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Recent progress of NSTX/NSTX-U lithium program and prospect for reactor relevant liquid-lithium based divertor development*
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 Lithium wall coating techniques have been experimentally explored on the National Spherical Torus Experiment (NSTX) for improving tokamak plasma performance [1]. This research also has the long-term goal of developing a reactor compatible divertor which has been identified as a particularly challenging scientific problem for magnetic confinement fusion [2]. While tungsten has been identified as the most attractive solid divertor material, many challenges including surface cracking and deleterious modification of the surfaces by the plasma must be overcome to develop robust plasma facing components (PFCs) [3]. In addition, for tokamaks, large ELMs cause significantly higher transient divertor heat loads which can further exacerbate the surface deterioration. It is therefore prudent to develop an alternative divertor solution for future devices.  In the near term, operation in the NSTX Upgrade (NSTX-U) [4] will be able to produce very high divertor heat loads ≥ 20 MW/m2 for 5 s in certain configurations.  For future devices such as the Fusion Nuclear Science Facility (FNSF) [5], such high heat flux must be handled in steady-state in a fusion nuclear environment which is very challenging indeed. Based on the experimental results from NSTX with its liquid lithium divertor (LLD) (shown in Fig. 1) and the presentations from other devices at the recently held 2nd International Symposium on Lithium Applications for Fusion Devices [6], promising divertor solutions based on liquid lithium are emerging.  
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[image: image2..pict]Although the investigation of lithium on NSTX started with  just a few milligrams of it injected into the plasma as pellets, since 2008 the experiments have employed a dual evaporator system which can apply lithium onto the lower divertor plates, including the LLD surface. The evaporators can deposit ~160g of lithium between re-loadings and ~ 0.85 kg (1.5 liter) of lithium was evaporated into the NSTX PFCs during the most recent campaign which lasted ~8 months [1]. The unique feature of the NSTX lithium research program has been that it can investigate the effects of lithium coated (both in solid and liquid phases) divertor in H-mode plasmas.  This lithium evaporation system has contributed to many intriguing and potentially important results [6] including improved energy confinement with HH(ITER-98) ≤ 1.7, as needed for a compact fusion system such as the FNSF, and broader pressure profiles for improved MHD stability at high beta.  The plasma confinement and edge stability against ELMs were observed to improve nearly continuously with increasing lithium coating in NSTX [7]. In addition, measurements showed a reduced heat load on LLD attributable to enhanced radiation by lithium immediately above the divertor surface [8]. The very low lithium contamination level in the core plasma, <0.1% [9], even with high heating power applied and after evaporation of 1.5 liter of lithium onto the PFCs, suggests that having the relatively large quantities of lithium for LLD viable for future devices.  

In developing the LLD concept, ELM events may determine the minimum amount of lithium needed to mitigate the effects of the heat pulse, which could be as much as ~ 0.1 MJ for NSTX-U, ~ 1 MJ for FNSF, and ~ 10 MJ per event for an ITER scale tokamak reactor. The edge plasma will be also cooled by lithium radiation reducing the heat flux impacting the plasma facing lithium surface [8] so the amount of evaporated lithium will be much less than indicated by a simple calculation based solely on the heat of vaporization of lithium (11 MJ/l) [10]. The radiative and evaporative cooling also disperses the divertor heat load. In Fig. 2, a conceptual NSTX-U LLD configuration is shown with a simple liquid lithium loop.  The choice of LLD surfaces depends on which of several concepts, now being investigated in the laboratory test stands and other fusion devices [6] shows the most promise. 
There are some generic features of a future LLD for a FNSF or reactor which should be noted. A heat removal system, such as pressurized helium gas circulating through a secondary structure, will be needed.  Dispersing the heat through evaporation and volume radiation would make the heat removal task easier. To maintain lithium purity, a closed liquid lithium loop system will be needed to bring the liquid lithium, associated compounds, and embedded impurities out of vacuum vessel to a purification system in steady-state reactor operation. However, since the rate of liquid lithium purification would be relatively modest, the power required for liquid lithium circulation should be also relatively small. The International Fusion Materials Irradiation Facility (IFMIF), for example, has already developed a real time liquid lithium purification loop [6]. To maintain the system integrity and purity, an efficient electromagnetic liquid lithium pump would be needed, but its requirements are again relatively modest. Lastly, the lithium migrating from the LLD region, including the impurities the lithium retains, can be moved back to the LLD by operating it at lower temperature than the first wall. The latter is likely to be quite hot (600-700°C), since such temperatures are needed both to provide good thermal cycle efficiency and minimize tritium retention in the first wall. As demonstrated in the T-11M device [6], the lithium and impurities in the presence of the plasma tend to migrate toward the lowest temperature location in the vacuum system. Since liquid lithium liquefies above 180°C, there is a large operating temperature window for the LLD to serve as the purifying/pumping system for the entire reactor vacuum system. 
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Fig. 1. Liquid Lithium Divertor (LLD) in NSTX











