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Summary 
• Modeling indicates that tightly-baffled, long-leg divertors with embedded secondary x-points have the 

potential to provide an order-of-magnitude increase in power exhaust handling compared to 
conventional divertors, while fully suppressing plasma-material interaction (PMI) damage [1, 2]. A 
passively-stable, fully-detached plasma state may be maintained in the divertor leg over a large power 
window. This result, if confirmed by experiment, would solve the divertor heat flux and PMI 
challenges for tokamaks. 

• Demountable toroidal field magnets, made possible by high-temperature superconductors (HTS), 
allow reactors to employ blanket geometries and coil configurations that can accommodate long-leg 
divertors – with little or no impact on available core plasma volume, acceptable coil currents, and 
superconductors fully shielded from neutrons [3]. 

• However, the projected performance of these divertors under reactor conditions is highly uncertain 
(TRL2), requiring extrapolation to a dimensionless parameter space (plasma, atomic, neutral and 
plasma-material interaction physics) that is well beyond the validation range of current models – 
particularly considering the role of turbulence. Moreover, impacts on pedestal/core plasma 
performance and operational windows (e.g. confinement regimes) are impossible to predict. A 
dedicated experimental platform is needed to test these concepts and to validate models in the actual 
physics regimes of a reactor. Due to atomic physics considerations, dimensionless similarity 
techniques cannot be applied. Instead, divertor parameters must be reproduced identical to a reactor – 
plasma pressure, parallel heat flux density, neutral density, magnetic field, electron temperature and 
gradients, radiation emissivities. 

• In order to develop these concepts to the technical readiness levels required for integration into full 
scale reactor designs (i.e., TRL5, TRL6), a purpose-built Divertor Test Tokamak (DTT) is required. 
More broadly, such a facility is an essential element of a strategic plan aimed at exploring a range of 
innovative divertors that show promise for solving divertor/PMI challenges – various magnetic 
geometries/topologies, mechanical shapes, gas dynamic options, and different target materials 
including liquid metals – as recognized by community experts in the FES 2015 PMI workshop report 
[4]: “We recommend establishing within the FES strategic plan a national working group to examine 
design options for a DTT facility. This facility should be capable of producing reactor-level plasma 
parameters in its divertor – while at the same time having the divertor volume and flexibility to 
explore a variety of advanced divertor concepts…” 

 

Transformative technologies and new opportunities 
HTS is opening up a new pathway for magnetic fusion energy development [5]. The ARC pilot plant 
study [6] has shown that a tokamak the size of JET, operated at 9.25 tesla on axis, might be capable of 
producing 270 MW of net electrical power. Because fusion power density scales as plasma pressure 
squared, ~(βN/q)2 B4, the required performance is obtained without pushing on beta or the proximity to 
disruptive limits (e.g. Greenwald density). With this vision in mind, critical research shifts towards 
finding viable solutions for support systems: (1) advanced divertors for heat exhaust/erosion control that 
can handle order-of-magnitude increases in power density over present experiments, (2) efficient (i.e., 
wall-plug to plasma) RF systems for steady-state current drive and heating that survive the onslaught of 
PMI in a reactor.  
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Extreme levels of power exhaust and PMI have long been recognized as critical challenges for fusion 
development. “Taming the plasma-material interface” has always ranked among the highest priorities in 
the FES program [7-9]. Recent experimental results indicate that these challenges are even more severe 
than originally anticipated [10]; divertor power handling in ITER will be marginal at best; there has been 
a growing concern that a fusion power plant may not be feasible, based on power exhaust and long-pulse 
PMI considerations alone. As noted in the EFDA roadmap [11], “If ITER shows that the baseline 
strategy cannot be extrapolated to DEMO, the lack of an alternative solution would delay the realisation 
of fusion by 10-20 years.”  

On the other hand, demountable toroidal field (TF) magnets, facilitated by HTS [5], have the potential to 
change this outlook considerably. For example, the ARC pilot plant concept employs an immersion 
FLiBe blanket for tritium breeding and neutron shielding [6]. The demountable TF allows the vacuum 
vessel/first-wall/divertor assembly to be removed as a single unit for service and replacement, reducing 
component lifetime requirements and enabling ARC to function as a fusion nuclear science R&D 
facility. HTS poloidal field coils are placed inside the TF while being fully shielded from neutrons. 

Taking advantage of these features, a tightly-baffled, long-leg divertor with an “X-point target” [12] has 
recently been incorporated into the ARC concept [3, 13] – with no impact on core plasma volume or TF 
magnet size, acceptable coil currents, and adequate tritium breeding ratio (1.08). Modeling shows that 
such tightly-baffled, long-leg divertor geometries with embedded x-points have the potential to enhance 
peak heat flux handling by a factor of 10 over conventional approaches [1, 2]. These concepts exploit the 
well-known benefits of high neutral compression [14, 15]. Just as important, a fully detached plasma 
state may be passively maintained over a wide range in power exhaust. As power exhaust is varied, the 
location of the detachment front and associated zone of strong interaction with the divertor chamber 
sidewalls simply moves up or down the divertor leg as needed to match the incoming power [1, 2]. The 
radiating layer stays in the leg and does not intrude onto main-chamber x-points (‘x-point MARFE’), 
which is associated with degraded core plasma performance. This high degree of power compliance is 
essential for handling fast transients (e.g. confinement transitions). Present experiments employ active 
feedback to control divertor detachment (e.g. via impurity seeding), in part because the ‘detachment 
window’ available to conventional divertors is extremely narrow. But such schemes are not practical for 
a power plant; diagnostics are limited by the severe neutron environment and system response times are 
too long. On the other hand, for an appropriately designed, power-compliant, long-leg divertor, the 
nominal location of the thermal front could be monitored over long timescales (~seconds) by microwave 
reflectometry/interferometry techniques (using neutron-tolerant metal waveguides) and adjusted via 
feedback so that excursions of the thermal front during fast transients remain within the leg. 

Unfortunately, our present experience and models of divertor physics are inadequate for extrapolation to 
reactor conditions; these have been developed in inappropriate physics regimes. Divertor physics involves 
an interplay among plasma, neutrals and impurities with the potential for very strong levels of turbulence 
and transport – critically affecting, for example, the interaction with and power loss to the sidewalls of a 
long-leg divertor chamber. Additional variables include mechanical geometry, magnetic topology, 
‘upstream’ conditions and interactions with the pedestal plasma (e.g., transport barriers). Because atomic 
processes are involved, plasma physics dimensionless similarity techniques [16, 17] cannot be employed 
for divertors [18-20]. Instead, a ‘divertor plasma simulator’ must reproduce conditions identical to those 
that will be encountered in a reactor. Yet no facility exists in the world, nor is any being planned, that can 
test long-leg and other advanced divertor concepts in the relevant physics regimes. 

The success of magnetic fusion energy development depends on finding viable divertor/PMI solutions – 
yet we do not have the tools to predict the performance of any of these concepts. These considerations, 
among others, have led the US fusion community to conclude that a purpose-built, Divertor Test 
Tokamak (DTT) is necessary to make progress in this area [4]. Such a facility would have the divertor 
volume and flexibility to explore a wide variety of promising concepts, including liquid metal target 
options. 
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As noted in the FES 2015 PMI community workshop report [4], a high field, short pulse, high-power-
density tokamak is a possible option for a US-led DTT [12]. By matching upstream heat flux, pressure 
and exhaust channel width, a DTT can be configured so that plasma/atomic conditions in the divertor 
closely match those of a reactor. In addition, such a facility could incorporate other innovations 
highlighted in the FES 2015 PMI community workshop report, such high-field side RF systems to 
potentially solve RF current drive and actuator PMI challenges.  

The US is presently in a position to take a decisive lead in this area with the construction of a dedicated 
Divertor Test Tokamak (DTT) [4]: “In our judgment, the  development of this science and technology is 
the most critical issue for advancement to DEMO, and the country that leads here will be in a leading 
scientific and technological position for the future.” 
 

TEC Assessment Worksheet 
1. Technology to be assessed: tightly-baffled, long-leg divertors with embedded secondary x-points 
 

2. Application: solve divertor heat flux and PMI challenges for a fusion pilot plant 
 

3. Critical variables  
• Factor of 10 increase in peak heat flux density handling over conventional divertors, 

accommodating upstream parallel heat flux densities in the range of 10 GW m-2 with minimal 
impurity seeding (e.g., 0.5% neon), compatible with high performance pedestal and core plasma 

• Attainment of passively-stable, fully detached divertor condition, fully suppressing plasma-
bombardment damage (erosion, helium implantation) of divertor surfaces 

• Fully detached divertor plasma state passively maintained over a wide range in power exhaust; 
modeling suggests that a power variation of 5-10 may be possible [1, 2]. 

• Detachment thermal front restricted to the divertor leg – not impacting main-chamber x-points, 
which is associated with degradation of core plasma performance 

 

4. Design variables 
• Poloidal field coil set and divertor volume/geometry capable of producing a tightly-baffled, long-leg 

geometry with embedded secondary x-point (“X-point target divertor” concept) 
• Divertor parameters ~identical to that of a reactor – plasma pressure, parallel heat flux density, 

neutral density, magnetic field, electron temperature, radiation emissivities 
• Near balanced, double-null plasma operation is envisioned, sending 80-90% of the plasma exhaust 

power to two outer divertor legs, each with long-leg XPTDs. Conventional inner divertor targets 
may be employed.  

 

5. Risks and uncertainties 
• The projected performance at reactor-level parameters is highly uncertain, requiring large 

extrapolations from current experience, including ad hoc assumptions about turbulence and 
transport in the divertor leg.  

• Consequently, it is unknown what divertor chamber shape (if any) might attain the ‘tight-baffling’ 
attribute of the design – attaining sufficient closure to neutrals while avoiding excessive peak power 
loading on the sidewalls.  

• The optimum length of the divertor leg and placement of the secondary x-point is unknown.  
• The level of impurity seeding required and its compatibility with core plasma performance is 

unknown.  
• Impact on pedestal/core plasma performance and operational windows available to the device (e.g. 

confinement regimes) is unknown.  
• The above unknown factors, among others, impact the ultimate power handling capability of the 

concept (factor of 10 enhancement?) and whether it can be designed to attain a stable detachment 
front that is compliant to a large power exhaust variation (factor of 5 to 10?). 
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• There is risk that an operational scenario does not exist that can satisfy the goals stated in 3 and 4. 
Nonetheless, testing of this concept (and others) early is essential to inform a strategic plan for 
magnetic fusion energy development. 

 

6. Maturity  
• The current technical readiness is TRL2. Basic physics tests of unbaffled long-leg magnetic 

geometries have been performed on various devices (e.g., TCV, DIII-D). HL-2M is being designed 
to operate with an unbaffled ‘tripod divertor’ concept. MAST-upgrade will begin operations in late 
2017 with a tightly-baffled super-X divertor geometry. However, no device exists, nor is any being 
planned, that has the ability to attain reactor-level divertor conditions necessary to validate a 
divertor concept and to produce tightly-baffled, long-leg divertor geometries with embedded 
secondary x-points. 

 

7. Technology development for fusion applications 
• The development of demountable toroidal field magnets, made possible by high-temperature 

superconductors (HTS), is a key enabling technology that would allow long-leg divertors to be 
practically implemented in power plant designs – in addition to enabling a high-field pathway to 
magnetic fusion energy.  

• The development of liquid immersion blankets for tritium breeding, heat removal and neutron 
shielding would also help facilitate long-leg divertor implementation in reactors. 

• For the purposes of this whitepaper, we assume these technologies are pursued over the next 10 to 
20 years as part of a sensible strategic plan for fusion energy development, attaining TRL6 or 
higher. 

• In order to advance the technology of tightly-baffled, long-leg divertors with embedded secondary 
x-points (and other advanced divertor ideas) to the technical readiness levels required for integration 
into full scale reactor designs (i.e., TRL5, TRL6), a purpose-built Divertor Test Tokamak (DTT) is 
required – as noted in the FES 2015 PMI community workshop report [4].  

• If the option of a high-field, short-pulse, high-power-density DTT is pursued (along the lines of 
ADX [12]), technical readiness levels of TRL5 and TRL6 for this divertor concept (and potentially 
other advanced divertor ideas) could be obtained over an 8 to 15-year time frame. 

• The European roadmap for fusion [11] includes exploration of advanced divertor concepts. The plan 
calls for selecting the most promising approaches and performing dedicated tests on specifically 
upgraded existing facilities or on a dedicated Divertor Tokamak Test (DTT) facility. The Italians are 
presently proposing a large superconducting tokamak to play this role [21] (major radius: 2.15 m, 
magnetic field: 6 tesla, plasma current: 6 MA, input power: 45 MW, pulse length: 100 s, cost: ~500 
M€). The project timeline calls for plasma commissioning in ~7 years. It is reasonable to assume 
that substantive results could be obtained in 10 to 15 years. Divertor parameters are projected to be 
similar to ADX  (e.g., Psol B/R ~ 125 MW T m-1). However, the device is not designed to investigate 
tightly-baffled, long-leg divertors (e.g., super-X, X-point target). It ignores an entire class of 
potentially break-through divertor concepts. It is hard to imagine that a device of this size will be 
able to rapidly explore innovative concepts. (Moreover, the device would cost ~8 times that of 
ADX.) 

 
 
 

Conclusion 
• Tightly-baffled, long-leg divertors with embedded secondary x-points may be a transformative 

technology when combined with the enabling technologies of HTS and liquid immersion blankets – 
solving divertor heat flux and PMI challenges for fusion. 

• A DTT is necessary to advance the technical readiness of this and other advanced divertor concepts. 
• There is presently an opportunity for the US to take the lead in this critical R&D area. 
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