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In the present work a model for a liquid metal (LM) box-type divertor is presented, aimed at including the most relevant
aspects of its rich physics, as well as some engineering elements. Given the upstream plasma conditions and for a fixed
divertor geometry, the model self-consistently evaluates the plasma heat and particle flux on the LM surface, the
thermodynamic state of the metal (liquid and vapor) in the divertor boxes and the temperature distribution in the solid walls.
The model is then applied to the Divertor Tokamak Test (DTT) facility, which is currently being designed in Italy, comparing
Li and Sn as possible LM choices, in terms of operating temperatures and of metal vapor flux from the divertor box system
towards the main plasma chamber.
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1.

Introduction

Liquid metals (LMs) have been long recognized as having the potential of providing a reliable solution for the power
exhaust problem in fusion reactors, which is one of the most significant milestones towards the production of the first
kWh from the fusion energy source [1].
In the 90s, the idea of an LM divertor based on a Capillary-Porous Structure (CPS) coating was proposed ([2],[3]). From
that moment on, a series of fundamental physics studies [4], [5] and experimental campaigns [6],[7],[8],[9],[10] were
started worldwide. Experiments showed that the use of Li in plasma discharges is beneficial in terms of improved
confinement, plasma purity, low recycling and consequently enhanced reactor performance. Moreover, Mirnov et al. [11]
showed that Li could be effectively used as an impurity to cool the SOL plasma. The steady state power handling
capability of actively cooled Li-filled CPS targets has been experimentally tested for small mock-ups up to 25 MW/m2
[12]. During these experiments, as well as during short power excursions to 50 MW/m2, no damage to the CPS nor
ejection of LM droplets has been observed. Recent modeling in [13] suggests that steady state heat fluxes as large as 100
MW/m2 can be tolerated without damage. These figures indicate a steady state power handling capability which is, in the
most pessimistic condition, comparable with the one foreseen for the current solid (W) divertors [14], with the added
value of significantly improved resilience to transient events.
A second class of LM divertor proposals is represented by concepts such as LiMIT [15], ACLMD [16] and others (see
[17] for a thorough review). These proposals are characterized by fast LM flow, as opposed to the slow flow typical of
surface replenishment via capillary forces in a CPS. This can be exploited to maintain the Li surface below ~500˚C, so
that significant Hydrogen retention takes place [4]. The resulting low-recycling plasma regime is characterized by superior
performances and represents one of the main advantages for this divertor proposal. In this case Li acts as a pump for
hydrogenic species, and therefore fuel recovery can take place by purification of the circulating LM. These concepts are
very promising, even though the level of maturity in terms of robust power handling is lower with respect to slow-flow
concepts [18].
In 2009 Nagayama ([19]) proposed four different LM divertor concepts, the simplest of which consisted of an LM pool
contained in a so-called Evaporation Chamber (EC). To reduce the flux of Li vapor towards the main plasma chamber,
the author proposed to add a Differential Chamber (DC), connected to the EC, where passive pumping of Li vapor could
take place thanks to condensation. The concept was based on the evaporative cooling, i.e. on exploiting the LM latent
heat of evaporation to partly exhaust the heat coming from the plasma. Independently, Ono et al. [20] proposed an LM
divertor which relied on plasma cooling associated to interactions with the vapor to exhaust the plasma heat load, whereas
evaporation of a liquid substrate was only considered as extrema ratio. Those two ideas were then combined and further
developed by Goldston ([21],[22]), who proposed a new concept, called “Li vapor box divertor”, where both effects were
exploited. To achieve this objective, he proposed a divertor made of a series of boxes intended to confine a large density
of Li vapor in the divertor region, thereby locally enhancing plasma-Li vapor interactions. The necessary reduction of
vapor flux towards the main plasma chamber (MC) was achieved by means of passive pumping of the boxes via
condensation. The walls of the various chambers were coated by LM-filled CPS, and no pool was foreseen. In [23] we
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proposed a vapor box divertor with an LM pool, i.e. an LM divertor inspired by the pool concept in [19], but intended to
take advantage of the plasma-vapor interactions as suggested in [20], [21] and [22]. A simplified but self-consistent
model featuring a 0D treatment of the metal vapor interacting with the plasma in each chamber was also presented in
[23]. That model was capable of showing, at least qualitatively, the potential of the Li vapor to redistribute the plasma
heat load over the chamber walls. Moreover, it was shown that passive pumping due to Li vapor condensation could
reduce the main plasma chamber Li contamination. However, that simple model, being 0D, did not take into account the
actual system geometry. Moreover, the very simplified treatment of plasma-vapor interactions relied on an assumed
average value of the energy lost by the plasma per vapor atom interacting with it. The uncertainties concerning this value
significantly affected the results.
In the present work, for the first time, a model which self-consistently evaluates the state of the vapor, of the plasma and
of the divertor walls for a box-type LM divertor with a pool is presented. The model can be used to assess the influence
of the particular cooling strategy employed for the divertor (coolant temperature, shape and location of the cooling
channels) on the overall behavior of the system (plasma state, wall temperature, circulating LM and vapor mass flow
rates), which makes it suitable for engineering applications. Moreover, the self-consistency allows to provide a fair
comparison between Li and other LMs which are currently being considered for an LM divertor, such as Sn [24]. The
comparison is carried out in terms of operating temperatures of both the LM and the divertor structures, as well as in
terms of the impurity flux towards the main plasma chamber and of the recirculating LM flow rate. The model is applied
to the Divertor Tokamak Test (DTT) facility, currently under design in Italy, which should assess alternative solutions
for the power exhaust problem in future fusion reactors, including an LM divertor ([25], [26], [27]).
The paper is organized as follows: we shall first provide a description of the system at hand. The phenomenology
associated to a liquid metal divertor is then briefly recalled. To explain why Li and Sn are currently considered as the best
candidates for an LM divertor, their most relevant thermophysical and atomic properties are summarized. The proposed
model, organized in three modules -- LM, scrape-off layer (SOL) and walls, respectively, is then discussed in some detail,
with particular reference to the assumptions made in each of the three modules. The DTT operating scenario assumed for
the calculations is then described. The results are finally presented and discussed, comparing the behavior of Li and Sn.

2.

System description

Starting from the available CAD of the tokamak chamber [28], a tentative layout of a box-type LM divertor has been
suggested for the DTT, see Figure 1: as for the conventional divertor foreseen for DTT, LM divertor is divided in 18
sectors (one for each TF coil). Each sector is further subdivided into three cassettes. The proposed geometry takes into
account geometrical constraints such as the dimension of the tokamak chamber and the presence of two in-vessel copper
PF coils (C1 and C4 in Figure 2) which are designed for plasma control or local field modification in the divertor region.
Figure 2 also shows the most relevant dimensions of the system at hand and introduces the nomenclature which shall be
used throughout the paper (IEC = Inboard Evaporation Chamber, IDC = Inboard Differential Chamber, OEC = Outboard
Evaporation Chamber and ODC = Outboard Differential Chamber). As in the original Nagayama proposal [19], two
chambers have been proposed for each divertor leg rather than a larger number, as proposed in [21]. A larger number of
chambers might be needed in case the vapor flux towards the main plasma was excessively large, provided room and
structural constraints will allow installing them.

Figure 1. CAD of the proposed box-type divertor inserted in the DTT envelope [28]. Note that the structural connection of the
divertor to the vacuum vessel is not shown.

Figure 2 shows a poloidal section of IEC and OEC connected to separate differential chambers, with the “interaction
region” between the SOL plasma and the metal vapor highlighted in red. The position of the apertures has been chosen
according to the available reference SN equilibrium for the machine [28]. The choice of the width of the apertures follows
instead from a trade-off. Indeed, one should keep them as small as possible to avoid excessive vapor flux from the IDC
and ODC to the main plasma. Conversely, one should design larger apertures to avoid sputtering production which would
occur, should the relatively high-temperature SOL plasma touch the aperture borders. Moreover, leading edges could
melt due to normally incident heat loads (on the poloidal plane) which could follow from vertical equilibrium shifts.
Consequent impurities would indeed frustrate the improvement of the plasma purity which is one of the main motivations
for employing an LM divertor [29]. We have therefore estimated the particle scrape-off thickness at the point where
plasma enters the DCs (beginning of the zone highlighted in red in Figure 2). This has been done by estimating the particle
scrape-off thickness at the outboard midplane (OMP) based on [30] and then applying an expansion factor to take into
account the expansion of the field lines. The result is ~1 cm and therefore a conservative value of 5 cm has been adopted
for the aperture width. Nevertheless, it is recognized that the limited width of the apertures is among the limitations of
the proposed design. This issue can be partially addressed by more carefully shaping the “nozzle” connecting DC and
MC, but a larger aperture might be unavoidable. The resulting larger amount of vapor escaping from the DC, could be
mitigated by improving the cooling of the walls -thereby increasing the vapor condensation rate- or adding a further box
to the divertor, compatibly with space constraints. Further optimizations of the design are left for future work.

For the time being, each cassette is designed to be independently cooled by water, passing through toroidal channels
running in parallel, which are connected to manifolds at the inlet and outlet of each cassette, respectively. A total mass
flow rate of 150 kg/s per cassette, at this stage equally split among the channels, should limit the coolant temperature
increase to ~8 K even for the most loaded channels, with an inlet temperature of 393K, see below. However, it is well
known that cooling tube failure resulting in water ingress in the vacuum vessel (LOCA) could lead to hydrogen
explosions, in case Li is employed as an LM [31]. Based on the results of safety assessments, this kind of situation can
be avoided by adopting alternative coolants such as He cooling. As an alternative, water-gas spray cooling can provide
similar heat exhaust capabilities while significantly reducing the amount of water employed, thereby limiting the
consequences of a component failure [32]. W has been chosen as a wall material due to its compatibility with both Li and
Sn for the range of temperatures of interest for the present work [32], [33].

Figure 2: Cross section of the proposed DTT vapor box divertor geometry. Radial coordinates start from the symmetry axis of the
torus. Interaction region between SOL plasma and metal vapor is highlighted in red.

3.

Phenomenology

Metal atoms are emitted from the LM pool due to the incoming plasma heat and particle load. In particular, the heat load
deposited by the Scrape-Off Layer (SOL) plasma leads to evaporation, whereas the plasma particle flux determines the
emission of sputtered metal atoms (~1/3 of the total emission) and ions (~2/3 of the total emission) [34]. Of the emitted
particles, more than 99 % are immediately redeposited due to prompt ionization [24].
To avoid confusion, the following terminology will be employed throughout the work:
• the term vapor indicates the atoms arising from evaporation which do not undergo prompt redeposition;
• the term sputtered atoms indicates the atoms arising from sputtering which do not undergo prompt redeposition;
• the term neutral indicates hydrogenic atoms arising from recycling at the target.

The vapour, depending on its temperature and pressure as well as on the wall temperature, can condense on the relatively
cold EC wall, but it can also interact with the SOL plasma through the following processes:
• Excitation and de-excitation, leading to line radiation;
• Successive ionizations;
• Plasma entrainment effect (transport of ionized vapor towards the target, together with the hydrogenic plasma);
• Recombination of ionized vapor. If the plasma temperature is sufficiently low, this can occur before reaching the
target, otherwise it occurs at the target;
• Charge-exchange between plasma ions and vapor;
• Ion-neutral friction.
These interactions lead to a cooling of the plasma (“vapor shielding” effect) and to the re-deposition of a further part of
the vapor on the pool [35]. The extent of plasma cooling is quantified by the cooling function 𝐿𝑧 (𝑇𝑒 , 𝑛𝑒 , 𝜏) (𝑊 ∙ 𝑚3 ),
which is defined by the cooling rate 𝑞𝑐𝑜𝑜𝑙 (𝑊/𝑚3 ):
(1)
𝑞𝑐𝑜𝑜𝑙 = 𝐿𝑧 ∙ 𝑛𝑒 ∙ 𝑛𝑣𝑎𝑝
𝑞𝑐𝑜𝑜𝑙 is the power per unit volume lost by the plasma due to ionization and radiation. 𝑛𝑒 is the electron density and 𝑛𝑣𝑎𝑝
is the vapor density. 𝐿𝑧 is a non-linear function of 𝑇𝑒 , 𝑛𝑒 and 𝜏. The latter is the particle dwell time, i.e. the average time
spent by an impurity atom in the plasma. Large values of 𝜏 correspond to the coronal equilibrium conditions, whereas
small values lead to a non-coronal enhancement of the cooling effect [11]. The details of the interactions are determined
by SOL temperature and density profiles and by the vapor density. The plasma cooling effect leads to a mitigation of the
parallel heat flux reaching the pool.
The vapor not collected by the walls, nor returned to the pool, escapes the EC towards the DC, and finally escapes towards
the main plasma chamber (MC). The actual state of the system -in terms of thermodynamic state of the vapor, of
temperature of the chamber walls and of SOL plasma parameters- is determined by the interplay between the
aforementioned phenomena. For instance, the plasma cooling effect due to interactions of the SOL plasma with the
intrinsic impurities determines the heat flux reaching the pool, since part of the upstream power has been radiated. The
resulting heat flux to the pool determines the LM evaporation, which is the source term for the vapor mass balance in the
boxes and therefore influences the vapor density, which in turn affects the plasma cooling.
The LM condensed on the EC is assumed to be instantaneously recollected by the pool, whereas the LM condensed on
the DC walls should be redirected towards the pool by means of an external recirculation circuit. This circuit could be
designed to rely on the action of capillary forces to passively return the LM condensed in the DC towards the EC pool,
as proposed in [36].The vapor escaping towards the MC will instead condense on the FW. The detailed description of the
engineering solution to the recollection of the condensed LM is beyond the scope of this paper. Nevertheless, it is worth
mentioning that this recollected LM can be purified before being redirected to the EC, e.g. by means of a system such as
the one proposed in [37].
The H retention at the pool for the proposed box-type divertor should be negligible even in case Li is employed as a LM
due to the relatively large surface temperatures, as it will be explained better in section 4. Nevertheless, the temperature
of the DC walls could be kept low enough to allow for H removal by the condensed LM. The proposed design does not
take advantage of this possibility, meaning that active pumping of H (and He) will be required, as for conventional
divertors. Details concerning the engineering of the particle exhaust (pump type and location) are beyond the scope of
this work, but the interested reader can find interesting suggestions in [19].
4. Choice of the LM
Li was originally proposed as an LM to be used as a plasma-facing component due to its low Z, which makes it more
tolerable, should it reach the core plasma [11]. Moreover, experiments have shown that the presence of Li in plasma
discharges is responsible for an attractive improvement of the machine performance in terms of confinement and plasma
purity ([11], [38]). As already mentioned in Section 3, for relatively low target temperatures (<450℃) H is retained in Li
due to the formation of LiH, which can lead to an excessive accumulation of T in the chamber [39]. However, preliminary
calculations in [23] showed that the temperature range of Li in both IEC and OEC pool is likely to be large enough to
avoid H retention, and therefore operate in high-recycling regime.
The lower evaporation rate of Sn at the expected temperatures (~1100℃) with respect to Li, see Figure 3, leads to a
lower impurity flux towards the main plasma. Moreover, it appears that Sn does not retain H significantly in any
conditions [40], and it is more suitable in a water-cooled system, due to safety issues associated to Li-water interactions.

Figure 3. Evaporation flux for Li and Sn as a function of temperature, evaluated following the Hertz-Knudsen relation [41]

The cooling function 𝐿𝑧 of Sn is also much larger than the one of Li, especially at SOL-relevant temperatures (1-100 eV),
see Figure 4. This means that “vapor shielding” associated to a given amount of Sn is much more effective than the one
associated to the same quantity of Li. Conversely, main plasma contamination associated to a given concentration of Sn
atoms would be much more severe than the one associated with the same concentration of Li atoms. From the foregoing
discussion it is clear that a quantitative and self-consistent model of the box-type divertor is required, if one wants to
understand the interplay between the various above-mentioned effects.

Figure 4. Plasma cooling function as a function of electron temperature and of the particle dwell time 𝜏. Data for Li are from [42],
whereas data for Sn are from [43]. Note that the cooling function includes both radiation and ionization.

Table 1 summarizes the main properties of the two LMs which have been compared in this study.
Table 1. Comparison of physical properties of Li and Sn (values from [44])

5.

Property
Charge
Mass number
Density at melting temperature

Symbol (units)
𝑍
𝐴 (𝑎𝑚𝑢)
𝜌 (𝑘𝑔⁄𝑚3 )

Li
3
6.94
512

Sn
50
118.7
6990

Melting temperature
Latent heat of evaporation

𝑇𝑚 (℃)
∆𝐻𝑣𝑎𝑝 (103 𝑘𝐽⁄𝑘𝑔)

180.5
21.0

231.9
2.49

Thermal conductivity at melting temperature

𝑘 @ 𝑇𝑚 (𝑊 ⁄𝑚 ∙ 𝐾 )

45

30

First ionization potential

𝐸𝑖𝑧 (𝑒𝑉)

5.39

7.34

Model description

The model is composed by three coupled modules, as schematically shown in Figure 5:
1. A 0D thermodynamic model for the LM and vapor, which requires in input the power from the SOL plasma -split
between the advective/conductive and the radiative channels- as well as the temperatures of the box walls and the

total ionization rate of the vapor 𝑁̇𝑖𝑧,𝑣𝑎𝑝 . The output of this module is the thermodynamic state of the Li vapor in ECs
and DCs, as well as the evaporation/condensation rates and the associated heat loads on the walls;
2. A 2D FEM thermal model for the divertor walls, which requires in input the heat load on the walls and the parameters
of the active cooling, as well as the heat transfer from the LM pool. The output of this module is the temperature map
over the divertor structures 𝑇𝑤𝑎𝑙𝑙 ;
3. A 1D SOL plasma model, which requires in input the upstream plasma conditions (parallel heat flux and plasma
density) and the vapor density 𝑛𝑣𝑎𝑝 . The output is the 1D SOL parallel temperature, density, velocity and heat flux
profiles accounting for interactions with the vapor. Consequently, it is possible to determine the power repartition
among the various channels (i.e. conductive/convective and radiative), which is required for coupling with other
modules.
The three modules are explicitly coupled using under-relaxed Picard iterations, for the sake of simplicity.

Figure 5: Schematic of the coupling strategy between the three modules of the model. The meaning of the symbols not already
discussed is the following: 𝑞′′𝑝𝑜𝑜𝑙 is the heat flux on the pool, 𝑞′′𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 is the heat flux on the chamber walls, 𝑞′′𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙𝑠 is the
heat flux at the interface between the pool and the substrate, 𝑞′′𝑐𝑜𝑛𝑑𝑒𝑛𝑠 is the condensation heat flux.

The model assumes symmetry along the toroidal direction. While this assumption is reasonable for the SOL plasma and
for the vapor, the wall -and pool- temperature will experience toroidal variations within a given sector due to the proposed
cooling strategy (with the coolant temperature increasing in the toroidal direction). However, as mentioned in section 2,
even for the most loaded channels the temperature increase should be < 10K. Applying the model to the inlet poloidal
section of each sector appears therefore a reasonable approximation for the purpose of the present work.
5.1. 0D LM model
The 0D LM model evaluates the thermodynamic state of the Li liquid-vapor system within the various chambers. This
model has already been presented in [23], therefore we shall only briefly report its main features here.
The model is based on mass and energy conservation within the divertor chambers. For the sake of clarity, the
energy balance for the EC is schematically shown in Figure 6, where the nomenclature is as follows:
• 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠 (𝑊) is the heat load associated to vapor condensation on walls;
• 𝑄𝑛𝑜𝑧 (𝑊) is the heat load associated to the vapor flux from EC to DC;
• 𝑄𝑒𝑛𝑡𝑟 (𝑊) is the heat load associated to the entrained Li (Sn) returning to the EC together with the plasma flow;
• 𝑄𝑆𝑂𝐿 (𝑊) is the amount of power carried by the SOL plasma to the metal in the EC. Of this power, an amount 𝑄𝑟𝑎𝑑
will be radiated due to plasma-vapor interactions in the EC. A fraction 𝑓𝑟𝑎𝑑,𝑝𝑜𝑜𝑙 of 𝑄𝑟𝑎𝑑 will reach the pool, thereby
contributing to the energy balance of the LM in the EC. Conversely, the remaining fraction (1 − 𝑓𝑟𝑎𝑑,𝑝𝑜𝑜𝑙 ) of 𝑄𝑟𝑎𝑑 ,
which in the schematic is called 𝑄𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 , represents a source term for the energy balance of the walls;
• 𝑄𝑟𝑒𝑝𝑙 (𝑊) is the heat load associated to the LM replenished to the pool;
• 𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙 (𝑊) is the amount of heat lost from the LM pool to the underlying structures. It is evaluated by assuming
only heat conduction to be relevant in the pool:
𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙 = 2𝜋 ∫

𝑅 ℎ𝑝𝑜𝑜𝑙 (𝑇𝑝𝑜𝑜𝑙 − 𝑇𝑤𝑎𝑙𝑙 )𝑑𝐴

𝐴𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙

Where:
o 𝐴𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙 (𝑚2 ) is the contact area between pool and wall;
o 𝑅 is the radial coordinate;
𝑘𝑝𝑜𝑜𝑙
o ℎ𝑝𝑜𝑜𝑙 (𝑊 ⁄(𝑚2 𝐾))~
is the equivalent heat transfer coefficient due to thermal conduction;
𝑠𝑝𝑜𝑜𝑙

o

𝑇𝑝𝑜𝑜𝑙 is the pool temperature;

(2)

o

𝑇𝑤𝑎𝑙𝑙 is the temperature distribution over the surfaces of the box structures which are in contact with the LM
pool.
The relevant engineering outcomes of this module are:
• The LM pool temperature;
• The vapor outflow towards the main plasma chamber;
• The amount of recirculated mass flow rate.
One shortcoming of the model is that, being 0D in nature, it is incapable of capturing the hotspot temperature of the walls
below the LM pool.

(a)

(b)

Figure 6. Schematic of the energy balance of the LM in the EC

This thermodynamic model is strictly applicable only if the vapor is in the continuum regime. However, as back-of-theenvelope estimations of the vapor Knudsen number in the chambers have shown (see [45]), this may not be the case,
especially in the DC. We have therefore benchmarked the 0D model against a 2D kinetic model, see Appendix A. The
results of the benchmark are encouraging, showing that the 0D model can be used to provide fast results which are semiquantitatively correct.
5.2. 2D model of the walls
To determine the wall temperature distribution based on the heat load on walls, on the geometry and on the coolant
temperature and assumed heat transfer coefficient, we solve the heat equation in the domain of the box walls.
The boundary conditions for the model are as follows:
• Outer walls are adiabatic (heat exhaust only occurs via the cooling channels);
• The heat transfer at the interface between pool and wall 𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙 is modeled with an equivalent heat transfer
coefficient ℎ𝑝𝑜𝑜𝑙 , as already mentioned;
• The heat load on the walls which are not in contact with the LM pool is the sum of 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠 and 𝑄𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 . The
corresponding heat flux (in 𝑊⁄𝑚2 ) to be provided to the 2D model of the walls is evaluated by dividing 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠
and 𝑄𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 by the surface area available for condensation and radiation, respectively, thereby obtaining 𝑞′′𝑐𝑜𝑛𝑑𝑒𝑛𝑠
and 𝑞′′𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 . This means that the actual distribution of the load on the chamber walls is neglected for the time
being;
• The active cooling is characterized by a coolant temperature 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 and a heat transfer coefficient ℎ.
A schematic of the boundary conditions is provided, for the IEC, in Figure 7. In the schematic 𝑞 ′′ = 𝑞′′𝑟𝑎𝑑,𝑤𝑎𝑙𝑙𝑠 +
𝑞′′𝑐𝑜𝑛𝑑𝑒𝑛𝑠 .

Figure 7. Schematic of the 2D FEM model

This module has been implemented in FreeFem++ [46].
5.3. 1D SOL model
In order to provide a description of the plasma parameters along the field lines while avoiding the excessively long
computational times associated to 2D codes such as SOLPS a 1D modeling has been proposed. The adopted model has
been derived by modifying the one proposed in [47]. Differently from the latter, we do not fix the target temperature,
which is calculated as a result of the plasma power balance, and consider the plasma cooling due to the presence of vapor.
Figure 8 schematically represents the domain considered in the model. A single flux tube of width 𝜆𝑞,𝑂𝑀𝑃 is considered.
Magnetic field lines expansion has been roughly taken into account by increasing the flux tube width by a factor 𝑓𝑒𝑥𝑝 at
the divertor entrance (i.e. the location where the SOL plasma flowing towards the target along the field lines enters the
ODC). It has been shown that the location chosen for this artificially localized flux expansion does not significantly affect
the result [47]. Both inboard and outboard flux tubes are assumed to start at outboard midplane (OMP) and to extend up
to the respective targets. However, it should be stressed that SOL plasma profiles evaluated with this approach for the
inboard divertor leg are to be considered as purely qualitative, especially due to significant influence of drifts [47]. For
this reason, we shall only show results for the outboard divertor leg.

Figure 8. Schematic of the 1D SOL plasma model. The parallel-to-B coordinate 𝑥// is introduced (only the poloidal projection is
shown).

Further simplifying assumptions are listed below:
1. Thanks to the fact that plasma temperature at target is not fixed, our approach can detect whether detachment
conditions ([48]) will occur for a given scenario. However, in this case, we are not able to reconstruct the temperature
and density profiles (the sheath heat transfer relation does not hold anymore, see eq. (8.2) below). Should detached
conditions occur, we shall therefore assume that the entire parallel heat flux is radiated inside the EC;
2. Continuity, momentum and energy equations for the ionized vapor species are not considered, again for simplicity.
The effect of vapor on hydrogenic plasma is simply associated to the local vapor density 𝑛𝑣𝑎𝑝 ;

3.

4.

A fixed particle dwell time 𝜏 along the SOL plasma is assumed, which is parametrically varied in order to assess the
possible effects following from the non-coronal enhancement of the plasma cooling due to Li, which [21], [11] and
other authors suggested to be relevant;
A single temperature for electrons and ions (𝑇𝑒 = 𝑇𝑖 = 𝑇) is assumed.

In the following, the subscripts TAR and OMP indicate quantities at 𝑥// = 0 (target) and 𝑥// = 𝐿 (outboard midplane),
respectively.
Continuity equation for the plasma:
𝑑(𝑛𝑣)
= 𝑅𝑖𝑧 𝑛𝑒 𝑛0 − 𝑅𝑟𝑒𝑐 𝑛𝑒 𝑛𝑖
{ 𝑑𝑥//
𝑣𝑇𝐴𝑅 = −𝑐𝑠 (𝑇𝑇𝐴𝑅 )

(3.1)
(3.2)

The typical Bohm condition at the sheath edge is employed as a boundary condition, with 𝑐𝑠 the sound speed. The resulting
velocity 𝑣 is negative due to the choice of the reference frame. Atomic data for H, i.e. reaction coefficients for ionization,
recombination (and charge exchange, which will appear in the following equations) have been retrieved from the ADAS
database [42]. The neutral density profile 𝑛0 (𝑥// ) is considered fixed when solving this equation. A simple diffusive
model for neutral transport has been employed for evaluating the neutral density 𝑛0 , taking into account ionization,
recombination, charge-exchange and recycling from target. This model is not discussed here since it is essentially the
same as the one proposed in [47], which can be regarded as a reference.
Momentum conservation for the plasma:
𝑑[𝑛(𝑚𝑖 𝑣 2 + 2𝑒𝑇)]
= −𝑚𝑖 𝑣𝑅𝐶𝑋 𝑛𝑖 𝑛0 − 𝑚𝑖 𝑣𝑅𝑟𝑒𝑐 𝑛𝑒 𝑛𝑖
𝑑𝑥//
{
𝑛𝑂𝑀𝑃 = 0.00236〈𝑛𝑒 〉𝑘1.11 𝐵𝜙0.78

(4.1)
(4.2)

Momentum is lost due to CX with neutrals and recombination. As suggested in [47], a possible momentum source
associated to ionization is neglected, as well as ion-neutral friction. Solution to this equation provides the plasma density
𝑛.
The adopted boundary condition was proposed in [49] to relate the upstream SOL plasma density 𝑛𝑂𝑀𝑃 to the average
core plasma density 〈𝑛𝑒 〉. In this relation, 𝑘 is the plasma elongation and 𝐵𝜙 the toroidal component of the magnetic field
at OMP.
Energy conservation for the plasma:
𝑑𝑞//
= −𝐿𝑧 (𝑇𝑒 , 𝑛𝑒 𝜏)𝑛𝑒 𝑛𝑣𝑎𝑝 − 𝑒𝑇𝑖 𝑅𝐶𝑋 (𝑇𝑖 , 𝑛𝑒 )𝑛𝑖 𝑛0 − 𝑒𝐸𝑖𝑧 𝑅𝑖𝑧 (𝑇𝑒 , 𝑛𝑒 )𝑛𝑒 𝑛0
{𝑑𝑥//

(5.1)

𝑞// (𝑥// = 𝐿) = 𝑞//,𝑂𝑀𝑃

(5.2)

where:
• 𝑞// is the total parallel heat flux, i.e. the sum of the heat fluxes transported via conduction and via convection;
(6)
𝑞// = 𝑞//,𝑐𝑜𝑛𝑑 + 𝑞//,𝑐𝑜𝑛𝑣
•
•
•
•
•

𝐿𝑧 is the cooling function associated to plasma-vapor interactions;
𝑛𝑣𝑎𝑝 is the vapor density, which is a result of the 0D thermodynamic model;
𝑅𝐶𝑋 is the charge-exchange rate coefficient;
𝑅𝑖𝑧 is the ionization rate coefficient;
𝐸𝑖𝑧 is the ionization potential of H.

The three loss terms, which lead to a progressive reduction of the total parallel heat flux, are in turn plasma cooling
mechanisms due to plasma-vapor interactions, charge-exchange of neutrals and ionization of neutrals. It is expected that
the last two terms will only be relevant very close to the target, where the neutral density is high. Hydrogen radiation has
been neglected, as this contribution is expected to be several orders of magnitude weaker than the other contributions to
the plasma energy balance [47].
The upstream parallel heat flux 𝑞//,𝑂𝑀𝑃 has been evaluated by dividing the upstream power by the cross-sectional
area of the plasma flux bundle [3].

𝑞//,𝑂𝑀𝑃 =

𝑃𝑢𝑝
𝐵
2𝜋𝑅𝑂𝑀𝑃 𝜆𝑞,𝑂𝑀𝑃 ( 𝜃 )
|𝐵| 𝑂𝑀𝑃

(7)

Where 𝐵 is the total magnetic field, 𝐵𝜃 is its poloidal component and 𝜆𝑞,𝑂𝑀𝑃 has been evaluated according to [30].
To take into account flux expansion, at a distance from the target 𝑥// = 𝐿𝐸𝐶 + 𝐿𝐷𝐶 = 𝐿𝐷𝐼𝑉 the heat flux is reduced by a
factor 𝑓𝑒𝑥𝑝 .
To evaluate the plasma temperature, we employ the Fourier relation:
𝑑𝑇
𝑑𝑥//

(8.1)

𝑞//,𝑇𝐴𝑅
𝛾𝑠𝑒 ∙ 𝑒 ∙ 𝛤𝑠𝑒

(8.2)
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𝑞//,𝑐𝑜𝑛𝑑 = −𝑘0 𝑇𝑒
{

𝑇(𝑥// = 0) =

𝑊

where 𝑘0 ~2390
and the boundary condition (6.2) is given by the sheath heat transfer relation (𝛾𝑠𝑒 =7 is the sheath
𝑚∙𝑒𝑉 7/2
heat transfer coefficient [49]). Since equation (4) provides the distribution of 𝑞// , to obtain 𝑞//,𝑐𝑜𝑛𝑑 from it, it is necessary
to subtract the convective contribution 𝑞//,𝑐𝑜𝑛𝑣 , given by
1
(9)
𝑞//,𝑐𝑜𝑛𝑣 = (5𝑒𝑇𝑛 + 𝑚𝑖 𝑛𝑣 2 ) 𝑣
2
which is obviously more relevant close to the target due to the increase of the plasma flow speed.
As a final remark, we point out the fact that, since ionized species are not followed by the model (see assumption 2.) the
location where the ionized vapor recombines is not known. This location is interesting, as power committed to ionization
is released where recombination of the Li plasma occurs (i.e. in the bulk or at target). In our calculations we assume
volumetric recombination to occur in the EC, before reaching the target, as suggested in [21].

6.

Model input for the application to the DTT

Table 2 summarizes the input data assumed for the calculation, together with the corresponding reference. The machine
parameters are consistent with the reference DTT scenario as indicated in [26]. Simulations considering Li and Sn as LM
only differ for the LM thermophysical and atomic properties. For Li, two different values of the particle dwell time 𝜏 are
considered, namely 𝜏1 = 1 𝑚𝑠 and 𝜏2 = 10 𝑚𝑠. For Sn, instead, results for 𝜏 = ∞ (coronal equilibrium) will be
presented, due to the much weaker dependence of the cooling function on 𝜏, which is evident from Figure 4. The recycling
coefficient at the target is assumed to be equal to 1 in all cases. As stated above, indeed, the Li surface is verified a
posteriori to be too hot to retain H. For the sake of simplicity, Sn is assumed not to retain H significantly, since detailed
experimental studies are still ongoing [50]. Again for the sake of simplicity, the fraction of radiated power which is
directed towards the pool is evaluated as
𝑓𝑟𝑎𝑑,𝑝𝑜𝑜𝑙 ~

𝐴𝑝𝑜𝑜𝑙
𝐴𝑝𝑜𝑜𝑙 + 𝐴𝑤𝑎𝑙𝑙𝑠,𝐸𝐶

(10)

Table 2. Machine and geometric inputs
Quantity (units)

𝝀𝑺𝑶𝑳,𝑶𝑴𝑷 (𝒎𝒎)

2.1

Meaning
Power leaving the separatrix along the outboard
divertor leg
Scrape/off layer thickness at the outboard midplane

𝑨∥,𝑶𝑴𝑷 (𝒎𝟐 )
𝒒//,𝒖𝒑,𝒐𝒖𝒕𝒃𝒐𝒂𝒓𝒅 (𝑮𝑾⁄𝒎𝟐 )
〈𝒏𝒆 〉 (𝒎−𝟑 )
𝒏𝑶𝑴𝑷 (𝒎−𝟑 )

6.14E-3
2.2
1.7E20
1.2E20

Cross sectional area of flux bundle
Upstream parallel heat flux, outboard divertor leg
Average core plasma density
Upstream SOL plasma density

𝑴𝑻𝑨𝑹
𝜸𝒔𝒆

1
7

𝒁𝒆𝒇𝒇

1.2
3
1
0.169

𝑷𝑺𝑶𝑳,𝒐𝒖𝒕𝒃𝒐𝒂𝒓𝒅 (𝑴𝑾)

𝒇𝒆𝒙𝒑
𝑹
𝒇𝒓𝒂𝒅,𝒑𝒐𝒐𝒍

Value
21.3

Ref.
[26]

Mach number at the targets
Sheath heat transfer coefficient

Calculated
based
on
[30]
Calculated
Calculated
[26]
Calculated
based
on
[49]
[49]
[49]

Effective plasma atomic number
Flux expansion factor
Recycling coefficient at the targets
Fraction of radiated power towards the LM pool

[26]
[25]
See text
See text

𝝉 (𝒎𝒔)

𝜏1= 1
𝜏2 = 10

𝑳𝒄𝒐𝒏𝒏𝒆𝒄𝒕𝒊𝒐𝒏 (𝒎)

18.9
0.52
0.58
1.25
1.31

𝑳//,𝑬𝑪𝑰 (𝒎)
𝑳//,𝑬𝑪𝑶 (𝒎)
𝑳//,𝑫𝑪𝑰 (𝒎)
𝑳//,𝑫𝑪𝑶 (𝒎)

Impurity particle dwell time in the SOL (only used
for Li)
Connection length
Distance travelled by the plasma along the field
lines within the various chambers

[22]
Calculated
From CAD

The parameters for the active cooling of the walls retained here are summarized in Table 3.
Table 3. Parameters for the active cooling

Quantity (unit)
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 (℃)
ℎ𝐸𝐶𝐼 , ℎ𝐸𝐶𝑂 , ℎ𝐷𝐶𝐼 , ℎ𝐷𝐶𝑂
(𝑊 ⁄𝑚2 𝐾 )

7.

value
120
5000

Meaning
Coolant inlet temperature
Heat transfer coefficient for
cooling channels for the
various chambers (assumed
to be equal)

Results

In the following sections the results of the model are shown, comparing the cases of the two liquid metals selected for
this study. First, the SOL plasma profiles are shown, to assess the influence of different LMs. Particular attention has
been devoted to quantify the uncertainties associated to the use of a fixed value of 𝜏 throughout the SOL. Then the effect
of the power exhaust on the LM and wall temperatures is shown. Finally, an estimate of the mass flow rates circulating
in the system is provided.
7.1. 1D SOL plasma profiles
In this section a comparison between Li and Sn will be presented in terms of SOL plasma profiles for the outboard divertor
leg.
The extent of the plasma cooling due to interactions with evaporated metal atoms is given by 𝑞𝑐𝑜𝑜𝑙 , as defined in eq. (1).
The calculated spatial profile of this quantity along 𝑥// (a coordinate parallel to B starting from the target) is shown in
Figure 9. The discontinuity at 𝑥// = 𝐿//,𝑂𝐸𝐶 ~0.6 𝑚 is due to the corresponding discontinuity in 𝑛𝑣𝑎𝑝 (𝑥// ) (see Figure
10) which is a consequence of the 0D model employed for describing the Li vapor, which evaluates a single density for
each chamber. It can be noticed that the power lost by the plasma per unit volume 𝑞𝑐𝑜𝑜𝑙 (𝑥// ) in the EC is similar in the
case Sn, 𝜏 = ∞ and in the case Li, 𝜏1 . As 𝑛𝑣𝑎𝑝 differs by ~ three orders of magnitude, this can be explained by looking at
the cooling function 𝐿𝑧 , see Figure 11, since the electron density is similar among the three cases, see Figure 12. Indeed,
we find that in the OEC the electron density is similar, and the three orders of magnitude difference between the loss
functions are compensated by a three orders of magnitude difference between the vapor densities. This implies the fact
that the SOL plasma response within the divertor region to the use of Sn is only slightly different with respect to the Li,
𝜏2 case.

Figure 9. Parallel distribution of the power lost by the plasma per unit volume due to interactions with metal vapor in the outboard
divertor region for Li (𝜏1 and 𝜏2 ) and Sn (𝜏 = ). The 𝑥// coordinate runs parallel to B, starting from the target (𝑥// = 0).

Figure 10. Parallel distribution of the metal vapor density in the outboard divertor region for Li (𝜏1 and 𝜏2 ) and Sn (𝜏 = ). The 𝑥//
coordinate runs parallel to B, starting from the target (𝑥// = 0).

Figure 11 shows the cooling function for the three cases considered here as a function of 𝑥// . The value is plotted only in
the divertor region since vapor density is assumed to be zero elsewhere. As expected from Figure 4, values for Sn are
always several orders of magnitude larger than the ones for Li (for both 𝜏1 and 𝜏2 ). Note that, due to the strong nonlinearity of the cooling function, a larger 𝜏 is not necessarily associated to a locally lower cooling function since the latter
is strongly dependent also on the plasma temperature, see again Figure 4.

Figure 11. Parallel distribution of the cooling function in the outboard divertor region for Li (𝜏1 and 𝜏2 ) and Sn (𝜏 = ). The 𝑥//
coordinate runs parallel to B, starting from the target (𝑥// = 0).

Plasma density profiles are shown in Figure 12. The profiles for the three cases considered are comparable up to the
entrance in the divertor region, then differences arise due to the different extent of plasma-vapor interactions. The case
with Li, 𝜏1 corresponds to the lowest temperature (see Figure 13) and therefore to the highest density (due to total pressure
conservation). Pressure conservation holds up to the point where plasma-neutral interactions become important. At this
point, i.e. close to the target, the expected density peak associated to ionization of recycling neutrals is retrieved, which
is larger for Li, 𝜏1 than for the other two cases. This is due to a stronger ionization source, 𝑅𝑖𝑧 ∙ 𝑛𝑒 ∙ 𝑛0 , due to the different
dependence of ionization rates on temperature and density. Finally, the usual density drop close to the target is associated
to the flow acceleration up to 𝑀𝑎𝑐ℎ = 1 at the sheath edge.

Figure 12. Parallel distribution of the plasma density in the outboard divertor region for Li (𝜏1 and 𝜏2 ) and Sn. The vertical dashed
line indicates 𝑥// = 𝐿//,𝐷𝐼𝑉 . The 𝑥// coordinate runs parallel to B, starting from the target (𝑥// = 0).

Finally, Figure 13 shows the computed temperature profiles. The general trend is consistent with expectations. The
discontinuous first derivatives of the profiles at 𝑥// = 𝐿//,𝐷𝐼𝑉 ~1.8 𝑚 are due to the assumed localized flux expansion at
the divertor entrance (the parallel heat flux suddenly decreases by a factor 𝑓𝑒𝑥𝑝 , and the temperature profile consequently
flattens). After this point, i.e. for 𝑥// < 𝐿//,𝐷𝐼𝑉 , the flux bundle has entered the divertor region, where the energy loss term
associated to plasma-vapor interactions becomes important. From Figure 13 it is evident that, for Li, the assumption of a
larger value of 𝜏 implies a weaker plasma cooling effect and therefore a larger 𝑇𝑇𝐴𝑅 , and globally a larger 𝑇𝑒 within the
divertor region. The final strong temperature drop close to 𝑥// = 0 is associated to the plasma energy losses due to
ionization of the neutrals, which locally overwhelms all other terms.

Figure 13. Parallel distribution of the plasma temperature in the outboard divertor region for Li (𝜏1 and 𝜏2 ) and Sn. The vertical
dashed line indicates 𝑥// = 𝐿//,𝐷𝐼𝑉 .

The results of this section show that the value of 𝜏, which is one of the physical unknowns of the problem, indeed affects
the plasma profiles in the case of Li. However, it is anticipated from Figure 9 that the thermodynamic state of the LMvapor system is not much sensitive to this parameter (density of Li vapor 𝑛𝑧 is similar for the cases 𝜏1 and 𝜏2 ). The
following section shall further analyze this point, which is one of the most significant outcomes of the present work.
7.2. Vapor temperature
Figure 14 shows the temperatures evaluated in the divertor system for Li, 𝜏 = 1 𝑚𝑠 (a) and Sn (b). The temperature field
over the structures evaluated by the 2D FEM model is shown, together with the value evaluated by the thermodynamic
0D model in each chamber. For clarity, the operating temperatures of the LM and vapor in both divertor chambers are
shown in Figure 15.

Figure 14. Temperature map of the structures and 0D temperature of the LM-vapor system in the ECs and of the vapor in the DCs
for Li, 𝜏1 (a) and Sn (b)

(a)

(b)

Figure 15. Temperatures of the LM-vapor system within the various chambers for Li (left) and Sn (right). Error bars account for
uncertainty on 𝜏 (very small effect for Sn).

The significant difference between the two LMs is a consequence of the interplay between the many phenomena occurring
and can be explained by looking at the power balance, which is detailed in Figure 16. All the terms appearing in Figure
6 are present, with the exception of 𝑄𝑒𝑛𝑡𝑟 (which we assume to become part of 𝑄𝑟𝑎𝑑 ) and 𝑄𝑛𝑜𝑧 , which in all cases
represents a negligible contribution. It can be noticed that, for the case of Sn, the power actually reaching the pool, i.e.
𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙 , is larger. This occurs because the power entering the divertor is much less mitigated by radiation and
evaporation/condensation with respect to the case of Li. As a consequence, a larger temperature is reached (the global
heat transfer coefficient between the power deposition zone and the cooling channels for the two cases is indeed very
similar, the only difference being associated to the pool thermal conductivity).
To justify the different power balance, a simple explanation is proposed: If no vapor was present, the only difference
between the two LMs would be represented by their thermal conductivity, and therefore the different resistance offered
by the pool to the flow of heat -of course, this is true since sputtering and consequent feedback on the plasma are neglected
by this model. Since this difference is not significant, the system would reach a similar steady state temperature in the
two cases, which is much larger than the temperatures actually foreseen by the model. Indeed, in the present case, if the
target temperature is sufficiently large, evaporation occurs and partially accommodates for the unmitigated power by
depositing it on walls thanks to condensation. Moreover, plasma cooling induced by the presence of a non-negligible
amount of vapor in the chambers starts to take place. The temperature at which significant evaporation occurs is much
lower for Li than for Sn (see again Figure 3), i.e. Sn is much more difficult to evaporate, and this explains why

𝑆𝑛
𝐿𝑖
𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙
> 𝑄𝑝𝑜𝑜𝑙→𝑤𝑎𝑙𝑙
in Figure 16. In conclusion, a larger amount of heat will reach the pool unmitigated in the case
of Sn.
Moreover, the difference between the distribution of the “mitigated” power between evaporation/condensation and
radiation is due to the much larger values of the cooling function for Sn, with respect to Li, see Figure 4, even when the
latter is far from coronal equilibrium. The amount of evaporated Sn is lower with respect to the amount of evaporated Li,
and this explains the much lower condensation contribution. Nevertheless, the small amount of Sn present in the chambers
is sufficient to radiate a not negligible amount of power (see again Figure 16). This is due to the much larger value of the
cooling function, as it has been shown in Figure 4 and Figure 11.

Figure 16. Power balance for Li, 𝜏 = 1 𝑚𝑠 and Sn

Similar arguments can be employed to explain the interesting result shown in Figure 17, where a parametric scan on 𝜏 is
presented for Li. This histogram explains why, according to the present calculations, 𝜏 does not significantly affect the
operating temperature of the system (see error bars in Figure 15) notwithstanding the large difference in radiated power
(see again Figure 9). Indeed, the lower amount of power radiated in the case 𝜏 = 10 𝑚𝑠 implies a larger heat flux to the
pool, which is almost totally accommodated by a more significant evaporation, thereby avoiding a large temperature
increase (from Figure 3 it is clear that for Li at the temperatures considered here, a small temperature variation is sufficient
to increase the evaporation rate by an order of magnitude).

Figure 17. Power balance for Li, 𝜏 = 1 𝑚𝑠 and Li, 𝜏 = 10 𝑚𝑠

A further comment concerning the power distribution is associated to the -relatively low- mitigation of the incoming
power (~50% for Li, much lower for Sn). Even though a pool could in principle tolerate any value of incoming heat flux,
the solid substrate of the pool might still reach unacceptable temperatures, e.g. from the point of view of the material
compatibility. Heat load mitigation could be increased by designing a divertor with a larger 𝐿//,𝐷𝐼𝑉 , the distance travelled
by the plasma along the SOL within the divertor, which corresponds to the interaction length between the SOL plasma
and the metal vapor confined in the box structure. However, in general this fact conflicts with the constraints of the plasma
chamber. Another possibility would be to provide a worse cooling of the structures below the pool, with the effect of
increasing the pool temperature and, consequently, the vapor density, to the expense of a larger vapor flow out of the
DCs. The latter could at least partially be prevented by providing a better cooling of the DC walls.
7.3. Mass transport

Among the mass flow rates circulating in the system or flowing through the apertures, the most relevant ones are:
• the condensation mass flow rate within the EC 𝐺𝑐𝑜𝑛𝑑𝑒𝑛𝑠,𝐸𝐶 , i.e. the amount of LM “recirculating” within this chamber;
• the condensation mass flow rate within the DC 𝐺𝑐𝑜𝑛𝑑𝑒𝑛𝑠,𝐷𝐶 , which should be regarded as an input for the external
purification loop;
• the amount of vapor escaping through the aperture of the DC towards the main plasma chamber 𝐺𝐷𝐶→𝑀𝐶 . In the case
of Li, this amount of LM might provide the beneficial effects already discussed on the plasma discharge. However,
the maximum allowable 𝐺 𝐿𝑖 𝐷𝐶→𝑀𝐶 is limited by fuel dilution. For Sn, this amount of vapor is instead harmful for the
plasma purity and should therefore be kept as low as possible. Moreover, it should be kept in mind that in both cases
a mechanism for collecting and finally recirculating also this mass of Li within the MC should be devised.
𝐺𝑐𝑜𝑛𝑑𝑒𝑛𝑠,𝐸𝐶 , 𝐺𝑐𝑜𝑛𝑑𝑒𝑛𝑠,𝐷𝐶 , 𝐺𝐷𝐶→𝑀𝐶 are reported in Figure 18(a) for Li and Figure 18(b) for Sn. The results can provide an
input for the design of the external LM recirculation/purification system and for an assessment of the acceptability of the
flux of vapor to the MC, both in terms of plasma dilution/purity and in terms of material collection. The very big difference
in 𝐺𝐷𝐶→𝑀𝐶 between Li and Sn could be deceptive, however, please consider that a much smaller influx of Sn than Li
could cause comparable damage in the main plasma, so that, for a really quantitative and conclusive judgment of this
comparison, these fluxes should be used as drivers of a calculation of the distribution of 𝑍𝑒𝑓𝑓 and radiated power along
the minor plasma radius as it could be performed, e.g., using the STRAHL code [51]. A feedback from these assessments
could be employed for modifying the target cooling strategy (inlet coolant temperature, heat transfer coefficient, pool
thickness).

(a)

(b)

Figure 18. Mass flow rates of LM condensed in the divertor chambers and of vapor entering the MC as evaluated by the model for Li
(a) and Sn (b). Error bars account for uncertainties on the parameter 𝜏.

8.

Conclusions

A self-consistent model for an LM vapor box divertor of pool type has been developed and applied to the case of the
DTT, comparing Li and Sn as possible alternative LM choices.
For Li:
o both evaporation and radiation cooling are effective in reducing the target heat load.
o The maximum temperature of the target is evaluated around 700 ℃, which is compatible with a W
substrate [32].
o Further investigations are required to determine whether the amount of Li vapor flowing into the main
plasma chamber is sufficiently low to avoid excessive plasma contamination.
o The condition of a significant amount of power exhausted via the “alternative” channels (i.e. radiation
and evaporation/condensation), which is one of the main advantages of this type of divertor, can be
already obtained with just two chambers. Should the amount of vapor flux towards the MC turn out to
be too large, the number of chambers can be increased, retaining the same envelope, to provide a more
effective differential pumping and hence further reduce this flux.
For Sn:
o a much less significant contribution of evaporation/condensation cooling has been evaluated. Indeed,
according to the results presented in this paper, a very small density of Sn vapor is foreseen to be present
in the system.
o This result implies that, at least for the configuration at hand, the vapor box concept, which is intended
to confine a large density of vapor to exhaust plasma power by radiation+evaporation/condensation is
not interesting.
o Nevertheless, we observe that the box structure is still useful to reduce the Sn vapor flow out towards
the main plasma chamber by two orders of magnitude.

o

Also in this case, further investigations are required to determine whether the amount of Sn vapor
flowing into the main plasma chamber is sufficiently low.

The present study has identified several design parameters that could provide a more efficient operation of the proposed
concept in terms of heat load spreading on the chamber wall surfaces, and namely:
• the heat transfer coefficient, or equivalently the coolant temperature within the cooling channels below the pool.
Compatibly with other constraints, this could allow for a larger density of vapor to be confined in the EC, and a more
effective load spreading;
• the interaction length between the plasma and the Li vapor, which should be increased, e.g. by considering a deeper
position of the target. This might however not be compatible with the chamber geometry, which will be considered
fixed when designing this system- in order to obtain a stronger cooling of the plasma.
The two parameters can be varied separately or together. The best strategy would be characterized by a sufficient Li vapor
density to induce plasma detachment - promoted by intrinsic, rather than extrinsic, impurities- as already suggested in
[52].
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Appendix A. 2D Direct Simulation Monte Carlo (DSMC) approach for rarefied vapor modelling
A.1. DSMC motivation and simulation setup
The motivation for a detailed study of the vapor dynamics, as mentioned above, is that it has to be assessed whether the
0D treatment of the vapor discussed above can be applied even if the vapor is rarefied. If the assessment is successful, we
can use the 0D model for fast calculations and parametric scans in the framework of the above-described self-consistent
model. Moreover, developing a detailed model for the vapor can provide information concerning the actual distribution
of the vapor within the chambers, which influences not only the plasma-vapor interactions but also the distribution of the
condensate on the walls. Therefore, we propose here a 2D (axisymmetric) model for the vapor dynamic, which accounts
for the actual divertor geometry and evaluates the distribution of the thermodynamic variables for the vapor inside the
chambers. The model is based on the Direct Simulation Monte Carlo (DSMC) method (see [53] for a thorough
introduction).
Simulations have been performed by means of the DSMC method implementation recently included in OpenFOAM [54],
namely dsmcFoamPlus [55]. The OpenFOAM environment has been selected since it is modular and easily coupled to
other codes. Moreover, being open-source, the program can be modified to include specific features of the system being
studied.
Mesh generation and time step selection have been performed in compliance with the guidelines for the DSMC method
([53],[56]). In particular, the characteristic grid size should always be smaller than the local value of 𝜆, in order to properly
take into account inter-particle collisions. For a similar reason, the time step should be smaller than 𝜆/𝑢̅, 𝑢̅ being the
mean thermal speed. In [56] it is therefore recommended that Δ𝑥 ≤ 𝜆/3 and Δ𝑡 ≤ 𝜆/(10𝑢̅). Average values of 𝑇 and 𝑛
for each chamber from the foregoing 0D calculations are employed to estimate the required Δ𝑥 in each chamber -to be
set as a criterion for the mesh generation- and Δ𝑡. As a result, a coarser mesh is employed in the DC (Δ𝑥~0.3 mm) than
in the EC (Δ𝑥~0.1 mm), see Figure 19. The scaling factor, defined as the number of real particles that each DSMC
particle represents, is evaluated as:
(∆𝑥)2 𝑛
(13)
𝑓=
𝑁𝑃𝐶
Where 𝑁𝑃𝐶 is the average number of particles per cell. In our simulations, ∆𝑥 is further adjusted in order to have 𝑓 =
1012 with an average value of NPC of 50 [53],[56].

Figure 19. Schematic of the simulation domain, including mesh and boundary conditions. Red dots indicate boundaries which are
considered as condensing in Case 1 and reflecting in Case 2.

To provide a significant benchmark for the 0D calculations above, consistent boundary conditions must be enforced.
Boundary conditions are indicated in Figure 19 and explained in the following.
(a) LM pool: the pool represents the bottom boundary for the vapor domain. A single temperature for the entire pool is
imposed, together with a pressure corresponding to the saturation pressure at that temperature. The effect of
specifying the temperature is to fix the mean speed of the Maxwellian distribution according to which evaporated
particles are emitted. Specifying the pressure imposes instead the number of particles emitted -the larger the pressure,
the larger the number of particles which must be emitted to maintain this pressure in the cells adjacent to the pool.
(b) Chamber walls: the walls are classified according to the comparison between the local wall temperature 𝑇𝑤 and the
local saturation temperature 𝑇𝑣𝑎𝑝 .
1.
If 𝑇𝑤 < 𝑇𝑣𝑎𝑝 , the wall is condensing. In this condition, the walls are assumed to be covered by a layer (or
film) of condensed LM. The LM layer is assumed to be thin, so that the temperature of the liquid-vapor
interface (which corresponds to the boundary of the vapor domain) can be assumed equal to the inner wall
temperature. In this condition, all particles hitting the wall (i.e. the film) are absorbed, whereas a number of
particles which is consistent with the local wall interface temperature and saturation pressure is emitted.
Clearly, for a condensing wall the net effect of this combination of evaporation/condensation is shifted
towards condensation, i.e. the boundary is absorbing particles;
2.
If 𝑇𝑤 > 𝑇𝑣𝑎𝑝 , the wall is reflecting. In this condition, no LM film can be present on the wall, and the
boundary of the vapor domain corresponds to the wall itself. The reflection is assumed to be diffuse, i.e.
particles hitting this boundary are reflected with a velocity distribution corresponding to a Maxwellian at
the local wall temperature.
These specifications are the equivalent, from a molecular point of view, of the Hertz-Knudsen equation which has
been employed for the 0D model. In this work, as shown in Figure 19, the wall temperature is imposed and the local
condensing or reflecting behavior is evaluated accordingly.
(c) Nozzle walls: these surfaces are assumed to be reflecting, regardless of their temperature.
(d) Chamber walls marked by a red dot in Fig. 3, and nozzle walls: for these walls two cases are considered.
1.
Case 1: the condensing behavior of the walls is according to point (b1);
2.
Case 2: the walls are forced to be reflecting, independently of their temperature.
In particular, Case 1 is intended to benchmark the results of the 0D model, whereas Case 2 is intended to show the
capabilities of the proposed approach to drive design choices for the system under study.
(e) Aperture towards the MC: since a very small quantity of Li is expected to be present in the MC, a vacuum boundary
condition is employed (i.e. all particles hitting this boundary are absorbed, and no particle is re-emitted).
A.2. DSMC results and discussion
Steady state results for the reference scenario described above are presented in this section. Figure 20 shows the calculated
Mach number map with the corresponding streamlines in the two cases. In both cases, the vapor expands from the
boundary at the largest pressure -i.e. the pool- towards, eventually, the perfect vacuum assumed at outlet. The situation is
close to a free expansion, since condensing surfaces behave almost as perfect absorbers. The presence of reflecting
surfaces -i.e. the nozzles in both Case 1 and Case 2, and the surfaces with a red dot in Case 2- deviates and slows down
the flow, possibly causing shocks when the flow speed is reduced from supersonic to subsonic. This fact is particularly
evident for Case 2, where a clear shock front is produced in the DC.
Figure 21 shows the 2D Li vapor density map for both Case 1 (left) and Case 2 (right). In Case 2, a density larger by a
factor ~2 is achieved in the EC thanks to the presence of reflecting surfaces normal to the flow direction. This is desirable
if plasma cooling associated to interactions with the vapor is to be maximized, as the extent of these interactions is directly
proportional to the density of the neutral Li encountered by the plasma along its path towards the target. Nevertheless,

the reduced area available for condensation results in an amount of Li which flows out of the system towards the MC
larger by a factor ~1.3. A conclusion concerning the best available option is not straightforward, since it would require
detailed information concerning the core plasma compatibility of the leaked Li vapor and the actual benefits of a reduced
heat load on the pool. Nevertheless, it can be stated that reflecting surfaces are only interesting in the EC, where they
increase the vapor density, but are not desirable in the DC, where the main interest is to maximize the vapor condensation.
1D plots shown in Figure 22 finally allow to carry out the desired benchmark against 0D and 2D results, and to compare
features of Case 1 and Case 2. The left plot shows a difference lower than a factor ~2 between the density evaluated by
the 0D and the 2D model. Nevertheless, the 0D model is conservative, in that it calculates a lower density, therefore lower
plasma-vapor interactions and therefore a larger plasma load on the pool. Again, it is clear that Case 2 provides a more
uniform density in the EC, which is desirable for enhancing plasma cooling. The right plot shows instead that temperature
is overpredicted in the EC -and, consequently, in the DC- by the 0D model, due to the fact that:
• Vapor in the EC is assumed to be at saturation conditions corresponding to the pool temperature, which is not
strictly correct due to the fact that the vapor is in contact with walls colder than the pool in the EC;
• Supersonic vapor expansion occurring already in the EC is neglected.
We conclude from this analysis that the 0D model is suitable for the purpose of being coupled with the plasma model and
the model of the walls, as it provides an adequate estimate of the vapor density within the chambers.

Figure 20. Computed Mach number map with streamlines in Case 1 (left) and Case 2 (right)

Figure 21. Density map of the Li vapor in Case 1 (left) with indication of the probe line employed for producing 1D plots, and Case
2 (right)

Figure 22. Calculated vapor density (left) and temperature (right) evaluated along the probe line by the 0D model (red dotted
line) and by the 2D DSMC model for Case 1 (solid blue line) and Case 2 (solid green line). Note that the x coordinate for the
density corresponds to the distance from the pool, evaluated along a magnetic field line.
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