallization [5], and high thermal conducting materials
such as copper cannot be used in neutron environment. Instead,
a more reactor compatible ferrite-based material RAFAM (F82H),
which has a relatively narrow operating temperature range, is envisioned be used. Also for liquid-metal-based PFCs, there is a design
study being performed to see how efﬁciently one can remove the
heat from the liquid metal PFC surface. One concept is shown in
Fig. 5, where the heat exchanger utilizes the so-called T-tube concept designed to efﬁciently cool the PFC sides [31]. Even with such
an advanced heat exchanger conﬁguration, the surface temperature
rise can be signiﬁcant, and perhaps 5 MW/m2 maybe more realistic if we were to limit the surface (liquid) temperature rise to the
450 ◦ C range [32]. The main aim of the present paper is therefore to
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Fig. 6. A schematic of ARLLD modeling geometry.

explore the possibility of reducing the peak divertor PFC heat ﬂux
to a safe and manageable level of ≤5 MW/m2 , utilizing the active
radiative liquid lithium divertor concept (ARLLD).
4. Model calculation of active radiative liquid lithium
divertor concept
In this paper, we extend the previous model calculations for
the RLLD [1] to an actively Li injected case (ARLLD). This was to
estimate the effect of Li radiation on the divertor heat ﬂux when
Li is injected at the upstream region of the divertor as shown in
Fig. 6. As with the previously reported case of the RLLD, to elucidate the Li radiative cooling effect, we choose a simple cylindrical
shell geometry. Its radius is the divertor strike position radial position R0 , with the shell width to be an effective divertor strike point
radial width R and the vertical height Z0 representing a nominal divertor vertical length as shown in Fig. 6. In this model, the
magnetic ﬁeld and its pitch is assumed to be constant (where the
toroidal displacement R0  is 20 times the vertical displacement
Z) and, therefore, there is no ﬂux expansion or other geometric
effects within the divertor chamber. The divertor vertical region is
divided into a number of cells (typically 23) and, within each cell,
the plasma parameter changes due to the Li radiation are calculated
using the conduction limited two-point model [33]. The Li radiated
power per plasma volume is PLi = ILi × ne × nLi . Here the radiation
causes the volumetric heat loss qrad = fpower × q0 , where q0 is the
incident heat ﬂux into the cell. The force balance constraint within
the cell leads to the reduction in the electron temperature in the
cell of Te0 /Te0 = 1 − (1 − fpower )2 , where Te0 is the electron temperature at the entrance of the cell. This model is a linear calculation and
therefore does not describe non-linear processes such as divertor
detachment and plasma sheath effects. The plasma parameters at
the divertor entrance are assumed to be the MPTS (multi-point
Thomson scattering) temperature and density measured at the
plasma mid-plane with Ti = Te . In this calculation, the Li is deposited
at the 20th cell (where the 23rd cell is the divertor entrance), simulating an upstream injection not far from the divertor entrance.
The deposited Li is assumed to be ionized with an average charge
of +2, or each injected Li atom contributes 2 electrons. Therefore, the injected Li initially has a dilution effect in the 20th cell,
which accordingly increases the electron density and decreases
the electron temperature. The deposited Li is then assumed to
ﬂow toward the divertor plate with a velocity of VD ∼ Cs/2.0, which
is consistent with an experimentally motivated divertor particle

Fig. 7. Calculated divertor heat ﬂux reduction due to Li radiation with NSTX ARLLD
parameters. (a) Li particle densities for various Li injection rates as labeled as a function of axial divertor distance. (b) Electron temperature proﬁle, (c) parallel power
ﬂux and (d) electron density proﬁle for the corresponding Li density proﬁles. At the
divertor throat (Z = 23 cm), Te = 50 eV and ne = 2 × 1013 cm−3 were used in the model.

transport model [34]. If we assume  = 200 s and ne ∼ 1013 cm−3
or ne  ∼ 2 × 109 , from Fig. 4, one obtains ILi (Li radiated power
per one Li ion and one electron) ∼0.5–1 × 10−26 W cm3 for a relatively wide range of plasma temperatures. We will therefore use
ILi ∼ 5 × 10−27 W cm3 for this modeling calculation. We should note
that the amount of Li injection required is relatively insensitive to
the assumption of VD ∼ Cs/2.0. If the VD is larger or smaller than
Cs/2.0, the Li density would be accordingly smaller or larger since
nLi ∝ Li-inj/VD ∝ Li-injx . But we should then note that since PLi ∝ ILi
nLi ∝ ILi Li-injx  and ILi ∝ 1/ we obtain PLi ∝ Li-inj. Therefore, the
present model is relatively insensitive to the assumed divertor particle ﬂow velocity.
For the NSTX parameters, we assume R0 = 75 cm, R = 3 cm and
Z0 = 23 cm for three levels of Li particle injection rates. The resulting
Li density proﬁle is shown in Fig. 7(a) for a given Li injection rate
as labeled. As shown in Fig. 7(b), the electron temperature drops at
the injection cell due to the electron dilution (density increase) by
the Li injection as shown in Fig. 7(d). In this calculation, no credit
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was given to the Li ionization energy since the process itself does
not reduce the energy content of the plasma. As noted above, the
injected Li is then transported toward the divertor plate (Z = 0) with
a local drift speed of Cs/2.0. The two-point model is solved in each
cell as described above with Li radiative loss. As shown in Fig. 7(c),
Li radiative cooling can reduce the diverter heat ﬂux signiﬁcantly
(by ∼×3) with a Li injection rate of only 26 mg/s. The corresponding density proﬁles are shown in Fig. 7(d), which go up toward the
divertor plate as Te is decreased due to radiation cooling, essentially preserving the parallel electron pressure. In this model, the
Li particle conﬁnement can be estimated relatively easily since it
is determined by the transit time between the injection point and
the divertor plate. For the most radiative case, we obtain  ∼ 200 s
from this model calculation, which is consistent with the assumed
NSTX range of ne  shown in Fig. 4.
A similar estimate for an ITER-size fusion power plant (DEMO)
with R0 = 6 m, R = 10 cm, and Z0 = 132 cm is shown in Fig. 8. The Li
density proﬁles for the indicated Li injection rate, the corresponding electron temperature, parallel heat ﬂux, and electron density
proﬁles are shown in Fig. 8(a–d), respectively. The amount of Li
injection needed to reduce the divertor heat ﬂux is naturally much
larger than in NSTX due to larger divertor size and higher heat ﬂux,
but the injected rate is still quite modest, i.e., on the order of ∼mol/s.
In this model, the estimated Li particle conﬁnement time is about
600 s, which is consistent with the assumed DEMO range of ne 
shown in Fig. 4. Here we assumed the divertor heat ﬂux radial channel width of 10 cm for the present power plant model calculation.
In a 2 GW fusion power plant (∼1 GW-electric), even assuming that
only 25% of the plasma heating power of 500 MW (i.e., 400 MW
of alpha power + 100 MW of auxiliary power), the 10 cm divertor
heat ﬂux channel width would still give a rather high heat ﬂux of
35 MW/m2 . While the heat ﬂux width is not accurately predictable
at the present time, we should note that the amount of required
Li injection rate is relatively insensitive to the assumption of the
divertor heat ﬂux radial width. The radiated power is linearly proportional to the lithium ion density and the required lithium ion
density would be inversely proportional to the divertor power ﬂow
channel width, so that the total number of lithium ions required
would remain relatively insensitive to the channel width. Finally,
the present ARLLD is particularly useful for heat ﬂux mitigation of
transient events such as ELMs. For example, in an ITER-scale tokamak power plant, only a modest amount (∼1 cc) of LL is estimated
to be needed with the ARLLD to radiate the expected heat pulse of
∼10 MJ for an exceptionally large ELM event. As discussed in the
next section, the ARLLD response time should be sufﬁciently rapid
to prevent damage to the divertor PFCs.

5. RLLD and ARLLD concepts for a reactor divertor
The use of LL for a fusion reactor was motivated because of its
ability to reduce edge collisionality, which produces many beneﬁts
for plasma performance. Another important property of Li is the
way it does not contaminate the core plasma, as demonstrated in
NSTX H-mode plasmas. Particle fuel dilution can lead to a reduction in fusion power generation even though core radiative loss are
expected to be small for low Z particles such as lithium. Through
NSTX experiments and related modeling, however, the Li applied
in the divertor region is shown to be mainly conﬁned within the
divertor region [35].
For the ARLLD, we note the ability to provide feed back control for most transient events. Active Li injection from the divertor
sidewall has the advantage of a relatively narrow divertor plasma
channel (short radial travel distance) for Li delivery. The Li therefore
can be delivered to the plasma quite rapidly, i.e., ∼1 ms. Since the
particle conﬁnement time of injected Li is estimated to be ≤1 ms

Fig. 8. Calculated divertor heat ﬂux reduction due to Li radiation for ITER sized
power plant (1 GW-e) ARLLD parameters. (a) Li particle densities for various Li
injection rates as labeled as a function of axial divertor distance. (b) Electron temperature proﬁle, (c) parallel power ﬂux and (d) electron density proﬁle for the
corresponding Li density proﬁles. At the divertor throat (Z = 138 cm), Te = 200 eV and
ne = 4 × 1013 cm−3 were used in the model.

even for DEMO parameters, the ARLLD overall response time maybe
only ≤a few msec which should be fast enough to protect the
divertor PFCs from transient events. This is because the divertor
PFC surface itself (e.g., see Figs. 3 and 6) should have a sufﬁcient
Li reservoir to tolerate a high heat ﬂux for a short duration i.e., ∼a
few ms. In terms of actual Li injection, it can be a solid Li-based
injector as demonstrated in NSTX [36] and EAST [37] Noting the
inherently hot reactor environment, which should exceed the Li
melting temperature of 180 ◦ C, a LL-based system [38] might be
more practical. One can envision a Li “spray” system which can
inject LL from the divertor sidewall (see Fig. 9). Since the reactor
ﬁrst wall temperature is well above the Li melting temperature, it is
probably realistic to assume the LL-based injector to be employed
for the ARLLD reactor application.
In the previous lithium symposiums [39,40], the following speciﬁc technical issues for Li reactor applications were considered: (1)
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LL ﬂow via gravity and capillary action along the RLLD wall so
that the magnetic ﬁeld induced forces on LL should be negligible.
Issues 5 and 6 concerning longer term corrosion and safety issues
are well-deﬁned materials science and safety engineering issues.
The relatively low operating temperature range of the RLLD and its
associated LL loop system should be advantageous from the corrosion and safety point of view. The low operating temperature
also makes available broader choices of iron-based alloy materials
which might be more practical to employ as a divertor-LL substrate
material that is compatible with a reactor environment. It should be
also noted that those engineering issues such as 5 and 6 are being
addressed in the R&D activities for IFMIF [41] and fusion blanket
module development. Finally the compatibility of the RLLD with a
hot reactor ﬁrst wall (issue 7) was resolved with lower temperature
RLLD operation as previously addressed in Ref. [1].

6. Conclusions and discussion

Fig. 9. A schematic for the LL puriﬁcation loop for ARLLD/RLLD in a power plant.

handling high divertor heat ﬂux, (2) removal of deuterium, tritium,
and impurities from LL, (3) removal of high steady-state heat ﬂux
from divertor, (4) ﬂowing of LL in magnetic ﬁelds, (5) longer term
corrosion of internal components by LL, (6) safety of ﬂowing LL, and
(7) compatibility of LL with a hot reactor ﬁrst wall. The divertor
heat ﬂux handing potential of the RLLD was already addressed in
a previous reference [1] and for the ARRD, it was considered in
this paper. Removal of deuterium, tritium, and impurities from LL
(issue 2) was discussed previously [1], where a modest LL circulating loop of ∼1.l/s is envisioned. An illustration of a LL circulation
loop is also shown in Fig. 9. This level of LL circulation ensures
timely removal of generated impurities, including tritium, while
keeping the LL purity to be sufﬁcient for smooth LL ﬂow. It should
be noted that 1.l/s is much larger than the ∼10 cc/s (or ∼1% of the
LL) required to reduce the heat ﬂux via the RLLD and ARLLD. Most
of the circulating LL (∼99%) can be therefore employed to coat the
divertor side wall to provide sufﬁcient pumping for the reactor system. The circulating LL system can also remove dust generated in
the reactor chamber which if unchecked can lead to serious tritium
inventory and reactor safety issues. We should note that a similar
LL puriﬁcation loop has been developed for the International Fusion
Materials Irradiation Facility (IFMIF) related facilities [41]. We envision the ARLLD/RLLD LL puriﬁcation loop for a power plant to have
a 1000 l capacity, which is an order of magnitude smaller than that
of IFMIF [1]. The LL puriﬁcation loop, while technically challenging, can solve several important steady-state reactor technology
issues including dust removal, minimizing tritium inventory, and
providing fresh lithium for divertor pumping and heat ﬂux mitigation with the ARLLD/RLLD. For the third issue regarding removal of
high steady-state heat ﬂux from the divertor, the RLLD and ARLLD
address this, since the divertor heat load is dispersed over the large
divertor wall surfaces through radiation, and the divertor heat load
can be removed through secondary divertor structures with heat
exchangers (as illustrated in Fig. 2.) Regarding the fourth issue of
ﬂowing of LL in magnetic ﬁelds, because of the relatively low circulating LL volume (∼1.l/s), the required power for circulation is
modest. In addition, the RLLD concept relies mainly on the slow

The application of Li coatings on divertor PFCs in NSTX has produced signiﬁcant improvements in H-mode plasma conﬁnement
and performance. It is also noted that even with signiﬁcant application of Li on PFCs, very little contamination (<0.05%) of Li in
the main fusion plasma core was observed even in H-mode plasmas. An important observation in NSTX particularly relevant for
the present paper is that the application of modest Li coatings
on divertor surfaces has resulted in ∼50% reduction in the peak
divertor heat ﬂux. Based on the NSTX Li experimental results,
we proposed a radiative cooling based LL divertor concept (RLLD)
previously [1], and in this paper we introduced an actively controlled radiative LL divertor concept (ARRD). Because of the low
melting temperature of ∼180 ◦ C, Li naturally exists as liquid in a
fusion reactor environment, so it is a practical liquid metal to be
employed in a loop system to bring tritium and impurities out of
the vacuum vessel. The RLLD/ARLLD chamber being at the lowest temperature in the reactor chamber should facilitate pumping
and impurity/dust removal action for the entire reactor chamber.
The present RLLD/ARLLD concept is similar in philosophy to other
radiative divetor concepts. However, the present Li-based divertor
has a promise for improving plasma conﬁnement and performance
via low edge recycling as observed in NSTX, compared to the conﬁnement degradation often observed with the conventional high
recycling radiative divertor approach. The physics of low and high
recycling divertor approaches certainly merits further study. The
lack of core dilution by Li is also another important consideration
for utilizing Li for this application. Noting the challenges of developing PFCs which can actually handle a steady-state heat ﬂux of
>5 MW/m2 for both solid and liquid-based designs, the present
RLLD/ARLLD approach is intended to reduce the divertor heat ﬂux to
an acceptable level before reaching the divertor PFC surfaces. One
additional advantage of LL-based PFCs over tungsten-based PFCs
is that LL can provide additional protection for the PFC solid substrate through evaporation, ionization, and radiation for transient
high heat ﬂux events such as ELMs. The NSTX-U facility, with reactor relevant heat ﬂuxes [42–44], could provide physics data for the
RLLD/ARLLD. It should be emphasized that the present RLLD/ARLLD
concepts should work well with other innovative divertor concepts
designed to mitigate divertor heat ﬂux effects through ﬂux expansion, such as the “snow ﬂake” [45], “x” [46], and “super-x” divertor
conﬁgurations [47]. One possible disadvantage of ﬂux expansion
concepts is that it would require extra poloidal ﬁeld coil(s) near the
divetor region, which may be challenging to implement in a reactor environment. The RLLD/ARLLD concepts therefore could offer
additional ﬂexibility by reducing the divertor heat ﬂux to a safe
level for both steady-state and transient heat loads in any given
divertor conﬁguration. Application of the ARLLD concept might be
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suitable for protecting tungsten-based solid divertor PFC surfaces,
such as the ones envisioned for ITER, from excessive heat ﬂux since
the amount of Li introduced into the vessel is relatively modest.
In summary, an active radiative mantle-based LL divertor solution
(ARLLD) provides added ﬂexibility and an additional layer of protection to the previously proposed RLLD concept. This could lead to
a practical solution to the highly challenging divertor heat handling
issues confronting magnetic fusion reactors, while simultaneously
improving the reactor performance.
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