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Abstract 

The European roadmap for fusion energy has identified plasma exhaust as a major challenge towards the realisation 
of magnetic confinement fusion. To mitigate the risk that the single null divertor (SND) with a high radiation fraction in the 
scrape-of-layer (SOL) adopted for ITER will not extrapolate to a DEMO reactor, the EUROfusion consortium is assessing 
potential benefits and engineering challenges of alternative divertor configurations. A range of alternative configurations that 
could be readily adopted in a DEMO design has been identified. They include the X divertor (XD), the Super-X divertor (SXD) 
and the Snowflake divertor (SFD). The flux flaring towards the divertor target of the XD is limited by the minimum grazing 
angle at the target. The characteristic increase of the target radius in the SXD is a trade-off with the increased TF coil volume, 
but, ultimately, also limited by forces onto coils. Engineering constraints also limit XD and SXD characteristics to the outer 
divertor leg with a solution for the inner leg requiring up-down symmetric configurations. Boundary models with varying 
degrees of complexity have been used to predict the beneficial effect of the alternative configurations on exhaust performance. 
Desired effects are an easier access to detachment, reluctance of the detachment front to displace along the divertor leg and 
increased divertor radiation without excessive core confinement degradation. Based on the extended 2-point model and 
achievable geometric variations the SOL, the radiation required for the onset of detachment in the outer divertor decreases in 
the SXD and SFD with the tolerable residual power being 30-40% larger than for the SND. Additional improvements are 
expected from the ability to increase the divertor radiation without adverse effects on the core performance and through SOL 
broadening as postulated for the SFD. A systematic study of the alternative configurations using the divertor transport codes 
TECXY and SOLEDGE2D are qualitatively consistent but provide different predicted gains. They also predict a performance 
increase of the outer target of the XD, albeit at the cost of a higher load on its inner target. 

1. INTRODUCTION 

The European roadmap for fusion energy [1] has identified heat and particle exhaust as a major challenge towards 
the realisation of magnetic confinement fusion. Since power exhaust scales unfavourably with the size of the 
device, a reactor must likely harness an even greater heat flux than ITER. Simultaneously, the higher particle and 
neutron fluences impose more stringent constraints on the plasma facing components and the admissible erosion. 
In the current European baseline scenario for a DEMO reactor, which foresees a single null magnetic 
configuration, Fig. 1(a), this must be achieved by an even greater radiative power exhaust [2]. It is, however, 
uncertain whether a higher radiation fraction is compatible with the required energy confinement [3] and whether 
transients can be sufficiently suppressed to avoid any damage of the divertor targets. To mitigate the risk that the 
baseline scenario adopted for ITER will not extrapolate to DEMO, the EUROfusion consortium is assessing the 
potential benefits and the engineering challenges of alternative divertor configurations as an exhaust solution for 
DEMO.  
Several decades of divertor research have resulted in many configurations and concepts that may be considered 
as alternatives to the conventional divertor [4]. Among these configurations, a reduced set of basic geometry 
variations and corresponding divertor concepts that rely on the same physics basis as the baseline solution and 
can readily be adopted in a DEMO design is identified, and the underlying physics mechanisms described in 
Section 2. Alternative concepts generally increase the complexity of the device and their realization may exceed 
available technological capabilities. The extent of the geometric variations that could be attainable using only 
modest extrapolations of currently available technologies is evaluated in Section 3. While the range of achieved 
geometric variations may not be optimal, they are indicative of the achievable variations within the given 
constraints. Divertor models of varying degrees of sophistication are then used in Section 4 to project the 
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geometric variations into divertor performance improvements. To decrease the effect of systematic errors, these 
are compared to predictions for the baseline solution. Preliminary conclusions of the assessment are presented in 
Section 5. 

2. ALTERNATIVE DIVERTOR CONFIGURATIONS 

To avoid significant delays in designing DEMO, the assessment only considers alternative configurations that rely 
on the same core physics, including H-mode confinement and detached divertor operation, as the baseline 
scenario. The considered configurations include an X, Super-X, Snowflake and Double-Null divertor, all of which 
have already been realised experimentally. Key aspects of these configurations also apply to other concepts, such 
as long-legged, tightly baffled, divertors, the X-point target divertor and the tripod divertor.  

2.1. X divertor 
The X divertor (XD) concept [5] relies on a flaring of the poloidal flux towards the target with two main 
consequences for the plasma exhaust. Firstly, a larger flux expansion at the target, fx,t, increases the wetted area, 
albeit by decreasing the grazing angle of field lines at the target, γt. While the same increase can be obtained by a 
poloidal tilt of the target, it is suggested that a higher flux expansion facilitates the control of the strike point 
location possibly providing a lower grazing angle at the target [5]. Secondly, flaring reduces the interaction area 
of neutrals towards the X-point thereby introducing a mechanism that keeps the neutral interaction region with 
close to the target [6]. This may increase the operational range where the detachment front, and hence the region 
of high neutral pressure, remains close to the target decreasing demands on the detachment control system. In 
addition, increasing fx,t increases the connection length, L||, which should lower the detachment threshold. 

2.2. Super-X divertor 
The Super-X divertor (SXD) concept [7] extends the XD concept to toroidal flux flaring by increasing the major 
radius of the target, Rt. The increase of Rt increases the wetted area even for a constant grazing angle of the field 
line at the target. This decreases the peak heat flux that must be mitigated and lowers the detachment threshold. 
The increase of the major radius along the field lines also results in an inverse gradient in the parallel heat flux, 
which should stabilise the radiation-condensation instability and, hence the movement of the radiation front along 
the divertor leg and, thereby increasing the detachment window [8]. The increase of the target radius in the SXD 
can be combined with an increase of the poloidal flux expansion, as planned in MAST-upgrade [9], or even with 
an additional null point along the divertor leg as proposed in the X-point target divertor concept [10]. The decrease 
of the poloidal field would significantly increase the connection length and, thereby further reduce the detachment 
threshold. An increase in Rt usually comes with a longer divertor leg, Lp, which should adjust the balance between 
parallel and cross-field transport and result in a broader width of the power carry channel, λq. An increase of Rt 
should also facilitate the shielding of high heat flux components from neutron irradiation, increasing the choice 
and capabilities in the materials that can be used. 

2.3. Snowflake divertor (SFD) 
The snowflake divertor concept [11] is based on a second order null point, where divertor coils simultaneously 
cancel the poloidal field, Bp, and its gradients, ∇Bp, and which leads to a characteristic hexagonal symmetry of 
the separatrix. In the vicinity of a second order null, Bp is lower than in a conventional X-point, which increases 
connection length and SOL volume. This increase is largest closest to the separatrix, where the unmitigated heat 
flux is highest. An increased L|| is expected to facilitate access to detachment. It is furthermore hypothesised that 
the decrease of the poloidal field increases turbulent cross-field transport or even macroscopic instabilities [12] 
that broaden λq, thereby further facilitating access to detachment. In an SFD, the poloidal flux is re-concentrated 
towards the target. Following the reasoning for the XD, Section 2.1, this may enhance the movement of a 
detachment front towards the null-region. It is, therefore, likely that the operating regime of a SFD reactor will 
resemble X-point radiators. In such a regime, the SFD may have a smaller impact on core confinement than a 
SND with the low Bp region extending further into the region of closed field lines, where it may support higher 
poloidal gradients. 
Due to inevitable deviations from the exact current distribution in the plasma, the poloidal field coils and passive 
structures, a real snowflake configuration features two nearby X-points with only one “primary” X-point with a 
non-zero ∇Bp determining the separatrix. Depending on the location of the secondary X-point in the private or 
common flux region one distinguishes snowflake-plus (SFD+) and snowflake-minus (SFD-) configurations. An 
increased distance generally increases ∇Bp at the primary X-point, which weakens the main advantages of the 
SFD, and leads to a set of proximity conditions [13]. The placement of the secondary null in the SOL of the outer 
divertor, often referred to as a low-field side (LFS) SFD-, may however even be desirable as it can decrease the 
peak parallel heat fluxes where it is most needed [14].  
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2.4. Double null divertor 
The double null divertor (DND) is an up-down symmetric configurations with first order X-points at the top and 
bottom and corresponding divertors. As the transport across the LCFS has a strong ballooning character, heat and 
particles are predominantly exhausted to the outer targets, which have a larger Rt and, hence lower peak heat 
fluxes at the targets. The DND is, therefore, foremost a solution for the inner divertor leg. An additional advantage 
is an extremely quiescent and narrow inner SOL [15], with strongly reduced heat flux onto the inner wall that 
reduces the required breeding blanket armour. It may also facilitate HFS RF coupling. 
It may also be necessary to extend the DND concept to alternative configurations, if they cannot protect the inner 
divertor target. This may be the case for realisable XD and SXD implementations in DEMO, discussed in Section 
3.2, or for configurations that intrinsically favour the outer divertor such as possibly LFS SFD- variants. 

3. REALISATION IN A DEMO SIZE DEVICE 

Any of the assessed alternative configurations, discussed in Section 2, will increase the complexity of the magnetic 
configuration and, thereby, the engineering challenge and cost of a power plant. The assessment includes a study 
of whether the divertor concepts may be realised in a DEMO that uses presently available technologies and 
identifies limits to attainable geometric variations [16]. A key technology is conventional superconductors, which 
require dedicated winding facilities and exclude interlinked coils. The assessment, therefore, requires that the 
poloidal field (PF) coils must be located outside the toroidal field (TF) coils. A maximum magnetic field at the 
conductor is set to 12.5 T and the current density in the coils limited to 12.5 MA/m2. Vertical forces onto a single 
PF coil must not exceed 450 MN and onto the entire central solenoid (CS) 300 MN. The maximum separation 
force in the CS must not exceed 350 MN. While the assumed constraints may not be absolutely correct they 
characterise the orders of magnitude of the feasible. All configurations are conceived with 18 TF coils that are 
sized to limit the TF ripple to 0.6%.  
The need to assemble the divertor targets out of small building blocks leads to toroidal gaps and leading edges 
that must be shielded, which, together with manufacturing tolerances, impose a minimum grazing angle of field 
line at the target, γt. A similar constraint arises from the need to control the position of the strike line. The value 
of γt for all configurations is, therefore fixed at 1.5°. While analyses of manufacturing tolerances and configuration 
control may yield different values, with the ITER design resulting in a significantly larger angle of ~3° (+1° bevel 
of the mono-blocks) [17], this would primarily affect the magnitude of the exhaust challenge, but engender a 
smaller effect on the comparison between configurations. 

3.1. Conventional single null reference configuration 
The reference configuration is a conventional 
aspect ratio (A=3.1) tokamak with an electric 
power output of 500 MW, closely related to the 
2015 EU DEMO. Assuming low temperature 
super conductors, the system code PROCESS 
yields a device with a major radius of 8.8 m, an 
on-axis magnetic field of 5.8 T and a plasma 
current of 20.3 MA, Table 1. Correcting for 
core brems- and synchroton radiation losses the 
plasma is heated with Pheat=300 MW.  
The empiric scaling of the L-H threshold 
requires that at least 135 MW of the heating 
power cross the LCFS in the plasma channel to 
access to H-mode confinement. The L-H 
threshold together with a 10% margin sets the 
minimum Psep=150 MW that must be 
exhausted in the divertor, with the remaining 
150 MW exhausted by line radiation in the 
closed field line region, Table 1. In addition to 

exhausting power, the divertor must also exhaust 7x1020 He atoms/s. 
A SND configuration that meets the scenario parameters used in the system code, Table 1, is obtained using 6 PF 
coils and a central solenoid consisting of 5 individually powered segments, Fig. 1. The TF coils enclose a volume 
of 7175 m3, that is 3.5 times the plasma volume, and the forces onto the PF coils remain well below the limits. 
The parallel connection lengths from the outboard midplane to the inner and outer targets, evaluated on the flux 
surface with an upstream separatrix distance dRu,sep=1 mm, are 215 m and 125 m, respectively. Moderate flux 

 TABLE 1. PROCESS 
scenario for a A=3.1 reactor 
with 𝑃"#"$=500 MW 

𝑅& 8.8 m 
𝜅() 1.55 
𝐵& 5.8 T 
𝐼, 20.3 MA 
〈𝑛"〉 8.7x1019m-3 
𝑃012 2000 MW 
𝑃3 400 MW 
𝑃415 50 MW 
𝑃6"47 300 MW 
𝑃849$:8" 150 MW 
𝑃2"; 150 MW 

 

 
FIG. 1. Reference configuration 
with a Single-Null divertor (SND) 
(adapted from Fig. 1 in [16]). 
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expansions of 5.7 and 3.8 at the inner and outer targets allow for a ‘closed’ divertor target configuration with the 
poloidal angle between separatrix and the target, βt, of only 28° and 20°, respectively. 

3.2. Alternative configurations 
Alternative configurations with the same plasma and low order shape parameters are realised by iterating between 
the CREATE-NL code to place PF coils and calculate equilibria and the NOVA code to place first wall, vacuum 
vessel and TF coils [16]. The coil placement is optimised to meet the constraints described above and maximise 
the flat top flux swing. While the range of achieved geometric variations may not be optimal, they should be 
indicative of the achievable variations under the given constraints.  

3.2.1 X divertor 
The XD configuration can only be realized with poloidal flux flaring at the outer leg, Fig. 2(a), as space constraints 
prohibit coils that may flare the flux at the inner target. The flux swing for the XD is significantly reduced and 
achieving 75% of the flux swing of the SND requires a highly segmented CS. The flux flaring towards the outer 
divertor target is limited by the smallest value of γt. To maximise the flux expansion at the target, fx,t, the target is 
placed at nearly 90° with respect to the separatrix. The obtained ratio of the flux expansion at the target and its 
minimum value along the divertor leg of 𝑓5,7 𝑓5>?@⁄  = 1.3 quantifies the flaring and is the result of a trade-off with 
a longer divertor leg and a larger TF coil volume that in the assessed configuration is only marginally larger than 
for the SND, Table 2. Increasing the leg length and/or relaxing the constraint on γt could lead to a stronger flaring. 
This would, however, require a detailed study of expected manufacturing tolerances and configuration control 
capabilities. The increase of the outer leg length and the larger flux expansion have a significant effect on L|| to 
the outer target, almost doubling with respect to the SND. 

3.2.2 Super-X divertor 
The SXD configuration can only be realised with an increase in the target radius of the outer target, Fig. 2(b). The 
obtained target radius corresponds to 1.5 times the X-point radius. The increase in Rt is a trade-off with the TF 
coil volume that increases by more than 25% with respect to the SND, Table 2, but ultimately by forces onto PF 
coils. The use of “external coils”-only prohibits additional poloidal flux flaring along the outer divertor leg. In the 
realised configuration, the connection length to the outer target increases by ~75% with respect to the SND and is 
almost as large as for the XD. The poloidal tilt of the outer target is strong with βt=12°, since fx,t is small, leading 
to an extremely ‘closed’ outer target configuration, Table 2. 

3.2.3 Snowflake divertor 
The SFD configuration can been achieved, within all constraints, with a marginal increase of the TF coil volume 
with respect to the SND, Fig. 2(c) and Table 2. Similarly to the XD, the flux swing is significantly reduced and 
achieving 75% of the flux swing of the SND requires an equally segmented CS. The assessed equilibrium has a 
SFD-plus topology with the two X-points being separated by 20 cm, leading to a 25 fold decrease in B∇𝐵;,5;7B 
with respect to the SND. The connection length to the inner and outer targets increases by factors of 2.2 and 2.8, 
respectively. In addition to the SFD+ a range of SFD- configurations is generated. 

 
FIG. 2. DEMO configurations featuring (a) an XD, (b) SXD, (c) SFD and (d) DND (adapted from Fig. 1 in [16]). 
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TABLE 2. Parameters used to estimate the costs and evaluate geometric variations of the reference SND, Section 3.1, and the 
assessed alternative configurations, Section 3.2. An extended version of the table can be found in [16] 

  SND XD SXD SFD(+) DND  
C

os
t  

VTF/Vplasma 3.50 3.61 4.42 3.57 3.60  

∑𝑅,E𝐼,E>45 [m·MA·turns] 690 665 1016 970 744  

Flux swing [Vs] 240 185 200 180 220  

G
eo

m
et

ry
 

B∇𝐵;,5;7B [T/m] 0.43 0.32 0.29 0.016 0.56  

 inner outer inner outer inner outer inner outer inner outer  

𝑅7 [m] 6.54 8.29 5.64 7.54 6.22 10.8 6.10 8.86 6.61 8.14  

𝐿; [m] 18.1 8.5 17.7 10.8 17.7 13.1 18.1 9.5 - 8.3  

𝐿||(𝑑𝑅1 = 1𝑚𝑚) [m] 215 125 237 236 238 217 464 344 - 104  

𝛽7 [Deg.] 28 21 33 89 53 12 72 83 26 13  

3.2.4 Double-null divertor 
A DND configuration is realised with a marginal increase of the TF coil volume and a small reduction of the flux 
swing, Fig. 2(d) and Table 2. The connection length to the outer target is similar to the SND. 

3.3. Outstanding issues and next steps 
Clearly, further constrains that will also have an impact upon the achievable geometric variations of the divertor 
configurations exist. A range of outstanding issues is identified and will be addressed in next steps. 

(1) The structural integrity of the proposed TF coils, which presently deviate from typical D shaped coils, 
must be investigated and the coil shape adapted as necessary. 

(2) The controllability of the vertical position and of the divertor configuration including the grazing angle 
of the field lines at the targets and the strike point location must be verified. 

(3) The impact of the possible port locations and divertor module geometry on remote maintenance must be 
assessed. 

4. PREDICTION OF THE DIVERTOR PERFORMANCE 

A range of boundary models with varying degrees of complexity have been used to predict the effects of the 
alternative configurations on exhaust performance. Desired effects are an easier access to detachment, reluctance 
of the detachment front to move along the divertor leg and an increase of the power that can be radiated in the 
divertor without excessive core confinement degradation. The comparison to the baseline solution reduces the 
effect of systematic errors, which inevitably affect absolute predictions.  
In order to evaluate the power exhaust performance of alternative divertors several figures of merit are proposed. 
Avoiding excessive target erosion and operating in a detached regime, both, require that the electron temperature 
at the target is sufficiently low, with 𝑇",7>45=5 eV being here used as a typical number. In addition, the peak heat 
flux must not exceed the heat removal capacity of the target, with 𝑞Q,7>45=5 MW/m2 being a typical value expected 
for high heat flux components exposed to the high neutron fluence in the DEMO divertor. 

(1) Required radiation fraction: The key concern in any extrapolation to DEMO is the required increase in 
the radiation fraction outside the LCFS, i.e. in the divertor, 𝑓849,9?R , and alternative configurations can 
be evaluated by their ability to decrease the required radiation fraction, 𝑓849,9?R

8"S = 𝑓849,9?R	|	𝑇",7 ≤ 5eV	 ∧
	𝑞Q,7 ≤ 5MW/m^ . Decreasing 𝑓849,9?R

8"S  correspondingly increases the tolerable power that can be 
exhausted at the divertor target, 𝑃7487:# = _1 − 𝑓849,9?R

8"S a𝑃2";. This first metric, therefore, quantifies the 
ability to exhaust more power at the target. 

(2) Required impurity concentration: In addition to decreasing 𝑓849,9?R
8"S  alternative configurations can also 

reduce the impurity concentration required to achieve a desired radiation fraction and, hence, tolerable 
target temperatures. Since the key concern is excessive core radiation and fuel dilution, it is ultimately 
the ability to reduce the seed impurity (e.g. Ar) concentrations required to cool the divertor, 𝑐c

8"S =
𝑐c	|	𝑇",7 ≤ 5eV	 ∧ 	𝑞Q,7 ≤ 5MW/m^ that determines the power exhaust performance. 

(3) Width of the detachment window: While access to detachment is a requirement, excessive cooling of the 
divertor must be avoided as it may result in unacceptable core confinement degradation and a loss in 
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neutral compression required for pumping. An increase in the acceptable range of radiation fractions or 
impurity concentrations is desirable as it reduces the demands on plasma exhaust control. 

It is expected that lowering 𝑓849,9?R
8"S  or 𝑐c

8"S  would correspondingly increase the operating range to lower 
separatrix density, which would, for example be advantageous in increasing current drive efficiencies. 

4.1. Extended 2-point model 
An empiric scaling of the SOL width in attached scenarios [18] predicts a value of λq=1.0 mm for the outboard 
midplane of the reference scenario described in Section 3.1. The extended 2-point model can be used to relate 
upstream to target parameters [19]. Assuming a 1:2 power distribution between the inner and outer divertor the 
expected upstream parallel heat flux towards the outer divertor is q||,u=6 GW/m2. A maximum heat removal at the 
target of 𝑞Q,7>45=5 MW/m2 and minimum angle of γt=1.5° corresponds to a maximum 𝑞||,7>45=200 MW/m2. Even 
assuming that divertor broadening reduces the peak heat flux by a factor of three, 90% of the power crossing the 
LCFS must be dissipated in the divertor volume.  

With 𝑞||,7 ≈ _1 − 𝑓849,9?Ra(𝑅1 𝑅7⁄ )𝑞||,1 the tolerable residual power fraction 1 − 𝑓849,9?R
8"S  to reduce the heat flux 

to a tolerable value decreased with increasing Rt. In the assessed SXD Rt and, thereby the tolerable residual power 
fraction 1 − 𝑓849,9?R

8"S  increases by ~30% with respect to the SND. This translates into a reduction of 𝑓849,9?R
8"S  from 

approximately 90% to 87%. The predicted changes for the other configurations are small, Table 3. 
An increase in connection length only helps to cool the divertor to tolerable electron temperatures. With 𝑇",7 ∝
_1 − 𝑓849,9?Ra

^ _𝐿||
f g⁄ 𝑅7^ah  [19] the residual tolerable power fraction 1 − 𝑓849,9?R

8"S  to cool the divertor to 𝑇",7 ≤
𝑇",7>45 scales as ∝ 𝐿||

^ g⁄ 𝑅7. The tolerable residual power of the SXD should, thereby increase by more than 50% 
over the SND with the advantage of the SFD only being slightly lower, Table 3. 

TABLE 3. Extended 2-point model predictions for the residual power fraction in alternative configurations for tolerable 
conditions at the outer target compared to the SND. 

   XD SXD SFD(+) DND  

 1 − 𝑓849,9?R
8"S  for 𝑞||,7 ≤ 𝑞||,7>45 𝑅7 𝑅7ijk⁄  0.91 1.30 1.07 0.98  

 1 − 𝑓849,9?R
8"S  for 𝑇",7 ≤ 𝑇",7>45 l𝐿||

^ g⁄ 𝑅7m l𝐿||ijk
^ g⁄ 𝑅7ijkmh  1.09 1.53 1.43 0.93  

 

4.2. Fluid models 
A systematic study of the alternative configurations and the SND reference is carried out using the divertor 
transport codes TECXY and SOLEDGE2D-Eirene. These codes use ad-hoc cross-field diffusivities, chosen to 
result in an upstream SOL width of 3 mm for the single-null configuration and in attached conditions. This is 
significantly larger than the expected value (see Section 4.1) resulting in optimistic absolute numbers. The 
interpretation of the simulation will thus continue to focus on the performance relative to the reference scenario. 
Since simulations of DEMO-size configurations with medium-Z impurity, such as argon (Ar) are computationally 
expensive, the power crossing the separatrix is reduced with respect to the nominal value as a proxy for an 
increasing radiation fraction, 𝑃2";2?> = _1 − 𝑓849,9?Ra𝑃2";. All scans are performed with a fixed separatrix density 
(at the stagnation point) corresponding to ~30% of 〈𝑛"〉 of the reference scenario, Section 3.1 

4.2.1 TECXY 
The TECXY code [20] can treat diverted geometries with a single X-point and was recently extended to include 
the private flux region in the computational domain. The code simplifies the target geometry by assuming a 
perpendicular incidence of the flux surfaces. It also uses an analytic model for neutral particles. The perpendicular 
heat flux at the target is deduced from the grazing angle of the field line and the calculated parallel heat flux, 
𝑞Q,7 = 𝑞||,7nopqr atan𝛾7. The model enhances the 2-point model by coupling flux tubes and assuming realistic spatial 
gradients and connection lengths. It is applicability is limited once the interaction with neutrals becomes 
significant. It is applied to the SND, XD and SXD configurations described in Section 3.1 and 3.2. In addition, it 
is applied to a SFD-plus with a somewhat larger separation of the X-points than the SFD configuration described 
in Section 3.2, limiting the extend of the considered PFR to the region between primary and secondary X-point. 
The TECXY code has been used to vary the power crossing the separatrix. For the nominal value of 
𝑃2";=150 MW, and without impurity seeding, the peak target temperatures and heat fluxes are not tolerable for all 
configurations. Reducing 𝑃2"; reduces 𝑇",7, Fig. 3(a,b), and 𝑞Q,7. In almost all cases 𝑃2";7:#  is determined by the 
maximum 𝑇",7. Only at the outer target of the SND the peak heat flux sets a slightly lower limit. As expected, all 
alternative configurations increase 𝑃2";7:#  with the increase being largest for the SXD, Fig. 3(d). At the inner target, 
the XD has the lowest value of 𝑃2";7:#  with the SFD displaying the largest 𝑃2";7:# , Fig. 3(c). 
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The increase of 𝑃2";7:#  at the outer target of 
the XD of +18% compared to the SND 
comes with a decrease at the inner target and 
is therefore at least in part an effect of power 
redistribution from the outer to the inner 
divertor. The SXD shows with +28% the 
largest gain at the outer divertor without any 
penalty, but also no gain at the inner divertor, 
while the SFD improves the situation on both 
sides of the divertor. 

4.2.2 SOLEDGE2D 
Experiments and modelling have shown that 
the poloidal tilt of the target has a large effect 
on the detachment dynamics including the 
onset of detachment. This is caused by the 
reflection of recycling neutral into the SOL 
and the trapping of neutrals near the target. 
The realism of the simulation is, therefore, 
improved with the SOLEDGE2D code [21], 
which includes the target tilt and a kinetic 
treatment of neutrals through coupling with 
EIRENE [22]. In addition to the improved 
treatment of neutrals SOLEDGE2D can also 
simulate divertors with multiple X-points 
including SFD-plus, SFD-minus and DND configurations.  
The SOLEDGE2D code has been used to vary the power crossing the separatrix [23]. As in the TECXY 
simulations reducing 𝑃2"; reduces 𝑇",7, Fig. 4(a,b), and 𝑞Q,7 with most scenarios being limited by the electron 
temperature at the target. All alternatives increase 𝑃2";7:#  at the outer target, Fig 4(d). Absolute values, however, 
differ significantly from the TECXY predictions. The outer target of the XD shows a particularly large gain of 
+55%. However, as for TECXY, the improvement at the XD’s outer target and to lesser extent for the SXD’s 
outer target, comes at the expense of the inner target. The apparently poor performance of the DND’s inner target 
is attributed to a 𝑇",7 increase in the far-SOL that can likely be mitigated by minor corrections of the target 
geometry. 

4.3. Outstanding issues and next steps 
The divertor simulations have, to date, only been able to partially evaluate the proposed figures of merit. In 
particular simulations of seed impurities addressing the figure of merit (2) are missing. Here a longer connection 
length is expected to increase 𝑇",1, and thereby 𝑓849,9?R  for constant impurity concentration. They also do not 
address the width of the detachment window, which is expected to be a key advantage of the XD and SXD 
configuration. The assessment must, finally, also address the coupling of the radiative divertor to the core.  
One of the main outstanding elements in the assessment remains the inclusion of predictive models for the cross-
field transport. While the inclusion of drifts is, in principle, possible and faces mainly numerical challenges, the 
physics basis of the turbulent cross-field transport remains to be established 

5. CONCLUSION  

DEMO configurations with XD, SXD, SFD and DND plasma exhaust solutions that rely exclusively on PF coils 
outside the TF coils have been developed. The coils furthermore meet constraints on forces, current densities and 
magnetic fields that are compatible with existing technologies. The main encountered limitations are that XD and 
SXD features can only be applied to the outer divertor. In addition, the flux flaring at the outer target of the XD 
is limited by the minimum grazing angle of field lines at the target and the major radius of the outer target of the 
SXD by coil forces. SFD and DND can be fully implemented, but SFD and XD have a ~20% smaller flux swing 
and, therefore a shorter current flattop during inductive operation. The SXD requires a 20% larger TF coil volume 
with increased capital costs. Performance improvements are expected with regard to a lower divertor radiation 
fraction required to obtain acceptable conditions at the target, 𝑓849,9?R

8"S , and a higher radiation fraction achieved 
with the same impurity concentration. To date only the first promise has been assessed with simple 2-point model 
arguments predicting the largest decrease of 𝑓849,9?R

8"S  for the SXD and SFD. Somewhat surprisingly, fluid 
calculations predict a comparable advantage for the XD albeit only for the outer target. XD and possibly SXD 

 
FIG. 3. (a,b) Peak electron temperatures Te,t at the targets resulting 
from TECXY calculation of pure deuterium and varying the power that 
crosses the separatrix in various configurations. The shaded regions 
indicate acceptable Te,t and the dashed line the interpolated (and in 
some cases extrapolated) tolerable Psep. (c,d) Relative change of the 
tolerable Psep with respect to the SND configuration. 
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improve the performance of the outer 
divertor at the expense of the inner divertor, 
while the SFD configurations improves the 
performance of both sides of the divertor. 
Next steps must address the ability to 
increase frad,div at constant impurity fraction. 
In the medium-term, limits in seeding should 
be investigated. In the long-term, physics-
based models for the cross-field transport 
must be included self-consistently. 
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FIG. 4. (a,b) Peak electron temperatures Te,t at the targets resulting 
from SOLEDGE2D calculation of pure deuterium and varying the 
power that crosses the separatrix in various configurations. The 
shaded region indicates acceptable Te,t and the dashed line the inter-
polated (and in some cases extrapolated) tolerable Psep. (c,d) Relative 
change of the tolerable Psep with respect to the SND configuration. 


