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Abstract
Self-healing liquid metal divertors (LMDs) based on the Capillary Porous Structure (CPS) concept are currently being

considered among the possible solutions to the power exhaust problem in future fusion reactors. Indeed, the passive

replenishment of the plasma-facing surface by capillary forces and the self-shielding of the target via vapor emission can

potentially improve the divertor lifetime and its resilience to transient loads. On the other hand, the LMD target erosion can

be significant due to evaporation and thermal sputtering, on top of physical sputtering, possibly leading to unaccept-

able core plasma dilution/power losses (for a low-Z/high-Z metal such as Li and Sn, respectively). For this reason, it is

necessary to assess whether an LMD is compatible with an European DEMO (EU-DEMO) plasma scenario. This requires a

self-consistent model of the impurity emission from the target, the plasma in both the scrape-off layer (SOL) and the core

regions and the transport of impurities therein. In this paper, an an integrated modelling approach is proposed, which is

based on SOLPS-ITER and includes its coupling with a target erosion model written in FreeFem?? and a core plasma

model (ASTRA/STRAHL). An application of the coupled SOL-target model to simulate experiments performed in the

Magnum-PSI linear plasma device with a CPS target filled with Li is also included to provide a first demonstration of the

capabilities of the approach. Results are promising, being in good agreement (within a few degrees) with the measured

target temperature distribution. In perspective, the modelling framework presented here will be applied to the EU-DEMO

with an Sn divertor.
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Introduction

The development of a reliable solution to the power

exhaust problem in nuclear fusion reactors is among the

milestones listed in the European Research Roadmap to the

Realisation of Fusion Energy [1]. The baseline strategy,

which was conceived for ITER, consists in using actively

cooled tungsten (W) monoblocks as divertor plates,

resorting to impurity (e.g., Ne, Ar or Xe) seeding to

achieve at least partially detached plasma operation [2].

For European DEMO (EU-DEMO)-sized reactors, how-

ever, tolerable target heat fluxes can only be attained

through radiation of a percentage of the power crossing the

separatrix larger than 90%. This results in an operating

condition the stability of which is still to be proven [3, 4].

Moreover, the larger amount of energy stored in the plasma

will require ELMs to be either avoided or strongly miti-

gated. The effects of neutron irradiation will also represent

an unprecedented challenge for both structural and plasma-

facing materials [4]. Therefore, alternative strategies are

being investigated within EUROfusion, including

advanced magnetic configurations [5] and self-healing

Liquid Metal Divertors (LMDs) based on the Capillary

Porous Structure (CPS) concept [6, 7], for which the most

promising Liquid Metals (LMs) are Li, Sn and Li–Sn [8].

For a CPS-based LMD, the erosion of the plasma-facing

surface is compensated by the continuous and passive

replenishment with fresh LM provided by capillary forces.

Moreover, the vapor shielding phenomenon, which is

intrinsically self-regulating, can increase the component

resilience to transient events, including ELMs [9]. LM-

filled CPS targets were successfully exposed to tokamak
Extended author information available on the last page of the article
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conditions both in limiter and in divertor configuration (for

instance in FTU and COMPASS, respectively) [10–12].

Experiments in Linear Plasma Devices (LPDs) also

allowed to characterize the interactions between plasma

and LM targets in a more controlled and thoroughly

diagnosed environment [13].

Among the challenges associated to the use of LMs as

plasma-facing components there are evaporation and

sputtering, which might lead to unacceptable core plasma

dilution/power losses (for Li/Sn, respectively) [14]. The

compliance of a proposed LMD design with an EU-

DEMO-relevant plasma scenario should thus be assessed in

terms of:

• The peak heat flux to the CPS-coated target, which must

not overcome the power handling limit of the compo-

nent itself;

• The core plasma contamination/dilution, which must be

compatible with the desired fusion performance.

To contribute to this assessment through modelling, it is

necessary to simulate the Scrape-Off Layer (SOL) plasma

transport, the erosion of impurities from the target and their

transport in the SOL and core, including their interactions

with the plasma. These physical processes are mutually

interacting, thereby requiring self-consistent models to be

employed.

Integrated target-SOL-core calculations were carried out

in the past by means of the COREDIV code to explore the

possible operational space of an EU-DEMO with an

LMD [15]. More recently, similar calculations were carried

out for the DTT device [16]. COREDIV is a comprehen-

sive tool which provides self-consistent results in a short

time, but also adopts a number of simplifications, including

a fluid treatment of the neutral species, a 1D thermal model

of the target, a slab model for the SOL and an a priori

neglected impurity pinch in the core.

In the attempt of providing more quantitative evalua-

tions, one possibility is to adopt specialized tools for the

target, SOL and core modelling, respectively, coupling

them together. This paper aims at presenting two main

recent advances in this line of activity:

• The self-consistent coupling between a LM target

erosion model and a SOL plasma model based on

SOLPS-ITER, a state-of-the-art code for the SOL

plasma and neutrals transport in tokamaks;

• The one-way coupling between SOLPS-ITER and

STRAHL, a code for the impurity transport in the core

plasma, running within the ASTRA modelling

framework.

As far as the target-SOL coupling is concerned, this paper

also provides first results from the application of SOLPS-

ITER coupled to a target model to Magnum-PSI

experiments. The SOL-core coupling is instead the subject

of ongoing work, therefore results shall be presented in a

future work.

The paper is organized as follows. In Sect. 2, after an

overview of the proposed modelling approach, the tools

adopted for the target, SOL and core plasma, respectively,

are described, together with the coupling algorithm. Sec-

tion 3 then reports first applications of subsets of the

integrated model to Magnum-PSI. Section 4 describes

ongoing work regarding the SOL-core model. Finally,

Sect. 5 describes future plans for this activity.

Methodology

Overview of the Modelling Approach

In this work, the following models were adopted:

• A 2D SOL plasma model (B2.5 in SOLPS-ITER) to

compute SOL plasma temperature and density distri-

butions while self-consistently computing the radiated

power in the SOL and the heat flux on the divertor

targets;

• A 2D neutral model (Eirene in SOLPS-ITER) to

compute neutrals temperature and density distributions,

accounting for their interactions with the plasma and for

pumping/redeposition;

• A 2D LM erosion model (developed in Free-

Fem?? [17]) to compute target temperature distribu-

tion and LM evaporation/sputtering rates;

• A 1.5D core plasma model (ASTRA?TGLF?-

STRAHL) to compute core plasma temperature and

density profiles, and radiated power in core.

In the following, a brief description of each model is

provided.

SOL Plasma and Neutrals Model: SOLPS-ITER

SOLPS-ITER is composed of a 2D multi-fluid plasma

solver (B2.5) and of a 2D kinetic neutral model (Eir-

ene) [18, 19]. It is widely used in the fusion community

and it was already applied to the simulation of liquid metal

divertors [14, 20, 21]. Previous versions of the SOLPS

package were also employed [22] for similar purposes.

The 2D multi-species description in B2.5 adopts clas-

sical parallel and anomalous perpendicular transport, with

coefficients adjusted to match radial decay lengths from

scaling laws or from experiments. Atomic databases such

as ADAS [23] and AMJUEL [24] are included.
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LM Target Model: FreeFem11

FreeFem?? [17] is an open-source programming frame-

work for the solution of partial differential equations based

on the finite-element method. It allows to efficiently solve

the 2D heat conduction equation accounting for the actual

divertor target material, shape and cooling strategy. In the

specific case of an LMD, the CPS layer on top of the solid

substrate, which includes the cooling channels, is treated in

a simplified way, namely as a solid layer with averaged

thermal properties evaluated by the law of mixtures,

assuming pure Li/Sn.

Given the incoming plasma heat flux as computed by

SOLPS-ITER and the characteristics of the active cooling

system, which are taken into account by enforcing a Robin-

type boundary condition, the outputs of the model are the

temperature distribution in the divertor target - to be

compared with material limits to assess their compatibility

- and the metal evaporation flux for each poloidal location.

This is summed to sputtering to determine the total impu-

rity emission rate from the target, which is then fed back to

SOLPS-ITER. The currently implemented coupling

scheme represents a refinement of the one described

in [25].

Core Plasma Model: ASTRA/STRAHL

ASTRA (Automated System for TRansport Analysis) is a

flexible programming system capable of solving predictive

or interpretive transport problems in the confined

plasma [26]. The code computes the magnetic equilibrium

and transport coefficients, and solves the transport equa-

tions for the main plasma parameters averaged over mag-

netic surfaces. In this way, the domain between the

magnetic axis and the separatrix is treated as 1.5D.

The modular nature of ASTRA is employed to tailor the

modelling strategy to the problem at hand. Specifically, a

realistic description of the transport of impurities and the

consequent radiation losses in the core plasma is achieved

by coupling the STRAHL code [27] to ASTRA, as done

in [28, 29]. Moreover, the turbulent and neoclassical

transport coefficients are obtained by means of the TGLF

and NCLASS routines, respectively. A schematic repre-

sentation of the ASTRA workflow is provided in Fig. 1.

In the present work, separatrix-averaged values of

electron temperature, impurity density and electron density

as computed by SOLPS-ITER are used as boundary con-

ditions for the ASTRA-STRAHL calculations.

Results for the SOL-Target Model

Applying the model to an LPD case allows to simplify the

simulation setup and the comparison with experimental

data in ITER-relevant heat and particle flux conditions,

while keeping a low computational time. For this reason, as

a first test bench, the coupled SOL plasma - target model

was applied to simulate experiments performed in the

Magnum-PSI [30] linear plasma device. The application of

SOLPS-ITER to an LPD was only recently made

possible [31, 32].

Two configurations were considered: a first one, with a

solid (W) target, to check whether the computed temper-

atures are compatible with experimental measurements;

and a second one with a CPS target filled with Li. The

SOLPS-ITER calculation domain for Magnum-PSI is

schematized in Fig. 2.

For all simulations, the target thermal behavior is

computed based on the heat flux distribution over the top

surface, as provided by SOLPS-ITER, and on the active

cooling at the bottom, which is accounted for by adopting a

Fig. 1 Schematic representation

of the ASTRA workflow. The

auxiliary power was

implemented as ECRH power
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Robin-type boundary condition, enforcing the equality of

the conduction heat flux in the target and of the convection

heat flux to the coolant at each point of the bottom surface:

�k Tð Þ oT
on

¼ hcoolðT � TwaterÞ ð1Þ

On the left hand side of equation (1), k is the temperature

dependent heat conductivity of the target material and oT
on is

the normal derivative of the temperature field (T is the local

surface temperature). hcool is a global heat transfer coeffi-

cient computed as the inverse of the series of thermal

resistances associated to conduction in the target holder

and to convection with the coolant:

1

hwater
þ dCu

kcu
þ diso

kiso

� ��1

� 3500 W=m2=K ð2Þ

where hwater ¼ 4164 W=m2=K is the convection heat

transfer coefficient with the coolant, computed based on

well known single phase heat transfer correlations for cir-

cular pipes [33] based on the cooling channel dimensions

(Dchannel ¼ 10 mm) and on the coolant flow conditions

(Twater ¼ 25 �C, uwater ¼ 2:9 m=s), dCu ¼ 4 mm is the

thickness of the copper holder between the water and the

target and diso ¼ 0:3 mm is the thickness of the isolation

foil (made of HiTherm HT1220, with thermal conductivity

kiso ¼ 10 W=m=k) between copper and target.

Solid Target

For the solid W target, different simulations were per-

formed, considering values of the neutral pressure in the

target chamber ranging from 0.46 Pa to 4.30 Pa, the latter

leading to a fully detached plasma condition. The simula-

tion setup is essentially identical to the one in [32], with

the difference that here the coupled target-SOL model is

enabled. The results in terms of the computed radial dis-

tribution of the target surface temperature are reported in

Fig. 3. As expected, as the gas pressure in the target

chamber increases, the peak temperature is reduced fol-

lowing the lower target heat flux. Figure 3 also shows,

depicted as markers, the pyrometer measurements at the

target center for all the simulated cases except the higher

pressure case (plotted as a dotted black line), for which the

temperature at the target center fell below the measurement

limit of the pyrometer. New experiments are planned in the

future to extend the validation range of the coupling

between SOLPS-ITER and the target model.

Figure 4 shows the temperature distribution inside the

tungsten target for the lowest and highest pressure cases.

Li-Filled CPS Target

Recently, Magnum-PSI experiments were performed on

liquid Li-filled CPS targets realized via 3D printing, an

approach previously explored by Rindt et al. [34]. These

experiments represent a further opportunity to achieve a

preliminary validation of the SOL-target calculation

framework. However, in this case comparing the simula-

tion results with experimental data involves further diffi-

culties with respect to the case of a solid W target. Indeed,

the 3D printed CPS is characterized by a progressive

reduction of the pore size moving towards the plasma-

facing surface, a situation for which the previously adopted

treatment, which relied on the law of mixtures with uni-

form porosity c ¼ VLi= VLi þ VCPSð Þ, becomes question-

able. Furthermore, liquid Li-filled CPSs are subject to

changes in surface emissivity which make temperature

measurements difficult [34].

Fig. 2 Schematic of the Magnum-PSI calculation domain

Fig. 3 Computed surface temperature (lines) and pyrometer mea-

surements at target center (markers) for different neutral pressures in

the target chamber. The black dotted line represents the lower

measurement limit for the pyrometer
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To overcome this problem, a dummy target made in

Titanium Zirconium Molybdenum alloy (TZM) and similar

to the Li-filled CPS in terms of thermal properties, was

employed before exposing the CPS itself. This allows to

calibrate the thermal model in the simplest possible sce-

nario, before exposing the porous targets, which are

inherently more challenging in terms of experimental val-

idation. The pressure during exposures is between 0.2 and

0.3 Pa as no additional gas puffing is introduced. Figure 5

reports simulation results for the TZM dummy target,

together with the corresponding experimental data. The

agreement is very good in terms of the peak target tem-

perature, whereas the measured temperature distribution

appears to be radially shifted by � 2 � 5 mm with respect

to the target center, a feature which cannot be retrieved in

the model (which assumes axial symmetry around the

plasma axis, which corresponds to the center of the target)

and which suggests that further assessment of the experi-

mental data is needed. However, a detailed comparison is

deemed to be beyond the scope of the present paper, which

is rather concerned with the integrated modelling strategy

and with preliminary results for what concerns the SOL-

target coupling.

Moving to the actual Li-filled CPS target, two distinct

simulations have been performed with different assump-

tions on the target porosity distribution, in view of the

above-mentioned uncertainties. Specifically, a case with

uniform porosity and one with linearly decreasing porosity

(from 0.4 at the bottom to 0.0 at the top) have been con-

sidered. In both cases, as before, no additional gas puffing

is considered. Results are shown in Fig. 6, and compared

with the measured surface temperature at the target center.

This preliminary comparison suggests that, as expected,

reducing the CPS porosity towards the target surface allows

to reproduce experimental results more closely. However,

also this point requires further assessment. In more general

terms, it can be stated that evaluating thermal properties of

3D printed or sintered W is crucial to correctly evaluate the

surface temperature.

Fig. 4 FreeFem?? mesh of the

Magnum-PSI target with

boundary conditions

schematically indicated (left)

and target temperature

distributions for the 0.46 Pa and

the 4.30 Pa cases (right)

Fig. 5 Computed (solid line) and measured (square markers) surface

temperature distribution for the dummy TZM target

Fig. 6 Surface temperature distribution for the Li-filled CPS assum-

ing a linear porosity (dashed line) and a uniform porosity (dotted

line). The temperature measurement at the center of the target is also

reported with a square marker, together with its uncertainty
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Ongoing Work on SOL-Core Coupling

The modelling effort here presented is ultimately aimed at

the self-consistent simulation of the EU-DEMO plasma in

the presence of a liquid metal divertor, considering an EU-

DEMO configuration with a liquid Li or Sn divertor while

keeping the same envelope as for the baseline (W) divertor.

As far as the SOL plasma is concerned, a first set of

calculations for the EU-DEMO configuration with a liquid

Li or Sn divertor was reported in [14]. In that work, the

target-SOL coupling was in place, but a simplified fluid

model for the neutrals was employed and the core plasma

model was not included. Simulations including the new

capabilities demonstrated in the foregoing section are

ongoing.

As far as the core plasma is concerned, first ASTRA-

STRAHL-TGLF simulations have been set up, considering

a single source of impurities, respectively of Li and Sn,

which is computed based on the available SOLPS-ITER

calculations.

However, integrated modelling results are still prelimi-

nary and will be presented in a later communication. It is

also worth mentioning that for turbulent transport, along-

side with the currently adopted TGLF model, QuaLiKiz is

also being considered [35, 36]. Similarly, for the neoclas-

sical transport of heavy impurities, represented by Sn in the

present application, it is planned to adopt the recently

developed FACIT code [37].

Conclusions and Perspective

In this paper, a strategy for performing integrated plasma

simulations for fusion devices using liquid metal targets

was proposed. A subset of the proposed models, and

specifically those pertaining to the SOL-target coupling,

was applied to Magnum-PSI as a first test bench, showing

promising results, although a more thorough validation of

the erosion model against Magnum-PSI data is planned.

SOL-core results are instead still preliminary and will be

reported in a future communication.

Ongoing work regards the application of the integrated

modelling framework to tokamaks for which experiments

with liquid metal divertors were performed (COMPASS

and AUG), thus allowing to preliminary validate both the

SOL-target model and the core impurity transport model,

so providing more confidence in applying to the EU

DEMO.
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