
I
l

J
a

b

c

a

A
R
R
1
A
A

K
L
L
I
H

1

c
o
i
a
m
o
i
a
l
t
i
c
r
fi
r

h
0

Fusion Engineering and Design 102 (2016) 36–43

Contents lists available at ScienceDirect

Fusion  Engineering  and  Design

jo u r n al homep age: www.elsev ier .com/ locate / fusengdes

nvestigations  on  interactions  between  the  flowing  liquid  lithium
imiter  and  plasmas

.  Rena,  G.Z.  Zuoa, J.S.  Hua,∗, Z.  Suna, J.G.  Lia,  L.E.  Zakharovb, D.N.  Ruzicc, W.Y.  Xuc

Institute of Plasma Physics, Chinese Academy of Sciences, 230031 Hefei, China
USA Princeton Plasma Physics Laboratory, Princeton, NJ 08543, USA
University of Illinois at Urbana-Champaigns, Urbana, IL 61801, USA

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 11 June 2015
eceived in revised form
1 September 2015
ccepted 7 November 2015
vailable online 2 December 2015

eywords:
iquid lithium
imiter

a  b  s  t  r  a  c  t

Two  different  designs  of  flowing  liquid  lithium  limiter  were  first  tested  for power  exhaust  and  particle
removal  in  HT-7  in  2012  autumn  campaign.  During  the  experiments,  the reliability  and  compatibil-
ity  of  the limiters  within  Tokamak  were  experimentally  demonstrated,  and  some  positive  results  were
achieved.  It was  found  that  the  flowing  liquid  lithium  limiter  was  effective  for  suppressing  H  concen-
tration  and led  to a  low  ratio of H/(H  + D).  O impurity  was  slightly  decreased  by  using  limiters  as  well
as  when  using  a Li  coating.  A significant  increase  of the  wall  retention  ratio  was  also  observed  which
resulted  from  the outstanding  D  particles  pumping  ability  of flowing  liquid  lithium  limiters.  The  strong
interaction  between  plasma  and  lithium  surface  could  cause  lithium  ejection  into  plasma  and  lead  to
disruptions.  The  stable  plasmas  produced  by  uniform  Li  flow  were  in favor of lithium  control.  While  the
nteraction
T-7

limiters  were  applied  with  a uniform  Li flow,  the  normal  plasma  was  easy  to  be  obtained,  and  the  energy
confinement  time  increased  from  ∼0.025  s  to 0.04  s.  Furthermore,  it was  encouraging  to note  that  the
application  of  flowing  liquid  lithium  limiters  could  further  improve  the  confinement  of plasma  by ∼10%
on the basis  of Li coating.  These  remarkable  results  will help  for the  following  design  of  flowing  liquid
lithium  limiter  in EAST  to improve  the  plasma  operation.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

With exceptional particle pumping properties and low Z, appli-
ation of Li in fusion reactors has been tested in Tokomaks and
ther magnetic confinement devices for many years [1–4]. Li coat-
ng has been regarded as an effective method to reduce impurities
nd edge particle recycling in TFTR, NSTX, TJ-II and EAST [5–8]. The
ain results from Li coating are summarized as follows: first, the

utstanding ability of pumping particles of Li results in very low
mpurity and recycling level in plasma; second, most of Li atoms
re ionized and radiate at the plasma edge due to the low Z and
ow ionization energy to avoid the contamination on core plasma;
hird, ICRF heating efficiency improves according to the minority
ons heating mode due to the low H/(H + D) by Li coating; fourth, Li
oating can suppress MHD  and ELMs in plasma; finally, it also can

educe the H-mode power threshold and improve the plasma con-
nement. However, a future fusion device still faces several issues
elated to materials, such as stringent power exhaust capabilities

∗ Corresponding author. Tel.: +86 055165591353.
E-mail address: hujs@ipp.ac.cn (J.S. Hu).

ttp://dx.doi.org/10.1016/j.fusengdes.2015.11.006
920-3796/© 2015 Elsevier B.V. All rights reserved.
and material lifetime. Applying liquid Li as plasma facing compo-
nents (PFC) is a potential solution for future fusion device and has
been tested in many Tokamak devices. Using a toroidal liquid Li
pool limiter on CDX-U, plasma discharges with a lower loop voltage,
wall recycling and impurities level were achieved [9]. In T-11M, a
lithium limiter with capillary-pore system (CPS) has been demon-
strated for its ability in confining the liquid Li in the CPS during
disruption and protecting PFC from high power bombarding during
quasi steady state and disruptions regimes due to Li non-coronal
radiation, which resulted in clean (Zeff = 1) deuterium plasma dis-
charges and the radiation losses concentrating in a relatively thin
boundary layer [10]. In FTU, a liquid Li limiter system composed by
three similar units could withstand 5 MW/m2 heat load, Greenwald
limit and higher electron temperature were obtained [11].

Liquid Li limiters have been tested on HT-7 since 2009 [12–14].
Using a movable liquid Li limiter with free surface, increased plasma
confinement, suppressed impurities and reduced recycling dur-
ing ohmic plasma discharges were observed as well as Li coating.

Confined surface and suppressed Li splashing during the disrup-
tion regimes was  achieved by application of a Li limiter with CPS.
Furthermore, a re-filling liquid Li limiter experiments on HT-7 con-
firmed the possibility of driving the Li flow by Ar pressure. In

dx.doi.org/10.1016/j.fusengdes.2015.11.006
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2015.11.006&domain=pdf
mailto:hujs@ipp.ac.cn
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Fig. 1. Structures of the FLiL

his paper, we investigate two different types of limiters which
re termed as the FLiLi limiter and the LIMIT limiter respectively
n order to study the compatibility with plasma and interaction
etween the flowing liquid Li limiter and plasma.

. HT-7 experiment

HT-7 was a middle size Tokamak with major radius R = 1.22 m
nd minor radius a = 0.27 m.  A toroidal limiter located at the bottom
f the vacuum chamber and a belt limiter installed on the high-
eld side had a total surface area of 1.28 m2. Both of them were Mo
aterials in the 2012 campaign.
During 2012 HT-7 campaign, more than 700 ohmic plasma dis-

harges were demonstrated with a discharge flattop in the range
f 0.5–2 s. Two different designs of flowing liquid Li limiters, FLiLi
imiter and LIMIT limiter, were tested in this campaign (see Fig. 1)
15]. The operation temperatures of both of the two limiters were
bove 300 ◦C. FLiLi limiters using a thin flowing film concept were
nstalled on the mid-plane of the high-field side. This kind of FLiLi
imiters had a special distributor with multiple channels to guide
he liquid lithium from the distributor to the SS guide plate sur-
ace according to the magnetohydrodynamic (MHD) effect of the
ressure drop when the liquid Li was moving across the channels

n a magnetic field. The pressure drop along the channels larger
han that inside the distributor box guaranteed a uniform sup-
ly from the channels to the guide surface. The minimal magnetic
eynolds and Hartmann numbers due to the designed velocity of
ow less than 1 cm/s and 0.1 mm flow thickness resulted in a negli-
ible interaction of the free surface flow with the magnetic field. For
T-7, the typical particle flux to FLiLi limiter surface is 3.3 × 1020/s
pproximately. Assuming Li absorbing capacity as 10% (atomic),
emoving the particle flux from limiter would require replenish-
ent of 3.3 × 1021/s atoms which is satisfied with the designed
elocity. The heat flux from the plasma can be effectively removed
sing the heat sink with an actively cooling system. Furthermore, a
elf-sacrificial liquid lithium surface can protect PFC from the dis-
uptions and ELMs due to its rapid evaporation. Such kind of FLiLi
er (a) and LIMIT limiter (b).

limiter was  experimentally demonstrated in HT-7, in which a uni-
form liquid Li film slowly crept along the guide surface driven by
Ar pressure.

The other flowing liquid Li limiter was  using the thermoelectric
magnetohydrodynamic (TEMHD) effect to drive the liquid Li flow in
a stainless tile with Li-metal infuse trenches (LIMIT). This LIMIT was
installed at the bottom of the vacuum chamber to face the heat flux
(>100 kW/m2) during the ohmic plasma discharges. A thermoelec-
tric device creates voltage when there is a different temperature on
liquid Li and SS tile. This thermoelectric voltage creates an electric
current, which has a component perpendicular to the SS surface of
limiter and drives the lithium flow by J × B force. The velocity of
liquid Li in the trench can be assessed as: ū =

(
P/B

)
×

(
dT/dz

)
×(

(H  ̨ − tan h (H˛)) / (H  ̨ + C tan h (H˛))
)

,, where P is the differ-
ence of the Seebeck coefficient between SS and Li, B is the magnetic
field intensity, dT/dz  is the gradient of temperature and H  ̨ is the
Hartmann number. Therefore, the average velocity of Li flow in HT-
7 is about 4.2 cm/s [16]. During the application of LIMIT in HT-7,
it was observed that the liquid Li flow near plasma touched area
had a velocity about 3.7 ± 0.5 cm/s along the trenches driven by
J × B force, which was approximately in accordance with the esti-
mations.

3. Surface control related to plasma performance

It has been reported that too much Li influx into the plasma
would radiate the power to the edge plasma from the core and
induce the thermal instability at the edge [17]. Mostly disruptions
follow the boundary MHD  instability which happens simulta-
neously with an increased Li emission. This is the critical disruption
point. The current from SOL and the induced current in liquid Li
have two components, which are normal and parallel to the lim-
iter surface. The J‖ × Bp force points to core plasma and induces the

Li ejection from the limiter surface, when the thinner Li film is in
favor of resisting electromagnetic forces. The current normal to the
limiter combined with the plasma wind drives the Li droplet mov-
ing along the poloidal + Ip direction. Liquid droplets ejection and
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magnetic forces, (a) FLiLi limiter and (b) LIMIT limiter.
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Fig. 2. Li droplet ejected from limiters by electro

onization in plasma are the main sources of Li emission. It was
oted that liquid Li can be ejected into plasma during the plasma
ischarges, especially during the plasma current ramp up phase and
hen disruption occurs. As shown in Fig. 2, it was observed that a

i droplet pulled out from a small area where concentrated Li was
ignificantly larger than elsewhere and accelerated by electromag-
etic forces. The initial movements of Li droplet emitting from FLiLi

imiter and LIMIT limiter were both along the direction of plasma.
t was encouraging to see that even there were a mass of liquid
ithium exposed on the plasma facing surface of LIMIT limiter, only
ne small droplet emitted from the LIMIT limiter. This showed that
he trenches on the LIMIT limiter can prevent concentrated Li from
njection due to J‖ × Bp force. For FLiLi limiter, the interesting thing

as that the plasma performance responded sensitively to differ-
nt temperatures of Li feeding pipe, in the case of an un-uniform
i flow on the limiter surface. As shown in Fig. 3, the disruption
lasma discharges only occurred when the temperature of feeding
ipe is above 180 ◦C which is the melting point of Li. Because when
he temperature of feeding pipe was below 180 ◦C, the supply of
i would be suppressed and even interrupted. So the amount of Li
jection from limiter surface was decreased, which resulted in nor-
al  plasma discharges. This phenomenon wasn’t observed in the
owing liquid Li limiter with a uniform Li flow. Too much Li ejec-
ion would disrupt the plasmas, and a uniform flow could resist Li
jection during plasma discharges, even during the plasma current
amp up phase and disruption.
Fig. 3. The influence of temperature on the plasma discharge condition.

The basic parameters of two  typical Ohmic shots were illus-
trated in Fig. 4, shot 117364 and 117365 with identical plasma

current Ip = 120 kA. During the Shot 117364, the temperature of
Li feeding pipe was  184 ◦C which is high enough for the liquid Li
to flow into the distributor box. With increasing LiI line emission,
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Fig. 4. Comparing between normal shot and disrupt shot.

Fig. 5. The picture of flowing liquid lithium limiter and trace of lithium emission after experiment.

Fig. 6. Evolution of total input D2 as a function of discharge number, (a) Mo limiter, (b) FLiLi limiter without Li coating, (c) FLiLi limiter with Li coating, (d) Li coating.
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ig. 7. Evolution of H/(H + D) ratio as a function of discharge number, (a) FLiLi limiter
ithout Li coating, (b) FLiLi limiter with Li coating, (c) Li coating.

he density of plasma was decreased due to the absorption capac-
ty of liquid Li. And it was  found that LiI line emission abruptly
rupted due to a large number of lithium ejection from FLiLi lim-
ter, when plasma density was slightly increased caused by fueling
f Li, and bremsstrahlung radiation was also increased quickly, and
lasma was disrupted due to the strong radiation level. The LiI line
mission saturated and maintained for about 0.04 s after disrup-
ion. These indicated that strong lithium emission led to plasma
isruption, and then plasma disruption would further enhance the

ithium emission from surface of FLiLi limiter. In contrast, the shot
17365 with the temperature of 177 ◦C on Li feed pipe showed a

ow LiI lime emission and a normal discharge.
After the HT-7 experiment, Lithium deposited on vessel wall
as oxidized to a stable compound (Li2CO3) after the vacuum vessel
as opened and exposed to air. As shown in Fig. 5, it was  found that
ost of the white lithium spots were distributed along poloidal + Ip

irection near to the two flowing liquid lithium limiters up to a

ig. 8. Evolution of retention ratio as a function of discharge number, (a) FLiLi limiter wit
IMIT  limiter.
Fig. 9. Evolution of H� and OII emission as a function of discharge number.

range of 1m.  The distribution of lithium spots also showed a lot of
liquid lithium droplets were ejected from limiter surface driven by
electromagnetic forces combine with the plasma wind.

4. H/H + D and retention

As it is shown in Fig. 6, before the application of FLiLi limiter,
the amount of input D2 was  about 3.5 × 1019 under the condition
of full Mo  limiter. Since the start to use the FLiLi limiter, the out
gas from the high temperature limiter and the absorbed fuel by the
lithium competed with each other and affected the total amount of
input. While using the FLiLi limiter without Li coating, the amount
of input D2 was  slightly increased. Because of strong absorption

ability by Li coating, it was  noted that more input D2 was needed to
guarantee the density of plasma when using the FLiLi limiter with
Li coating. After stop using the FLiLi limiter, the amount of input
D2 was slightly increased further due to the less out gas from the

hout Li coating, (b) FLiLi limiter with Li coating, (c) Li coating (d) Mo  limiter and (e)
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ig. 10. Comparison of two discharges, #117312 shot was  the Mo  limiter discharge a
ensity Ne , Li emission LI, core electronic temperature Te and soft X-ray emission in c
onfinement time.

imiter. These indicated that baking the limiter before the opera-
ion was necessary to avoid excess out gas from the flowing liquid
ithium limiter surface.

It was also found that H/(H + D) ratio was rapidly increased after
sing the limiter and gradually reduced according to the strong
umping ability of Li film. From Fig. 7, it appeared that out gas from
he limiter surface caused by heating lead the H/(H + D) ratio to rise
o nearly 0.8. Because the H2 was only released from walls while D2
as from fueling, H/(H + D) ratio ultimately reduced to ∼0.2 during

he using of FLiLi limiter which was close to 0.15 while using the
i coating. It indicated that using the flowing liquid Li limiter could
educe H/(H + D) ratio as well as Li coating which was good for ICRF
ith H minority heating mode.

Fuel retention is a critical issue in the selection of plasma fac-
ng materials (PFM) for future fusion device. In HT-7, gas balance

easurements of retention during the plasma discharges in Toka-
ak have been carried out. As it is shown in Fig. 8, it can be found

hat when FLiLi limiter was used without Li coating, out gas from
he limiter was extremely intensive and resulted in the negative
etention ratio. That is because the FLiLi limiter wasn’t preheated
efore the Li operation and sufficiently covered by liquid Li film.
ut retention ratio with the FLiLi limiter and Li coating showed

 better result that ∼20% retention ratio was obtained during the

lasma discharges. It might be due to that the Li film on the first
all by Li evaporation has an outstanding pumping ability. Besides,

 large area uniform Li film on the limiter can suppress out gas and
bsorb the fuel immediately. Without the influence of the out gas
117374 shot employed FLiLi limiter, (a) plasma current Ip , loop voltage Vloop, plasma
R, (b) profile of plasma density, (c) profile of electronic temperature and (d) energy

caused by heating the limiter, retention ratio was  obviously higher
than using limiters. In general, both flowing liquid Li limiter and Li
coating can absorb D2 efficiently; however, out gas from the limiter
surface has a large impact on it.

5. Impurities

As we know, Li is a very active element due to its excellent ability
in pumping H and absorbing O which can significantly reduce the
impurity level. Many fusion devices had observed that impurities
were suppressed by application of Li. The evolution of H  ̨ emission
and OII emission was shown in Fig. 9, and it can be noted that H˛
and OII emission was significantly reduced after starting operation
of the FLiLi limiter. For the self-refresh mode of FLiLi surface, it can
be expected that continuously pumping the impurities overcome
the limit of Li coating lifetime.

6. Confinement

From the decreased impurities level in plasma discussed before,
it can be expected an improved confinement according to reduced
bremsstrahlung of high Z impurities. Also by comparing the reten-
tion ratio in different situation, it was  found that retention ratio was

significantly increased when flowing liquid Li limiters were used.
This indicated the reduction of the recycling between plasma and
wall in the edge, which would lead to higher edge temperature.
Furthermore, a flattened temperature would lead to a decreased
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ig. 11. Comparison of two discharges, #117570 shot was  the Mo  limiter discharg
lasma  density Ne , core electronic temperature Te , XUV emission and soft X-ray em
emperature and (e) energy confinement time.

urbulence driven by temperature gradients. The application of
owing liquid Li limiter in HT-7 made a big improvement in con-

nement [18]. As shown in Fig. 10, no. 117312 shot was the Mo

imiter discharge and No. 117374 shot employed FLiLi limiter. The
wo examples were selected because they had identical plasma cur-
ent Ip = 110 kA and plasma density profile. The distinct Li emission

ig. 12. Comparison of two discharges, #117917 shot employed LIMIT limiter discharge a
e , Li emission LI, core electronic temperature Te and soft X-ray emission SXR.
r Li coating and # 117617 shot employed limiter, (a) plasma Ip , loop voltage Vloop,
SXR in core, (b) profile of plasma density, (c) profile of XUV  emission, (d) electronic

during the discharge with FLiLi limiter showed a strong interaction
between the limiter and the plasma. Compared with the discharge

with Mo  limiter, it was  found that loop voltage reduced from
∼3.3 V to ∼2.6 V and soft X-ray emission was  significantly reduced
while using the FLiLi limiter. Especially electron temperature in the
core plasma was  increased. The energy confinement time of two

nd # 118019 shot was the Mo  limiter, plasma Ip , loop voltage Vloop, plasma density
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ischarges was calculated according to �E = Win/Pin, where Win =
/2 ×

∫
Ne × (Te + Ti) dv is the stored energy and Pin = Ip × Vloop is

he input power [19]. It can be observed that the energy confine-
ent time increased from ∼0.025 s to 0.04 s with the FLiLi limiter.
As shown in Fig. 11, no. 117570 shot was the Mo  limiter dis-

harge after Li coating and No. 117374 shot employed Li limiter
fter Li coating. It was found that with identical plasma current

p = 145 kA and slightly decreased plasma density due to Li coating,
hen using the FLiLi limiter, loop voltage was reduced from ∼2.0 V

o ∼1.9 V. There was no significant change in electron tempera-
ure on the basis of Li coating. Also it was obvious that both XUV
mission and soft X-ray emission were reduced while using the Li
imiter. The XUV emission profile showed that the emission from
he core was significantly reduced, which indicates the improved
onfinement of the core plasma. On the other hand, the emission in
he edge didn’t change too much. This was good for the reduction of
he peak value of incoming flux to the first wall. It was also observed
hat the energy confinement time with Li coating is longer than the

o limiter without Li coating. The application of Li limiter after
i coating still made the energy confinement time increased form
0.03 s to ∼0.034 s. However, this was shorter than that only using

he Li limiter without Li coating. The reason of this was  not identi-
ed, it may  be due to that this discharge was beyond the effective

ifetime of lithium film.
As shown in Fig. 12, no. 117917 shot employed LIMIT limiter

nd No. 118019 shot was the Mo  limiter discharge. Both two  shots
ad the identical plasma current, plasma density and loop volt-
ge. During using of the LIMIT limiter, it was found the electronic
emperature in core increase and the soft X-ray emission in core
ecreased. Those also supported that employing LIMIT limiter in
okamak can improve the confinement of plasma.

. Summary

Two different designs of flowing liquid Li limiter were experi-
ental tested in HT-7. During the campaign, compatibility between

he flowing liquid Li limiter and Tokamak had been successfully
emonstrated. Besides, some dramatic results were achieved. It
as found that H concentration was effectively suppressed as well

s O impurity by using the flowing liquid Li limiter. It’s also observed
 significant increase of wall retention ratio and reduction of
/(H + D) ratio which resulted from the outstanding pumping abil-

ty of flowing liquid lithium limiters. Ejection of lithium caused by
trong J × B force had been restrained by uniform Li flow film. While
sing the limiters with a uniform Li flow, the normal plasma dis-
harges were easy to obtain. Furthermore, increase of core electron
emperature and reduction of soft X-ray emission was  achieved
hile using the flowing liquid Li limiter. Energy confinement time
as increased from ∼0.025 s to 0.04 s. It was worth to emphasize

hat the application of flowing liquid lithium limiters could further

mprove the confinement of plasma ∼10% on the basis of Li coat-
ng. Recently, a new flowing liquid lithium limiter system which

as guided by those remarkable results in HT-7 had been prepared
o be tested in EAST.
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