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ABSTRACT

A third generation flowing liquid lithium (FLiLi) limiter with a substrate made of TZM, an alloy with >99% Mo, was fabricated by
conventional manufacturing techniques. TZM has a high corrosion resistance, a high sputtering threshold, and a good wettability to Li, as
compared to stainless steel (SS), which had been used as an FLiLi substrate surface in 2014 and 2016. The third generation FLiLi was inserted
into the edge in EAST H-mode plasmas in an upper single-null configuration with an ion grad-B drift toward the upper divertor with a
limiter temperature of 330-380 °C and an auxiliary heating power of about 2-8 MW. Analysis has shown that by using TZM FLiLi, fuel parti-
cle recycling continuously decreased and near-complete edge localized mode elimination was achieved in H-mode plasmas with RF-only
heating. The main impurities during the initial FLiLi discharges were Mo, Fe, and W resulting from strong plasma interaction at the Mo plate
side, the SS collector, and the upper W divertor. Plasma stored energy increased by about 10k] in subsequent FLiLi discharges due to
decreased impurity radiation. Engineering analysis shows a uniform lithium flow with an ~80% Li coverage ratio on the limiter surface, simi-
lar to the second FLiLi, even though only one of two J x B pumps was functioning. Despite technical difficulties, the FLiLi gen.3 improved
the overall plasma performance, providing support for flowing liquid Li plasma facing component applications in present and future devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143179

I. INTRODUCTION metals, especially liquid lithium (Li), are promising with regard to the
Traditional solid plasma facing materials (PFMs) face severe handling of particle and heat flux, and can self-heal to prevent wall

challenges from extreme particle and heat flux in future devices." They erosion. Therefore, liquid metals are being studied as an alternative

not only produce impurity and fuel particle recycling, which result in PFM for future devices.””

deteriorated energy confinement and uncontrollable plasma density, Li is an excellent PEM material to improve plasma performance

but also cause wall material erosion and damage. In contrast, liquid due to its physical and chemical properties.” ° Li is a low Z = 3 metal,
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TABLE I. Comparison of key physical parameters between SS and TZM.
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SS TZM
Thermal conductivity (1) (W/m K) 16-21 (100-500°C) 126
Melting point (K) 1398-1454 (304 SS) 2617
Sputtering yield with 100 eV D (atom/ion) ~0.045 (Fe) ~0.0123 (Mo)
Corrosivity in liquid Li with 330 °C (um/a) ~0.58 ~0.34
Liquid Li critical wettability temperature (°C) 256 336

which can be compatible with high temperature core plasmas as long
as the Li concentration is <20%. Furthermore, Li has a low melting
point at 180 °C, which helps Li to easily liquify. For particle pumping,
the liquid Li operating temperature is about 200-400 °C. To realize Li
vapor shielding,” * the Li operational temperature is about
500-800 °C. Finally, Li can capture D, T, O, and other impurities due
to its strong chemical activity to achieve a strong divertor particle
pumping (e.g., low-recycling). Therefore, Li has been used in tokamaks
through Li coating,'’"” Li injection," ' and liquid Li walls'”** to
improve plasma confinement by reducing recycling and impurities,
reducing the L-H power threshold,”** mitigating the edge localized
modes (ELMs), and improving the heat removal capacity.

To explore the use as a PFM, liquid Li limiter or divertor experi-
ments have been performed in several devices, such as FTU,> % T-
11M,” and NSTX.”*” Different types of liquid Li walls were designed
and tested, including free surface, capillary porous surface, and trench
structural designs. Besides the achievement of lower recycling”***’
and impurity levels with a correspondingly higher plasma perfor-
mance, the liquid Li experiments also confirmed that the wall heat
load was mitigated due to an increased Li efflux and enhanced edge
radiation from the liquid Li limiter or divertor surfaces. In Institute of
Plasma Physics Chinese Academy of Sciences, liquid Li wall experi-
ments were first investigated in HT-7,”"" and an initial flowing liquid
Li design was also tested.”' It was found that Li droplets were injected
into the plasma due to the J x B force, which lead to a plasma disrup-
tion. Furthermore, a thin film Li or a capillary porous system (CPS)
could reduce this Li ejection.’ Finally, Li wetting was important for
the uniform Li coverage on the Li limiter surface.

Based on the liquid Li experiments in HT-7, we developed a
slowly flowing thin Li film for EAST.” By using thin Li film, Li droplet
ejection should be reduced by relying on the liquid Li surface tension
to counteract the Jx B force. The Li flow rate was designed for
~2cm’ s~ to effectively pump particles from the plasma. For heat
flux control, the design still used traditional heat sink and cooling
pipes to remove the heat flux, and heat removal directly by liquid Li
convection is ignored.

Two generations of flowing liquid Li limiters have been developed
in EAST."*° The limiter was composed of a distributor, a guide plate,
a collector, and an electro-magnetic (EM) pump. The guide plate
included a stainless steel (SS) surface layer and a copper (Cu) heat sink.
Both the electrical heating cartridge and the cooling pipe were inserted
into the limiter heat sink to provide the heating and cooling of the flow-
ing liquid lithium (FLiLi) system during the plasma discharge. While
using the first and second generation FLiLis, it was noted that the liquid
Li flow could be sufficiently driven by the DC EM pump, and, further-
more, the thin Li surface film did indeed reduce the Li droplet ejection.
Additionally, improved particle and heat flux control using the flowing

liquid Li and the Li efflux from FLiLi during FLiLi operation were
observed. It was also observed that FLiLi was compatible with EAST
H-mode operations with a heating power of up to 4.5MW, ie,
observed concurrent plasma confinement improvement and stable
FLiLi operations. Though significant progress has been made in the
development of FLiLi and the investigation of the interaction between
FLiLi and plasma, the compatibility with higher power operations, such
as 5-10 MW, needs further study. Furthermore, the main engineering
issues, including the improvement of Li wettability and surface erosion
resistance, still need to be resolved. Therefore, a new TZM substrate
FLiLi was developed and tested in EAST in 2018.

In this paper, the design of the new TZM substrate FLiLi and key
diagnostics are described in Sec. II for the third generation FLilLi
system. The main experimental results are presented in Sec. IIL
Finally, a summary is provided in Sec. I'V.

Il. EXPERIMENTAL SETUP
A. Design of third generation FLiLi using TZM substrate

TZM (an alloy with >99% Mo) has improved physical properties
compared to SS for use as an FLiLi substrate in a fusion environment.
TZM has a higher thermal conductivity, a higher melting point, and an
increased sputtering threshold compared to SS, as shown in Table I. In
the previous two generations of FLiLis, a thin SS layer was used as a lim-
iter substrate material, which needed an additional Cu heat sink to
increase the heat removal capacity due to the low thermal conductivity
of SS. However, the use of a Cu heat sink has a safety risk due to the high
susceptibility of corrosion when Cu contacts liquid Li. Conversely, TZM
has good compatibility with liquid Li. Overall, Mo has a superior Li cor-
rosion resistance compared to SS, which has been experimentally con-
firmed by immersing the Mo and SS sample materials into liquid Li and
observing the mass loss. Furthermore, the Li critical wetting temperature
on a Mo surface is ~80 °C lower than that of an SS surface. Given these
considerations, we decided to use TZM as an FLiLi substrate material in
the third generation FLili. Figure 1 shows two kinds of FLiLi guide
plates: Fig. 1(a) shows a combination guide plate with an SS surface layer
and a Cu heat sink used in the first and second generation FLiLis, and
Fig. 1(b) shows the TZM guide plate in the third generation FLiLi.

The third generation FLiLi system still uses the same auxiliary
systems of the previous second generation system, including the
EM propulsion system, the Li injector, and the control and mea-
surement system. The FLiLi module is composed of a uniform liq-
uid Li distributor with 200 channels, a TZM guide plate, two liquid
Li feed pipes, a cooling pipe, a Li collector, and two DC electro-
magnetic (EM) pumps, as shown in Fig. 2. The guide plate has
dimensions of 320 mm x 300 mm. The basic process of the liquid
Li operation is that two EM pumps drive the liquid Li flow from
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FIG. 1. Two versions of FLiLi guide plates used in FLiLi experiments, (a) a composite
guide plate with an SS layer and a Cu heat sink and (b) a TZM substrate guide plate
used in the third generation FLiLi.

the bottom collector to the top distributor through the two feed
pipes. Li then flows out of the distributor channels down the sur-
face of the front guide plate into the collector. While on the guide
plate front surface, the interaction of the flowing liquid Li with the
plasma edge serves to remove both fueling particles and impurity
fluxes from the plasma.

After final preparations, including pumping, leak detection, and
Li injection, FLiLi was inserted into diverted plasmas with a separatrix
nominally at R ~ 2.28-2.30 at the vertical location of FLiLi. A range of
FLIiLi operational conditions, including scans of both limiter position
and heating power, were performed in H-mode plasmas with I,
= 0.45/0.55 MA, n, = 3-4 x 10" m >, and in an upper single-null
configuration (USN) with an ITER-like tungsten (W) divertor. The
FLIiLi position was moved across a range from 0 to 4 cm inside the
fixed Mo limiter in EAST. The FLiLi temperature operated in a range
of 330-380 °C in discharges with an auxiliary heating power from ~2
to 8 MW using lower hybrid wave (LHW) hearing systems, electron
cyclotron resonance heating (ECRH), and neutral beam injection
(NBI). The primary results will be presented in Sec. III.

B. Key diagnostics

A variety of high-performance diagnostics have been devel-
oped and used to measure the key plasma parameters in EAST.

Mo plate

Distributor

eeding pipes
Cooling pipe

Collector

scitation.org/journal/php

FIG. 3. Schematic drawing of FLiLi installed on the EAST and several key diagnostics.
The plasma is operated in an upper single-null divertor configuration. The vertical posi-
tion for the POINT edge channel is Z=42.5cm, and the distance is 8.5cm between
two adjacent channels; the vertical position for the REFL is Z = 3 cm; the viewing area
of the EUV spectrometer is about 30cm in the vertical direction and 5¢m in the
horizontal direction.

The routine diagnostics associated with this work include visible
charge-coupled device (CCD) cameras, filterscopes, electron cyclo-
tron emission (ECE), effective ion charge Zew, " and absolute
extreme ultraviolet (AXUV) photodiode arrays.”” A flat-field
extreme ultraviolet (EUV) spectrometer working in the 20-500 A
wavelength range with a 5ms frame rate has been newly developed to
measure the heavy metallic impurity line emission.” A fast sweeping
reflectometry (refl) system was used to measure the edge electron den-
sity profiles,” and an 11-channel polarimeter—interferometer (POINT)
with a temporal resolution of 1 ms provided the core and edge electron
densities.”® The FLiLi position and location of several key diagnostics
are shown in Fig. 3.

Liquid Li flow direction

(b)

FIG. 2. FLiLi structure drawing, (a) backside photo of FLiLi, and (b) front side photo of FLILi.
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Ill. RESULTS OF TZM FLILI EXPOSED TO HIGH
CONFINEMENT PLASMAS

A. Gradual reduction of recycling and mitigation
of ELMs with FLILi

During FLiLi operation, it was found that the fuel particle recy-
cling was gradually reduced and ELMs were gradually mitigated.
Figure 4 compares three typical shots with similar plasma current,
density, heating power, and plasma configuration with Ree,. = 2.29 m
at the FLiLi location. Also shown are the EM driven currents and the
different FLiLi positions. Shot 81625, with the limiter positioned at
R=2.35m (FLiLi far away from the plasma), as used as the reference
shot and shown in black; shots 81628 and 81632, which have FLiLi
closer to the plasma edge with R =2.32 m, are shown as the blue and
red traces, respectively. During the first FLiLi shot (81628) and second
FLiLi shot (81632), the baseline of Li-II line emission (emitted by Li*
ions at 548.5nm) from about 2.5 to 5 s was 1.3 and 1.7 times higher
compared to the reference shot (81625). Li line emission enhancement
was also observed from about 5 s during shot 81628 and from about 7
s during shot 81632. Figure 5 compares the plasma light emission
monitored by a color CCD camera during these plasma discharges at
7.6 s. The green light resulting from Li-II line emission during the first
and second FLiLi discharges was strong compared to the little to no
green light observed during the reference shot. This indicates that a
strong interaction between the FLiLi and the plasma occurs during the
FLiLi operation. Additionally, during these discharges, the baseline of
Do emission from the lower divertor gradually decreased with an
increase in the Li emission from FLiLi, similar to the previous two gen-
erations of FLiLi experiments.

()

Da
(a.u.)

Da
(a.u)

Da
(a.u.)

#81632 #81628 # 81625

N AO A OO A OO ~ @

nel
(10®°m?

o

N

Li-ll
(a.u.)

5 6
Time(s)

FIG. 4. Comparison of three typical plasmas with and without strong interaction with
FLILi (I, = 0.45 MA; nl ~ 3.0 x 10" m 2, USN, Ree, = 2.29 m at the FLILi posi-
tion; Pheating ~ 2.5 MW, Py ~ 2 MW and Pecry ~ 0.5 MW; shot 81625 with lim-
iter position R =2.35 m, shot 81628 and shot 81632 with limiter position R =2.32
m). Shown are the (a) D line emission intensity from the lower divertor in shot
81625, (b) D line emission intensity from the lower divertor in shot 81628, (c) Do
line emission intensity from the lower divertor in shot 81632, (d) line-integrated den-
sity from POINT, and (e) Li-Il line emission intensity in the three shots.
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FIG. 5. Comparison of plasma emission with a color camera during three FLiLi
shots at 7.6 s.

Furthermore, gradual ELM mitigation during the FLiLi operation
was evident from the evolution of Do emission. Compared to the ELM
activity in 81625, the first H-mode shot with FLiLi, ELMs appear to be
completely suppressed when the Li emission is suddenly enhanced.
The second H-mode plasma (shot 81632) can be divided into three
phases relative to the different ELM activity. Presumably, this is due to
the changes in the wall conditions from the enhanced FLiLi Li efflux,
the Li redeposition on the first wall, and the enhanced pumping of fuel
particles. It was clearly observed that ELMs were nearly eliminated
from 2.5 to about 5.3 s (phase I), with a few low frequency and small
ELMs from about 5.3 to 7 s (phase II). Finally, following the enhanced
Li emission after 7 s (phase III) during shot 81632, ELMs were again
clearly mitigated.

The pedestal density appeared to influence the ELM activity dur-
ing the FLiLi operation. Figure 6 shows the time evolution of several
key parameters in shot 81632. Note that during phase I, the ELM fre-
quency was low. Before about 4.1 s, nearly no ELMs have occurred.
Then, from 4.1 s to 5.3 s, the ELM frequency occurred with a frequency
of ~15Hz. During this phase, the plasma density measured by edge
POINT was low, likely due to the pumping of the fuel particles from
the Li film resulting from the FLiLi efflux during shot 81628, which
had deposited a thin Li layer on the first wall. During phase II, the ELM
frequency gradually increased to near 150 Hz with a concurrent rise in
the plasma density, likely due to the gradual degradation of Li film
pumping effectiveness. However, after significant Li efflux from FLiLi
during this shot, e.g., during phase III, ELM frequency again decreased
to a similar level as phase I. Additionally, it was clearly observed that
plasma density gradually decreased due to this Li pumping.

Figure 7 compares the edge plasma density from the reflectome-
try profiles during phase I (3.1 s), phase II (6.0 s), and phase III (7.5 s
and 7.7 s) during shot 81632; see also Fig. 6 with FLiLi. The plasma
density profile moved outward during phase II, corresponding to an
increase in the pedestal density. Shown in Fig. 6(d) is the pedestal elec-
tron cyclotron emission, which shows that the electron temperature at
the pedestal region remains constant during this shot. Therefore, dur-
ing phase II, some small, high frequency ELMs were triggered due to
this slightly increased pedestal pressure. However, during phase III,
due to the Li efflux from FLiLi and redeposition on the surface of the
first wall, the pressure profile gradually moved inward with an overall
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FIG. 6. Time evolution of the main parameters for analyzing the ELM activity change in shot 81632. The data from top to bottom are (a) the Do line emission intensity viewing
the lower divertor region; (b) the ELM frequency calculated by Do signal; (c) the edge line-integrated density from POINT; and (d) the pedestal electron cyclotron emission
(ECE) signal at p ~ 0.95; it should be noted that the ECE value can only be used for the qualitative analysis since low hybrid current drive induces superthermal electrons.

reduction in the pedestal pressure and ELM frequency resulting from
the gradually increased Li pumping of fuel particles. In conclusion,
these ELM mitigated results were obtained through a reduced edge
recycling and the modification of the pedestal density and pressure
profile in a manner favorable for edge stability, which was similar to
the Li wall conditioning results from NSTX and EAST.

Compared to the previous two FLiLi experiments, which observed
an ELM-free phase of several tens of ms and to >200 ms,"”” it was
found that the duration of near-complete ELM elimination was
expanded up to ~few seconds. These FLiLi experiments achieved a
clear ELM mitigation, which may be beneficial for the control of ELM
heat flux in future fusion reactors.

B. Gradual reduction of impurity and improvement
of plasma confinement

High-Z impurities strongly influence plasma performance, as
observed in the previous FLiLi operations. High impurities mainly

consist of high-Z Fe impurity from the SS substrate sputtering and can
accumulate in the plasma core durmg high heating power and during
intermittent ELM-free regimes.'” Therefore, we need to study the high-
Z impurity species evolution during the TZM substrate FLiLi operation.
Figure 8 presents a typical EUV spectrum over the wavelength range of
40-200 A at 3 s and 6 s in EAST shot #81632. It should be noted that
there is a strong W-UTA (tungsten unresolved transition array) emis-
sion from 45 to 70 A, which is composed of WHF_W# T+ 041 The
main high-Z metallic impurities observed in this FLiLi discharge were
W, Fe, and Mo.

Based on the above EUV measurement, we investigated the
dependence of high-Z impurities, including Mo, W, and Fe, on FLiLi
operational parameters. Figure 9 compares the impurity radiation
between two typical shots with different FLiLi positions. MoXXIII line
emission resulting from the Mo substrate guide plate was three times
higher during the FLiLi discharge compared to the reference shot. A
further comparison of these two shots shows similar FeXVIII line
emission, but W-UTA line emission was slightly higher before 6 s in
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FIG. 7. Comparison of edge electron profiles from the reflectometry during three
phases during shot 81632.

the FLiLi discharge. A slightly increased core impurity radiation evalu-
ated by the core XUV signal and the total impurity radiation power
was likely due to the sputtering of the Mo guide plate during D plasma
bombardment. In addition, it is clearly observed that the high-Z impu-
rity radiation evaluated by MoXXIII, FeXVIII, W-UTA, core XUV,
and total impurity radiation remained nearly constant during the
FLiLi discharge, except for Mo and Fe impurity bursts resulting from
the Mo guide plate and the SS collector sputtering/erosion at about 5 s
and 7 s, respectively. However, during the reference shot, the high-Z
impurity radiation, especially for W-UTA, demonstrated a gradual
accumulation. W impurity accumulation occurred from about 6 s dur-
ing the reference shot and significantly influenced the core XUV and
total impurity radiation.

High-Z impurity radiation measurements gradually decreased
with an increasing discharge number during the FLiLi operation. As
shown in Fig. 10, high-Z impurity radiation was compared from 4.5 to
7 s during three similar plasma discharges with FLiLi. It was found
that Mo, Fe, and W impurities slightly decreased during shot 81633
compared to those of shot 81632. Furthermore, this impurity radiation
decreased substantially during shot 81655 compared to those of shots
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FIG. 8. High-Z impurity radiation information measured by EUV at 3 s and 6 s during
shot 81632.
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FIG. 9. Comparison of the high-Z impurity level between two typical shots with dif-
ferent FLiLi positions; shown are the Li-Il line emission intensity from the lower
divertor, the MoXXIIl line emission, the FeXVIII line emission, the W-UTA line emis-
sion, the core XUV radiation signal, and the total impurity radiation power.
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FIG. 10. Comparison of high-Z impurity levels between three typical shots with the
FLiLi operation; shown are the line-integrated density from POINT, the MoXXIll line
emission, the FeXVIIl line emission, the W-UTA line emission, the core XUV radia-
tion signal, and the total impurity radiation power.
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FIG. 11. Comparison of the EUV spectra at 40-140 A observed with the EUV spec-
trometer at 6 s in shots 81633 and 81655 (I, = 0.45 MA; nd = (3-3.3) x 10"
m~2, USN, Rsep. = 2.29 m at the FLILi position; Pheating ~ 2.5 MW, Py ~ 2 MW,
and Pecry ~ 0.5 MW; same limiter position R =2.32 m).

81632 and 81633. Core impurity radiation from XUV measurements
and total impurity radiation measurements also gradually decreased.
Figure 11 compares the EUV spectra at 40-140 A observed with the
EUV spectrometer at 6 s in shots 81633 and 81655. It was again con-
firmed that almost all high-Z impurities except Cu decreased after
~20 shots of FLiLi operation. It was noted that the DC drive currents
of the EM pumps were controlled at 50 and 100 A, respectively, during
shot 81633 and shot 81655. This resulted in a larger Li flow rate on the
limiter surface during shot 81655 in an attempt to decrease the Mo
substrate sputtering.

It should be noted that the low-Z impurity radiation, except Li,
also decreased during the FLiLi operation. As shown in Fig. 12, the
low-Z impurity radiation was compared during shots 81633 and
81655 with FLiLi. It was also found that CIII, CVI, and OVII

shot 81633 shot 81655
1 L) 1 v

lCIII(a.u.)

0.7 |

0.0
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FIG. 12. Comparison of low-Z impurity level between two typical shots with FLiLi;
shown are the CllI line emission intensity from the lower divertor, the CVI line emis-
sion, the OVII line emission, and the edge XUV radiation signal.
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FIG. 13. Comparison of Z between two typical shots with FLILI.

emissions were clearly reduced. Edge impurity radiation measured by
the edge XUV diagnostic also decreased, other than the radiation burst
resulting from enhanced Li emission due to Li droplet ejection induced
by a destructive electromagnetic force at about 3.1 s.

Figure 13 compares the effective ion charge Zg which can be
used to characterize the global impurity content during shots 81633
and 81655 with the FLiLi operation. It was found that the impurity
radiation decreased due to a reduction in Z. from 2.1 to 1.6. This
decreased Z.g resulted from the reduced sputtering of the limiter sub-
strate materials due to a larger Li flow rate on the limiter surface. In
addition, with the increase in the Li accumulation from FLiLi due to Li
evaporation, sputtering, and Li ejection, more Li was coated on the
first wall resulting in the decreased sputtering of the wall materials.
We estimated about 2 g Li efflux, i.e,, the sum of Li sputtering during
discharges and Li evaporation between discharges, entered the plasma,
and was then deposited on the first wall over the course of ~20
shots.'” Because of the decreased impurity radiation, the plasma stored
energy increased significantly. As shown in Fig. 14, it was found that
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— 81633
— 81655
)
2 160 |
5
=
@
=
2
S 140}
7]
120 1 1 1 1 1
20 30 40 50 60 7.0

Time (s)

FIG. 14. Comparison of the plasma stored energy between two typical shots with
FLiLi.
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FIG. 15. Comparison of the plasma emission at 5 s using a color camera during three FLILi shots and FLiLi photo after exposing to air. Shown are the (a) plasma emission in
shot 81625, (b) plasma emission in shot 81628, (c) plasma emission in shot 81632, and (d) FLiLi status after the experiment.

the plasma stored energy increased by about 10 k] in shot 81655 com-
pared to that in shot 81633. It should also be noted that the stored
energy decrease between 3 s and 4 s was the result of a W and Cu burst
due to a strong interaction between the plasma and the divertor. An
increased plasma stored energy was also observed in the Ohmic plas-
mas during the operation of the previous two generation FLiLis.'”*’

C. Flowing liquid Li surface status and related
engineering issues

During the FLili operation, some engineering issues were
observed. Figure 15 compares the plasma emission at 5 s using a color
camera during three FLiLi discharges. It can be observed that strong
interactions between the plasma and FLiLi occurred at the bottom
right of the FLiLi instrument during shots 81628 and 81632. This
interaction resulted in stronger Mo and Fe impurity radiations from
the Mo guide plate and the collector during the two shots compared to
that during the reference shot without FLiLi. After the FLiLi operation,
an obvious collector melting and guide plate bottom edge damage
could be observed, as shown in Fig. 15(d). Figure 16 compares the lim-
iter design status and the actual physical status when FLiLi was
inserted into the EAST vacuum vessel. The inclined angle changed
from the design value of 13.5° to about 7°, due to the deformation of
the FLiLi support plate, which was possible due to the thin support
plate and the destructive electromagnetic force during plasma disrup-
tions. Because the actual inclined angle was shallower than the
designed angle, the bottom collector was directly exposed to the
plasma. Thus, the high energy plasma melted the corner of the collec-
tor and slightly damaged the guide plate bottom edge. Furthermore, it
was also noted that the TZM surface was not fully wetted by liquid Li,
with a wetting percentage of about 80%. The primary reason for this
lack of coverage was due to the failure of one of the EM pumps, the
result of which can be clearly observed in Fig. 15(d). No Li trace is
found in the blue trianglular zone.

To reduce the strong plasma—-material interaction at the collector
corner, a slight adjustment of the FLiLi in the toroidal direction was
performed. As shown in Fig. 17(a), the brighter interaction zone
moved upwards to the TZM plate during shot 81633. After this adjust-
ment, slightly reduced impurity radiation from Mo and Fe impurities
was achieved. After ~20 shots using FLiLi, the impurity radiation
decreased significantly. As shown in Fig. 17(b), it was observed that
most of the limiter surface area, except for the upper right corner, was
bright, likely due to a strong interaction between the flowing liquid Li
and the plasma. Therefore, we speculate that this bright FLiLi area was
covered by liquid Li, which is consistent with the photo captured after
exposing FLiLi to air, as shown in Fig. 15(d). Finally, the decreased
impurity radiation resulted from a gradually increased Li wetting area

FIG. 16. Comparison of FLiLi position as designed and measured after the experiment.
Shown are the (a) designed limiter inclined angle of 13.5°, (b) actual limiter inclined
angle of about 7°, near vertical.
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FIG. 17. Comparison of the plasma emission with a color camera during two FLiLi
shots at 5 s. Shown are the (a) plasma emission in shot 81633 and (b) plasma
emission in shot 81655.

on the FLiLi surface, and Li accumulation on the first wall surface due
to Li evaporation, sputtering, and Li droplet ejection.

IV. DISCUSSION AND CONCLUSIONS

A TZM substrate FLiLi designed to obtain both good wettability
and corrosion resistance of liquid Li has been operated in EAST. By
using a TZM substrate FLiLi, fuel particle recycling continuously
decreased and near-complete ELM elimination was achieved in
H-mode plasmas with the RF-only heating. Compared to the first and
second generation FLiLi experiments, periods of ELM mitigation were
extended.

Edge recycling reduction is likely due to the enhancement of the
fuel particle pumping from the Li. In addition to the pumping from
the flowing liquid Li surface, the real-time renewal of the Li coating
film on the first wall from the Li efflux due to Li evaporation, sputter-
ing, and Li droplet ejection”” during FLiLi operation likely contributes
to the strong pumping of the fuel particles. During the third genera-
tion FLiLi operation, the Li droplet ejection caused by the destructive
electromagnetic force (J x B) was observed. The current (J) resulted
from both the plasma induced current and scrape-oft layer currents,
with magnetic field (B) contributions from the toroidal and poloidal
magnetic field in EAST. The liquid surface Li stability can be under-
stood from a Rayleigh-Taylor instability analysis.” Though the design
thickness of the flowing liquid Li film on the surface of FLiLi was
<0.I mm, in fact we observed a Li film thickness of 0-2mm after
exposure to air, likely because the Li flow was not uniform due to an
EM pump failure. Additionally, due to the damaged collector, some
liquid Li in the collector was directly exposed to the plasma, with a lig-
uid Li depth of 1-2cm in the collector. The critical current density
into the liquid Li was not measured in our experiment, so it was
assumed to be similar to NSTX,"” which results in a calculated stability
diagram for liquid Li under the electromagnetic forces in EAST. These
stability calculations show the possibility of the Li droplet ejection into
the plasma during the third generation FLiLi operation.

scitation.org/journal/php

As a result of the lower recycling source during the FLiLi opera-
tion, the edge density pedestal was reduced and shifted, the P-B mode
stability boundary was expanded, and ELMs were suppressed or miti-
gated. These results were also successfully obtained by using Li coating
or Li powder injection in NSTX" and DIII-D** (i, the peeling
expansion in NSTX and the ballooning expansion in DIII-D).

The main impurities during the initial FLiLi operation were W,
Mo, Fe, and Li. W and Li came from the upper W divertor and FLiLi,
respectively, in the upper single-null configuration during the FLiLi
operation. Mo emission had an obvious increase compared to the ref-
erence shot without FLiLi. The main reason is that, during the initial
phase of the flowing liquid Li operation, liquid Li coverage was non-
uniform and much of the Mo substrate was exposed to the plasma.
This exposure led to impurity sputtering, which produced most of Mo
impurity emission in the plasma. This process is similar to the high Fe
impurity accumulation resulting from the SS substrate sputtering dur-
ing the second generation FLiLi operation.'” Additionally, significant
amounts of Mo and Fe impurities were generated due to the strong
plasma interaction at the Mo plate edge and the SS collector resulting
from the deformation of the FLiLi support plate and the change in the
FLiLi angle. Over the series of FLiLi discharges, liquid Li flow on the
FLiLi surface became more uniform, which resulted in a reduction of
Mo impurity sputtering. Furthermore, due to Li emission from FLiLi
and redeposition on the first wall surface, the continued renewal of the
Li coated wall captured impurities and reduced impurity sputtering
into the plasma. Therefore, impurity radiation, including both high-Z
and low-Z elements, decreased significantly.

In summary, a systematic study of the application of the third
generation flowing liquid Li limiter with a substrate made of TZM and
its effect on recycling, impurities, and ELM behavior were presented in
detail. By using a TZM substrate FLiLi, fuel particle recycling continu-
ously decreased and a near-complete ELM elimination was achieved
in H-mode plasmas with the RF-only heating. Impurity radiation,
including high-Z and low-Z impurities, decreased significantly during
the sequence of FLiLi operation. The decreased impurity radiation and
recycling led to an increase in 10kJ in the plasma stored energy.
Engineering analysis showed a uniform lithium flow with an 80% Li
cover rate similar to the second generation FLiLi achieved, even with
the failure of one EM pump.

Several engineering issues still need to be resolved for the next set
of experiments. The limiter support needs modification to achieve and
maintain the designed limiter inclined angle. Also, a robust EM pump
design is needed to achieve a 100% Li coverage on the TZM limiter guide
plate surface. Furthermore, a test of a LIMIT-style FLiLi plate, "’ i.., using
a thermoelectric MHD force to drive the liquid Li flow along the surface
channels, is planned for testing in both HIDRA and EAST. These efforts
are aimed at generating improved designs and evaluating the feasibility
of liquid Li plasma facing component for a DEMO divertor.
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