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a  b  s  t  r  a  c  t

The  high  power  loads  impinging  on  the  first  wall  and  particularly  the  divertor  of  fusion  reactors  is  a  deci-
sive  factor  to  the  success  of  nuclear  fusion.  An alternative  to solid  plasma  facing  components  is  the  use
of liquid  metals  such  as lithium  or tin  due to the  regenerative  properties  of the liquid surface.  Another
suitable  candidate  is the  eutectic  lithium  tin  alloy  (30  at.%  Li)  which  is  suggested  to  display  beneficial
properties  of both  its constituent  elements.  The  application  of these  materials  as  liquid  metal  plasma
facing  components  depends  on several  factors  such  as their affinity  to retain  hydrogenic  isotopes  and
the  discharge  performance  degradation  induced  by  the  enhanced  impurity  contamination,  among  oth-
ers.  An  experimental  setup  has  been  developed  to produce  and expose  samples  to  ISTTOK  plasmas  on
both  liquid  and  solid  states.  Samples  of Li-Sn  alloy  were  exposed  at ISTTOK  to deuterium  plasmas.  Post-
mortem  analysis  of the samples  was  performed  by means  of  ion beam  diagnostics.  To quantify  the  fuel
retention  on  the samples  the nuclear  reaction  analysis  (NRA)  technique  was applied.  Complementary,
euterium retention
okamak ISTTOK

Rutherford  backscattering  spectrometry  (RBS)  was  used  for  determination  material  composition,  partic-
ularly of  impurities,  on the  samples.  Regardless  of  the high  sensitivity  of  these  techniques  no deuterium
was  detected  in the  samples.  Emission  of the Li-I  670.7  nm  line indicates  that  there  was  interaction  of
the  plasma  with  the  samples.  Alternative  reasons  for the  low  retention  of  this  material  are  discussed.
Lithium  segregation  to the  surface  of  the  sample  was  observed.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

One of the unsolved issues in nuclear fusion is related to the
igh power loads impinging on the first wall particularly on the
ivertor region of the reactor. Using liquid metals, such as lithium,
allium or tin as plasma-facing material has been pointed out as
ossible alternative to the solid walls option due to the regener-
tive properties of the liquid surface. However, the use of these
aterials in fusion reactors depends on the discharge performance

egradation induced by the enhanced impurity contamination and
n their affinity to retain hydrogenic isotopes, among other factors.

Extensive work on lithium exists in the literature [1–3] and it
as been claimed that the maximum wall temperature is limited
y its high evaporation rate. Less is known for gallium and tin how-

ver some studies on gallium’s behavior under tokamak conditions
ere made previously at ISTTOK [4,5] and work is currently being

∗ Corresponding author.
E-mail address: jpsloureiro@ipfn.tecnico.ulisboa.pt (J.P.S. Loureiro).

ttp://dx.doi.org/10.1016/j.fusengdes.2016.12.031
920-3796/© 2016 Elsevier B.V. All rights reserved.
performed on tin. Nonetheless, the high atomic number of these
two materials, particularly for tin, is seen as a disadvantage.

Alternatively, the combination of tin and lithium in an alloy (Sn
with 20–30 at.% Li) displays beneficial properties, which also qualify
it as a suitable candidate. The evaporation rate of this material is
at least three orders of magnitude lower than that of pure lithium
while keeping an effective charge similar to lithium’s [6].

The aim of this work was to evaluate the deuterium content in
the alloy samples (both solid and liquid) for different total inte-
grated exposure times. For this the samples were irradiated under
several half second AC discharges within ISTTOK edge plasma. To
that purpose an experimental setup was developed to monitor the
samples production. Similar plasma conditions and fixed radial
positions were used for each individual irradiations. Deuterium
retention measurements were achieved by means of ion beam anal-
ysis.
2. Experimental setup

For the purpose of exposing the liquid metal samples two dif-
ferent setups were developed: (i) a positioning and conditioning

dx.doi.org/10.1016/j.fusengdes.2016.12.031
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2016.12.031&domain=pdf
mailto:jpsloureiro@ipfn.tecnico.ulisboa.pt
dx.doi.org/10.1016/j.fusengdes.2016.12.031
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Fig. 1. Sample positioning and conditioning system coupled to the ISTTOK vessel.
J.P.S. Loureiro et al. / Fusion Engin

ystem and (ii) a controlled preparation chamber for the samples.
hese two are built upon the previous systems described in earlier
ork with gallium [5].

.1. Sample preparation

The Li-Sn alloy used in this work was produced by alloying pure
i and Sn metals under vacuum at the Nuclear Radiations Labo-
atory at the U. Illinois Urbana. Its composition was chosen to be
0 at.% of lithium and 70 at.% tin (Li30Sn70).

The preparation chamber, is used to monitor each sample’s first
usion under UHV conditions similar to those in the tokamak ves-
el. A method was developed to prepare the samples in which the
amples are loaded inside this chamber using the same holding cup
s the one that will be later introduced in the tokamak. Then the
urrent on the heater is raised until the surface temperature of the
ample is above its melting point at which point it is kept constant
ntil the sample is uniformly melted and the pressure becomes sta-
le. During this stage it is common to observe a migration of most

mpurities (namely oxides) to the liquid metal surface. In these sit-
ations the chamber’s horizontal manipulator is used to wipe out
he surface. Since there is no capillary porous system keeping the
iquid metal in the holder it is important to assure a good wetting
n the holder’s cup. Since tin is commonly used as a welding mate-
ial its wetability is naturally assured. However it is still necessary
o have the stainless steel substrate cleaned in hydrochloric acid
ollowed by an ultrasonic bath. After this preparation the samples
nd the bottom part of the manipulator are quickly transferred to
he tokamak.

Once the sample holder is installed in the tokamak vessel and
roperly degassed, it is raised to its final exposure position and
eheated. The surface temperature of the samples was monitored
sing a pyrometer (optris CTlaser 3ML) focused on the sample from
he top connector of the port. Restricted due to the limited access
o the bottom of the tokamak the same two stage system imple-

ented previously in [5] was used. The positioning system consists
f a set of bellows whose compression is imposed via the manual
astening of a threaded shaft thus allowing for vertical motion. The
pper bellow is used for coarse positioning of the sample beyond
he vessel limits while the bottom allows a fine adjustment. A
ross-section of this system is depicted in Fig. 1 attached to the toka-
ak  vessel. A gate valve is placed between the tokamak chamber

nd positioning system to allow vacuum separation of the regions.
long this system is a structural rod where the sample holder is fix-
ted and to which additional wires can be attached to carry current
o the sample holder. The sample holder is made of a bulk piece
f boron nitride with a threaded nichorome filament that serves
s heating element. Around this there is an electrically isolated
tainless steel shield which protects the filament and on top is a
ubstrate cup which holds the sample material.

.2. Sample exposure in ISTTOK

The tokamak ISTTOK is a high aspect ratio device with a circu-
ar cross-section whose main parameters are: R = 46 cm,  a = 8.5 cm,
T = 0.5 T, Ip = 5 kA. In the recent years ISTTOK has been operated in
C-mode [7] which consists of several alternated pulses per dis-
harge. This operation extended the discharge time to the range of
econds due to improvements in the real-time control system [8,9]
hich in turn allows for a quicker production of samples. The typi-

al parameters for ISTTOK’s edge plasmas are: electron and ion, Te∼
i = 30–40 eV, electron density, ne = 0.5–3 × 1018 m−3, particle flux

D+ = 1–7 × 1022/m2s and discharge duration of 250 ms  (each shot
onsists of ten alternating pulses with a duration of ∼25 ms).

All the liquid metal samples were exposed at a normalized radial
osition of r/a = 0.8, heated above their respective melting points
Fig. 2. Tin sample in its holder after exposure to ISTTOK plasmas.

and irradiated in the liquid state under deuterium plasmas. Another
sample was positioned at the same equivalent position in the solid
state allowing for a comparison between induced effects caused

by solid and liquid exposures. After being exposed to the plasma
the samples were allowed to solidify and then removed from the
tokamak to open air conditions.
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Fig. 3. Nuclear reaction analysis spectrum of the pure tin sample.

Samples were analyzed less than 48 h after the last irradiation
ischarge at the Laboratory of Accelerators and Radiation Technolo-
ies (LATR) using two different ion beam techniques. Carbon (C),
xygen (O) and tin (Sn) depth profiles were evaluated by Ruther-
ord Backscattering (RBS) by using 2.2 MeV  incident H+ ion beams,
eing the RBS detector located at a scattering angle of 165◦, while
he quantification of deuterium (D) and lithium (Li) was performed
ia Nuclear Reaction Analysis (NRA) making use of 2.2 MeV 3He+

eams and of a scattering angle of 140◦. At this time, a Mylar foil
ith a thickness of 700 �m was placed in front of the NRA detector

n order to decelerate the protons emitted from the D(3He,p)4He,
Li(3He,p)9Be, 6Li(3He,p)8Be nuclear reactions. Data analysis was
arried out with the IBA Data-Furnace (NDF) code [10,11].

. Results and discussion

The NRA spectra and the corresponding best fit lines for all the
amples are shown in Figs. 3 and 4. One of the main advantages hav-
ng exposed the samples to deuterium plasmas is that its occurrence
n the atmosphere is small and therefore any detected quantity can
e related directly to this exposure. Deuterium is clearly visible in
he pure tin sample however the same cannot be seen in the Li-
n alloy samples. Using the cross-sectional data for the interaction
f a 3He beam with 1.2 MeV  energy with a deuterium target it is
ossible to recover the absolute quantity of deuterium retained in
he sample without the need to use a reference sample. The ion

ux at the edge is taken to be 4 × 1022 ion/m2s at equivalent radial
osition r/a = 0.8 where all the samples were tested. This flux is
etermined by averaging the appropriate Langmuir probe signals

ig. 4. Nuclear reaction analysis spectrum of the Li-Sn alloy sample. The NRA spec-
rum is shown for two different positions and the fit for one of them is shown.
 and Design 117 (2017) 208–211

during this discharges, which were kept at the same radial posi-
tion as the samples. Thus the retained fraction can be defined as
Dretained/Dincident. Since ISTTOK plasmas are switched there is also
an additional flux of neutral atoms which is not accounted for in
our balance. This would further reduce the presented values.

A liquid tin sample was exposed for a total integrated expo-
sure time of 3 s. A total amount of deuterium of 8.2 × 1019 at/m2

was found retained in the sample, which corresponds to a retained
fraction of 0.068 at.%, as seen in Fig. 3. This sample is shown here for
comparison purpose with the following samples. The liquid Li-Sn
alloy samples were exposed under the same conditions for inte-
grated exposure times of 3, 4 and 5 s. Most of the obtained spectra
have a small NRA yield in the deuterium reaction meaning that
only an insignificant amount is retained in the samples. In Fig. 4
the region where this peak should be is denoted.

One of the speculated behaviors for this alloy is that lithium
should play a preferential role in the interaction with the plasma.
Both the NRA and RBS measurements preformed on these sam-
ples support this hypothesis in complementary ways by exhibiting
the lithium segregation to the surface of the sample. Both diag-
nostics are susceptible to a very thin layer of the sample with
roughly 3 micrometers. A comparison of the spectrum from a vir-
gin alloy sample and one that was exposed to the plasmas show
that the intensity of the NRA yield increases by a factor of roughly
1.3 in the region corresponding to the lithium peaks (7Li(3He,p)9Be,
6Li(3He,p)8Be). This difference is due to absence of stirring in the
samples (particularly during solidification) and not due to the irra-
diation itself. Interestingly the comparison of this two  spectra, as
shown in Fig. 5, clearly denotes a presence of additional residual
counts in the deuterium region for the irradiated sample. Comple-
mentary,the RBS spectra in the thin film approximation exhibits
a layer mostly composed of lithium with some common contami-
nants present, such as carbon and oxygen, while the tin barrier is
much shifted to the lower energies as shown in Fig. 6. Again this
suggests an enrichment of the outer layers with lithium.

The absence of deuterium in the Li-Sn samples was  an unex-
pected result particularly when compared with the result obtained
for pure Sn presented here and pure Li [12]. The emission line of
Li-I at 670.7 nm was  compared with the intensity of the D˛. This
observation was made using a tangential port of the tokamak that
points toward the location of the sample. The ratio between the
total integrated intensity of the two  lines (ILi/ID˛ ) was observed
to be consistent from shot to shot basis and mostly a function

of the depth of the sample. Those ratios are approximately 10%
for r/a = 0.88 and 25% for r/a = 0.76 whereas no Li emission was
observed with the sample removed. Furthermore an additional
increase on the surface temperature of the sample (as recorded by

Fig. 5. Nuclear reaction analysis spectra comparison of a virgin Li-Sn alloy sample
and  an irradiated one.
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Fig. 6. Rutherford backscattering spectrum of the Li-Sn alloy sample.

he pyrometer) during the shot was observed in the range of some
ens of degrees. These two evidences lead to the conclusion that
here was an interaction between the plasmas and the samples
nd that they were irradiated. However the absence of deuterium
etention for the Li-Sn alloy might be explained by other reasons.
he heating capabilities of the sample holder were limited and
he occurrence of several phases in the alloy, created an irregular
urface on top of the meniscus. It is therefore possible that this
ugosity lead to a preferential plasma interaction region and conse-
uently a non-uniform deposition of the deuterium. Alternatively

t is possible that the sample was contaminated during transport in
tmospheric conditions. In pure lithium samples hydrogen is often
etained in the form of lithium hydride [13] which reacts violently
ith air leading to quick loss of all retained material. Further inves-

igation in the retention mechanism in the alloy must be made and
omplementary in situ measurements of retained material must be
ade to access the impact of the sample exposure during transport.

. Summary

The experimental setup and relative experimental procedure
or the exposure of tin and lithium-tin alloy samples is described in
he present work. Samples of these liquid metals were exposed at
STTOK to deuterium plasmas for several different total integrated
xposure times (�D+ = 1–7 × 1022/m2s; Ti = 30–40 eV). The pure tin
ample and three lithium-tin samples were irradiated in liquid state
at 250 ◦C for the pure tin and 385 ◦C for the alloy). The observation
f deuterium retention on the samples was tested with nuclear
eaction analysis (NRA) technique. The only case were retention
ould be quantified was in the pure tin sample. There was  no occur-
ence of deuterium in the lithium-tin samples, however the absence
f deuterium might be explained by reasons other than the low
etention of the material, such as: the uniformity of the sample
ample surface leading to preferential retention zones or the con-
amination of the samples during transport to be analyzed. Another
ubject that was investigated was the segregation of Li under liq-
id phase of the alloy samples. To such end a comparison was made
sing an irradiated sample and a virgin sample. These two  samples
ere compared using both nuclear reaction analysis and Ruther-

ord backscattering which provides complementary information.
he intensity of the Li peaks in the NRA spectrum doubles from the
irgin to the exposed sample while the RBS spectrum shows a tin
arrier that is much deeper than the surface of the sample.
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