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A B S T R A C T   

Particle and heat fluxes were successfully controlled by using a continuously flowing liquid Li (FLiLi) limiter in 
the H-mode discharges with high plasma heating power in the Experimental Advanced Superconducting 
Tokamak device. There were strong interactions between the FLiLi limiter and high-power plasma with a ~ 8.3 
MW source heating power, and successively, a bright Li radiation ring was produced, which effectively decreased 
fuel particle recycling by approximately 50%. Due to Li efflux from FLiLi during a series of high-power dis
charges, an obvious real-time wall conditioning effect was produced, and fuel particle recycling further 
decreased. Moreover, the value of Zeff decreased from 2.3 to 1.6 due to a decrease in impurity sources; this was 
attributed to the accumulation of Li deposited on the first wall, which effectively protected the wall materials. 
The decreased recycling and impurity radiation achieved high-energy confinement plasma, and the average 
stored energy increased up to ~ 290 kJ. Moreover, due to the effect of Li vapor shielding, nearly 30% plasma 
heat flux was dissipated before it arrived at the Li limiter. These results promote further exploration of liquid Li 
solutions for the critical challenge of heat flux handling and particle control in fusion power plants.   

Introductions 

Particle and power handling are among some of the major challenges 
for future fusion devices [1]. Liquid plasma-facing components (PFCs) 
have been proposed as an alternative to solid PFCs; it is expected that 
liquid metal wall can withstand the high particle and heat loads in fusion 
reactors of future [2,3]. The lifetime of liquid wall is less problematic 
because a liquid can replenish itself, which prevents damage accumu
lation, leading to a longer lifetime than solid PFCs. Furthermore, the 
particle and heat exhaust by adsorption effect, convective movement of 
the liquid metal, and vapor shielding are beneficial for the application of 
liquid PFCs in fusion reactors [4,5]. 

Most contemporary liquid metal research is focused on Li [6,7], Sn, 
and Li-Sn [8]. Studies on liquid Li have been successfully carried out in 

many tokamaks, such as T-11 M [5], T-15 [9], FTU [10], EAST[11], and 
in some laboratories. Different types of liquid Li walls, such as free 
surface, capillary porous surface [5], 3D printed structures, and trench 
structural designs, have been designed and tested. In all liquid Li dis
charges, lower recycling and impurity levels have been achieved, and it 
has been confirmed that the application of liquid Li PFCs can enhance 
plasma performance [12]. Moreover, liquid Li surface can withstand 
heat flux of > 10 MW/m2 [17], partly due to heat load mitigation on the 
first wall via Li radiation. In the T-11 M tokamak, heat load mitigation 
on the first wall due to Li radiation has been observed, and the radiated 
power fraction reached up to 80% of the ohmic heating power [5]. At 
COMPASS [13,14], good exhaust capability was observed for liquid Li 
and Li-Sn for inter-edge localized mode (ELM) steady-state perpendic
ular heat fluxes of up to 12 MW/m2, along with a local peak energy 
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fluence at the module of order 15 kJ⋅m− 2. At Pilot-PSI [4], the incident 
heat flux decreased by approximately 30% compared to a solid Mo 
target due to the effect of liquid metal vapor shielding when subjected to 
an incident heat flux of 16 MW⋅m− 2 over 20 s. The oscillation of liquid 
metal surface temperature induced by vapor shielding has also been 
investigated [15]. During vapor shielding, regular oscillations in surface 
temperature were observed at the Sn target. In Magnum-PSI, a liquid Li 
divertor target prototype with an internal reservoir pre-filled with Li was 
tested with power loads up to 9 ± 1 MW⋅m2. 

In HT-7, since 2009, various static and flowing liquid Li limiters have 
been designed and tested to master the key technologies of liquid Li wall 
application and improve plasma performance. Some exciting results 
have been obtained during liquid Li experiments, such as 20–30% 
reduction in particle recycling, 10–20% decrease in impurity emission, 
and 20% increase in energy confinement [16-18]. However, efflux of 
liquid Li from Li surface occurred, which was attributed to Li droplet 
ejection, probably due to surface oxidation [13], and the J × B elec
tromagnetic force effect, which led to plasma disruption [19]. 

Based on the results of these studies, a slowly flowing liquid Li limiter 
(FLiLi), based on the concept of a thin flowing film, was selected for the 
EAST device. Three generations of FLiLi limiters have been developed 
and successfully tested in EAST since 2014 [20]. It has been confirmed 
that liquid Li can be driven by an innovative in-vessel DC electromag
netic J × B pump to form a recirculating loop. FLiLi design has been 
continuously upgraded, which has led to the improved liquid Li surface 
coverage (>80%), elimination of surface erosion, and higher heat 
exhaust capability [21]. Promising results have been obtained during 
FLiLi operations, including the reduction in impurities and recycling to 
improve plasma confinement, mitigation of plasma and Li wall in
teractions, and mitigation of ELM activity in H-mode plasmas during 
FLiLi operation, with up to approximately 4.5 MW auxiliary heating 
power [11]. Based on these efforts, remarkable engineering and physical 
advances of FLiLi wall have been made, and the improved particle and 
heat exhaust capacities have been verified at relatively low plasma heat 
power of ≤ 4.5 MW. Further investigations are required on particle and 
heat handling capacities with higher heating power. 

This study presents some results of handling particle and heat fluxes 
during H-mode discharges with continuously a FLiLi limiter in the EAST 
device. Section 2 describes the experimental setup and related di
agnostics. In Section 3, fuel and impurity particle control during H-mode 
plasma with auxiliary heating power up to 8.3 MW and heat flux esti
mation is demonstrated. Discussion and conclusion are presented in 
Section 4. 

Experimental setup 

As shown in Fig. 1, the FLiLi limiter system was installed at the H port 
in EAST, and it included a distributor, guide plate, collector, and two 
electromagnetic (EM) pumps. The FLiLi used TZM (Titanium-Zirconium- 
Molybdenum Alloy with > 99% Mo) as the substrate material, and its 
dimensions were 320 mm × 300 mm × 18 mm (length × height ×
depth). Eight heater cartridges inserted into internal grooves were used 
to adjust the temperature of the target plate. The vertical current of the 
EM pump resulting from the external voltage with the horizontal 
toroidal magnetic field of EAST led to a upward J × B bulk force on the 
liquid Li; thereafter, electromagnetically driven liquid Li flowed from 
the collector to the distributor, and then through the TZM target surface 
to the collector, completing a circle [19,20]. 

During the liquid Li experiment, the limiter was inserted into the 
vacuum chamber of EAST and baked at 300–400 ◦C for approximately 
24 h to release impurity gases and enhance the wetting of liquid Li on the 
surface of TZM. The usual morning routine of pre-run Li wall coating 
was cancelled for a clearer comparison of plasma performance before 
and during FLiLi operation. The plasma discharges adopted an upper 
single null (USN) diverted configuration. During the liquid Li experi
ment, the position of the limiter was scanned for R values in the range 

2.40–2.31 m (with the separatrix at R = ~2.295 m) to ensure a safe 
distance between the last closed field surface (LCFS) and the limiter to 
reduce the influence of liquid Li on core plasma. In addition, the 
auxiliary heating power (including electron cyclotron resonance heating 
(ECRH), lower hybrid wave (LHW), and neutral beam injection (NBI)) 
was scanned from 0 to approximately 8.3 MW. 

IR and CCD cameras were used to measure the temperature of the 
limiter and monitor the condition of the PFC surface of the limiter during 
the FLiLi experiment. In addition, the thermocouples (TCs) embedded in 
the limiter plate collected temperature data during plasma discharge. 
Due to the low sampling rate of TCs, the IR camera was used to capture 
the temperature of liquid Li surface. The temperature from the IR 
camera was sensitive to the surface emissivity of liquid Li. To obtain 
more accurate emissivity, the surface emissivity of liquid Li was cali
brated in each discharge by combining the data from the TCs and the IR 
camera. 

Results 

Fuel and impurity particle control during high-power plasma 

Fig. 2 compares three typical shots with similar plasma current, 
density, and plasma configuration with Rsep. = 2.29 m at the FLiLi 
position. Shot 81510 was a reference shot without FLiLi operation, and 
shots 81637 and 81660 had the same EM-driven current and different 
FLiLi positions (limiter positions were R = 2.35 m and R = 2.36 m, 
respectively). Compared with the reference shot, the Li-II line emission 
intensity (emitted by Li+ ions at 548.5 nm) was 1.4 and 2 times higher at 
these limiter positions, respectively. Inward movement of the FLiLi po
sition led to obvious ~ 50% (R = 2.35 m) and ~ 90% (R = 2.36 m) 
decreases in the upper divertor Dα line emission intensity. Although shot 
81660 had weak interaction between plasma and FLiLi, the effect of Li 
coating obviously led to a considerable reduction in recycling due to Li 
efflux from FLiLi and deposition via approximately 23 shots from shot 
81637. With strong interaction between FLiLi and plasma (shot 81637), 
the average stored energy increased up to ~ 290 kJ with total source 
heating power of 8.3 MW using LHW, NBI, and ECRH, which was 
approximately 23 kJ higher than the reference shot; however, this was 
partly attributed to the slightly higher ECR heating power. Moreover, 
the stored energies during shot 81660 and reference shot were almost 
the same, and the LHW heating power was 500 kW lower during shot 
81660 than that during the reference shot. 

Fig. 1. FLiLi structure drawing: (a) back view of FLiLi, (b) front view of FLiLi, 
(c) photo of plasma discharge with FLiLi. 
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Furthermore, gradual ELM mitigation during FLiLi operation was 
evident from the evolution of Dα emission. Compared to the ELM ac
tivity in shot 81510, the ELM frequency and amplitude both decreased, 
which is consistent with previous FLiLi results [22]. The ELM mitigation 
operation region was further extended to higher heating power, which is 
beneficial for mitigating transient high heat flux from ELM bursts in 
contemporary as well as future fusion devices. 

In addition to recycling behaviors, the impurities also produced 
significant changes with and without the FLiLi limiter. Fig. 3 compares 
effective ion charge Zeff representing the global impurity content during 
shots 81510, 81637, and 81660. Zeff increased from approximately 1.7 

to 2.3 during shot 81510 without FLiLi operation, indicating that the 
impurities were obviously accumulated. During shot 81637, which has a 
slightly higher heating power than shot 81510, Zeff increased from 
approximately 1.9 to 2.3. The main impurities with FLiLi were Fe and 
Mo coming from the substrate and collector material of FLiLi due to 
strong interaction between the plasma and the limiter, which has been 
analyzed and presented in a previous study [22]. The value of Zeff 
remained almost constant at approximately 1.6, and no obvious impu
rities accumulated during shot 81660. In addition to the reduced im
purity sputtering resulting from the weaker interaction between plasma 
and limiter substrate due to farther limiter position from the plasma, the 
decreased impurity was probably attributed to the accumulation of Li 
resulting from Li evaporation, sputtering, and Li burst, which was 
deposited on the first wall to effectively protect the wall materials. 

Fig. 4 compares the plasma Te measured by Thomson scattering (TS), 
ne in core from the TS, and edge plasma density from the reflectometry 
profiles [23] at 5.11 s with and without FLiLi operation. The core Te and 
ne increased significantly, which were main contributions to 23 kJ 
higher plasma stored energy in Fig. 2. Furthermore, the edge plasma 
density with FLiLi was slightly lower than that without FLiLi. Due to 
FLiLi operation, fuel particle from plasma was captured by flowing 
liquid Li. Meanwhile, the Li coating layer from Li efflux from FLiLi owing 
to Li evaporation, sputtering, and Li burst could also capture fuel par
ticles, which resulted in less fuel particles returning into edge plasma, 
thereby decreasing particle recycling. Accompanied by decreased fuel 
particle source at edge zone, less fuel particle ionization was produced 
and there was lesser contribution to edge plasma density. Decreased 
pedestal plasma density with similar plasma Te produced a lower 
pedestal plasma pressure, which was helpful for decreasing pedestal 
pressure gradient and mitigating ELM [24]. These Te and ne profiles 
were consistent with mitigated ELM frequency and amplitude. 

Heat flux estimation during H-mode plasma 

To investigate the heat flux characteristics during H-mode plasma 
with type-I ELM, the radial location of the limiter was moved to R =

Fig. 2. Comparison of three typical plasmas with and without FLiLi (Ip = 0.55 MA; nel = ~4.3 × 1019 m− 2, USN, Rsep. = 2.28 m at FLiLi position; shot 81637 with 
limiter position R = 2.35 m, shot 81660 with limiter position R = 2.36 m). (a) Line-integrated electron density, (b) Li-II line emission intensity, (c) Dα line emission 
intensity from the upper divertor, (d) stored energy (Wdia), (e) LHW (2.45 GHz) heating power, (f) LHW (4.6 GHz) heating power, (g) total NBI heating power, and 
(h) ECRH heating power in the three shots. 

Fig. 3. Comparison of Zeff during three typical shots with and without FLiLi. 
Black, red and blue lines represent Zeff in shots 81510, 81637, and 81660, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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~2.31 m; the total auxiliary heating source power was ~ 4.7 MW, with 
~ 1.6 MW of LHW and 3.1 MW of NBI. The basic plasma parameters are 
shown in Fig. 5, with ne ~ 3.7 × 1019 m− 3, Ip ¼ 450 kA, in a USN 
configuration, and H-mode (type-I ELM) discharge with a low q95 ~ 5.4. 
The initial temperature of the limiter was ~ 450 ◦C, and the apparent red 
neutral Li vapor cloud at 0.22s is shown in Fig. 6(a) (as measured by a 
CCD camera, from port D in the toroidal direction away from liquid Li 
limiter). Li efflux and transport processes were apparent after 4.5 s, and 
the strong Li emission included both neutral Li atoms and ions filled in 
the scrape-off layer (SOL) region. From the CCD visible images, the 
plasma interaction was located mainly in the upper half of the limiter, 
and the peak temperature occurred at the right side of the limiter, as 
measured by the IR camera and TCs. During plasma discharge, the IR 
camera temperature measurements were saturated at some regions on 
the right side of the limiter surface; therefore, unsaturated positions 
were used for the Li surface heat flux analysis. Six IR temperature 
measurement positions on the limiter surface were selected, spanning 
from the distributer to the collector (Fig. 6(b)). 

The temperature evolution at positions 3–6 is shown in Fig 7. The 
initial temperature of these positions was same at approximately 3 s. 
From ~ 3–4 s, the liquid Li surface temperature increased rapidly and Li 
line emission intensity was enhanced (Fig. 7 and Fig. 5(c), respectively) 
due to increased heating power. Furthermore, the temperature 

difference gradually increased from top to bottom. The maximum tem
perature was from the middle upper position (3), and the minimum 
temperature was at the bottom position (6). Moreover, the temperature 
change trends at different positions were consistent, and the rate of 
temperature increase slowed down. The heat flux on the limiter can be 
roughly estimated by a 1D heat flux calculation code. 1D heat conduc
tion equation in a solid is given using equation (1). 

k
∂T2

∂2x
= ρc

∂T
∂t

(1)  

where κ, ρ, and c represent the effective values of the TZM thermal 
conductivity, density, and heat capacity, respectively. The thickness of 
the TZM plate was 18 mm. The liquid lithium was very thin; therefore, 
the temperature at the top of the TZM plate was close to the surface 
temperature. T(x = 0) = Ts was the top layer condition on the TZM plate. 
At the bottom of the TZM plate, heat insulation was assumed, ∂T

∂x (x =

19mm) = 0. Then, the heat flux at the top of the TZM was calculated 
with an implicit finite different method [25]. As shown in Fig. 7, the heat 
flux value decreased from ~ 1.72 MW to ~ 1.20 MW when the discharge 
time changed from ~ 4.5 s to ~ 6.5 s, which was attributed to the sig
nificant increase in Li emission intensity shown in Fig. 5(c); heat flux 
decreased by approximately 30% due to the effect of Li vapor. 

At the beginning of the discharge, the plasma heat flux heated the 
liquid Li, rapidly increasing the surface temperature. When the Li sur
face temperature was > 550 ◦C, the Li evaporation rate was sufficiently 
high to form a Li vapor layer around the liquid Li limiter. The Li line 
emission from the Li vapor could dissipate significant energy from the 
plasma exhaust prior to its arrival at the liquid Li surface. Therefore, Li 
vapor could decrease the rate of temperature increase. In addition, 
significant temperature oscillations of the liquid Li surface were 
observed during H-mode plasma discharge with type-I ELM. The oscil
lation amplitude as well as frequency of the liquid Li surface tempera
ture showed a strong correlation with the surface temperature of liquid 
Li. The temperature oscillations gradually enhanced when Li surface 
temperature was > 550 ◦C; this was because of the enhanced Li efflux 
mainly from Li evaporation. Temperature oscillation was thus an 
indispensable mechanism for the self-regulation of the heat flux dissi
pation by the liquid Li surface. 

Summary 

Particle and heat flux control was achieved by using a FLiLi limiter 
during high-power H-mode discharges on the EAST device. The fuel 
recycling indicated by divertor Dα line emission intensity decreased by 
~ 2 times with FLiLi operation compared with shots captured without 

Fig. 4. Comparison of plasma Te and ne profiles with and without FLiLi operation: (a) Te profiles from TS, (b) plasma density profiles from TS and the reflectometry.  

Fig. 5. Basic plasma parameters in shot 95204. (a) Plasma current, (b) line- 
averaged electron density, (c) Li-II emission intensity in upper divertor area, 
(d) LiIII line emission, and (e) total auxiliary heating power including, with 1.6 
MW LHW and ~ 3.1 MW NBI. 
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the FLiLi limiter. Gradual ELM mitigation during FLiLi operation was 
evident, as estimated from the evolution of Dα emission. With a 
sequence of discharges with FLiLi operation, the value of Zeff decreased 
from 2.3 to ~ 1.6. A high stored energy plasma up to ~ 290 kJ with 
approximately 8.3 MW source plasma heating power was successfully 
obtained due to the improved particle control capability by using liquid 
Li. Moreover, plasma heat flux mitigation by the Li vapor shielding effect 
was also observed, and ~ 30% plasma heat flux was dissipated prior to 
its arrival at the liquid Li surface owing to the Li vapor shielding effect. 
These results show that liquid Li as PFCs have promising applications for 
achieving steady-state high parameter plasmas with strong particle and 
heat exhaust capacities, making it a critical research topic for future 
fusion devices. 

As a next step, we aim to develop several diagnostic systems on the 
FLiLi limiter, such as probes for measuring plasma temperature and 
density near liquid Li surface, laser-induced breakdown spectroscopy for 
measuring liquid Li thickness and velocity, and a new type of liquid Li 
limiter with a 3D-printed W substrate. 
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