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ARTICLE INFO ABSTRACT

PACS: Liquid metals have been pointed out as a suitable solution to solve problems related to the use of solid

52.55.F walls submitted to high power loads allowing, simultaneously, an efficient heat exhaustion process from

;;‘5‘2? fusion devices. The most promising candidate materials are lithium and gallium. However, lithium has a
.52.Fa

short liquid state temperature range when compared with gallium. To explore further this property, IST-

TOK tokamak is being used to test the interaction of a free flying liquid gallium jet with the plasma. IST-
TOK has been successfully operated with this jet without noticeable discharge degradation and no severe
effect on the main plasma parameters or a significant plasma contamination by liquid metal. Additionally
the response of an infrared sensor, intended to measure the jet surface temperature increase during its
interaction with the plasma, has been studied. The jet power extraction capability is extrapolated from
the heat flux profiles measured in ISTTOK plasmas.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The materials currently used in large size fusion devices are sub-
mitted to very high thermal loads (up to the GW/m? during off-nor-
mal events). Due to the high erosion levels and thermal stress
produced by such power loads, the plasma facing components are
likely to require frequent replacement. This question has recently
boosted the interest in the research of liquid metals which could
be successfully used to overcome these problems. The possibility
to perform a permanent renewal of liquid surfaces has been pointed
out as one adequate solution for both the protection of solid walls
and an efficient power exhaust process from fusion plasmas [1].
Among a set of several liquid metals, lithium has shown the best
compatibility with fusion plasmas (due to its low Z) as well as a
remarkable hydrogen retention properties which allow a low recy-
cling operation with the corresponding enhancement in plasma per-
formance [2-4]. However, lithium remains in liquid state in a
shorter temperature range than gallium which has essentially better
thermal properties and lower vapor pressures (gallium reaches a
104 mbar vapor pressure at 890 °C, while the same value is
achieved by lithium at 400 °C [5]). To explore further these proper-
ties, ISTTOK, a tokamak with main parameters: R=0.46 m,
a=0.085m, Br=045T, n.(0)=5x10"¥m™3 T(0)=150¢eV,
Ip ~ 6 kA an Vigop ~ 3V, is being used to study the interaction of free
flying, fully formed liquid gallium jets with the plasma. The main
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motivation for this work is based on the rather scarce number of
studies on gallium interaction with tokamak plasmas. The only
known other experiment was performed in T3-M device using a li-
quid metal droplet curtain as a limiter [6]. This paper presents some
of the results obtained in ISTTOK, as well as the evaluation of the jet
surface temperature increase expected for this interaction.

2. Experimental setup

A detailed description of the liquid metal loop installed on IST-
TOK to inject gallium at the plasma edge has been done in [7]. Fig. 1
shows details of the implemented setup in the vicinity of the plas-
ma-jet interaction region. The jets are generated by hydrostatic
pressure, have a 2.3 mm diameter and a 2.5 m/s flow velocity.
The liquid metal injector has been built from a 4" stainless steel
pipe reduced to a suitable shaping nozzle and allows the position-
ing of the jet inside the tokamak chamber, within a 13 mm range
(59 <r<72 mm). The pressure required to generate a stable, verti-
cal jet is generated by a 1.3 m height liquid metal column. The set-
up parameters have been chosen to ensure a 13 cm break-up-
length (continuous part of the jet, before its spontaneous decom-
position into droplets, due to Rayleigh instability). A detailed char-
acterization of the produced jets is presented in [8].

3. Influence of a gallium jet on ISTTOK plasmas

One of the objectives of this work was to assess the feasibility of
tokamak discharges interacting with gallium jets and studying
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Fig. 1. Schematic cross-section of the implemented setup in the vicinity of the
plasma-jet interaction region.

their influence on the plasma parameters. ISTTOK tokamak is
equipped with one fully poloidal graphite limiter (FPL) placed at
r=_85 mm radius which acts as the main limiting surface during
the operation with the gallium jet. A comparison of the main plas-
ma parameters (Vioop, Ip, Tle), for consecutive discharges, with and
without liquid metal jets in the chamber has been performed with
injection at several radial positions (r = 60, 65 and 70 mm). Typical
results, including the radiated power in the UV and visible range,
are shown in Fig. 2, for an injection position of r=65 mm. In this
figure radiation losses data was measured by silicon p-n bolome-
ters (IRD Inc. AXUV100 bolometer, integrating light from 1 to
100 nm for UV band, and IRD Inc. UVG100 for the 300 to 900 nm
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Fig. 2. Main plasma parameters and radiated power for discharges with and
without gallium in the chamber.

range for visible) oriented along a vertical viewing cord looking to-
wards the chamber center and located at a toroidal angle of ¢
= ¢jer + 195°. Those measurements clearly show that there are no
significant changes in the discharge parameters, particularly in
the radiated power demonstrating only a weak interaction be-
tween plasma and gallium. The good reproducibility observed from
discharge to discharge does not seem to indicate a significant in-
crease in the plasma impurity content or a contamination of the
ISTTOK chamber. No evidences of disruption induced by liquid me-
tal had been noticed during the experiments even in the presence
of macroscopic size (~1 mm radius) gallium droplet in the dis-
charge [9].

In spite of these observations, the release of gallium due to the
plasma-liquid metal jet interaction has been clearly identified
looking at the plasma emission in the spectral region close to a
characteristic wavelength of that element (Fig. 3). This spectrum
was obtained using a %> m imaging spectrograph. The collection
optics for this diagnostic was based on a single lens objective that
focused radiation into a multichannel fiber input and emitted from
aregion (~5 x 1 cm? effective area) of the poloidal plane where the
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Fig. 3. Plasma emission spectrum around 420 nm.

gallium injection was performed. In this measurement the obser-
vation was done along a viewing line tangent to the plasma, in
the equatorial plane and directed towards the jet position. This
diagnostic was able to provide additional information on the gal-
lium and gallium ion species spatial distribution inside the plasma
[7]. Fig. 3 shows that the presence of the jet in the chamber gener-
ates a pronounced increase in the spectral line emission. This in-
crease is obviously due to the penetration of gallium in the
plasma that is rapidly ionized, close to the jet surface, to higher
ionization stages (Ga, Ga* and Ga®' ionization potentials are
respectively: 6.0, 20.5 and 30.7 eV). The attempts to acquire spec-
tra like the one shown in Fig. 3, from a viewing window located at
¢ = ¢jer + 135° have proven themselves to be unfruitful since the
intensity of gallium (either neutral or ionized) lines were lower
than the sensor detection limit. In any case the obtained results
seem to indicate that the influence of the liquid metal jet on the
plasma appears to be only a local perturbation since it is only ob-
servable at the jet position without any strong signals of plasma
performance deterioration. The main reason for this observation
is thought to be related to a reduced amount of gallium being re-
leased from the jet surface, either by evaporation or sputtering,
during the plasma-jet interaction in ISTTOK, when compared to
other impurity sources. This is indeed confirmed by the fact that
there is no significant increase in the radiated power in UV band
when the highest intensity gallium ions line emission occurs in this
spectral region [10].

4. Gallium jet surface temperature increase analysis
4.1. Evaluation of the gallium jet surface temperature increase

The release of gallium from the jet surface can be due to both
particle sputtering and evaporation. The jet is heated during its
exposure to plasma and this increase in temperature is the main
aspect that influences the evaporation rate. The temperature rise
in a planar surface submitted to a power flux density q(t) can be
written using the well-known expression [11]:

1 /‘f qit-t)
VrpGx Jo VP

where Cp is the material specific heat, p its density and « its thermal
conductivity. This equation is valid provided the heated object thick-
ness is greater than the thermal penetration depth Jgin=
/(Ktheat/ pCp) Where thes is the heat deposition time. This condition
is verified in our case since for a gallium jet in a 30 ms discharge,
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Fig. 4. (a) Measured plasma heat flux profile in a 9 kW ISTTOK discharge and (b)
calculated temperature increase on the jet's surface, for several flow velocities, in a
16 kW discharge.

dskin = 0.64 mm (<rjec = 1.15 mm), assuming that pc, = 6095 kg/m?,
Kca=31.7W/m K and Cpg, = 380 ]/kg K. It is possible to obtain the
expected temperature increase of the gallium jet surface, while pass-
ing through the chamber, provided the heat fluxes along its path are
known. These parameters have been measured, in ISTTOK using a
copper probe [7]. The heat flux profile shown in Fig. 4(a) was ob-
tained for 9 kW power input ohmic discharges. It is possible to inte-
grate Eq. (1) using the best fit function indicated in this figure and
performing the variable transformation: r — /(2 + 0.06%) —
V(20 + vjert)® + 0.06%), where z is a coordinate along the jet, zo the
position of an element of fluid, at t = 0's, and it is assumed that the
injector is at a r = 60 mm. Since ISTTOK discharge is short duration
the effect of the gravity acceleration has a small contribution to
the change in the position of a gallium element of volume present
in the chamber and, for simplicity, has been disregarded. The results
of these calculations for 16 kW discharges and several flow veloci-
ties are presented in Fig. 4(b). It is seen from this figure that the max-
imum expected temperature increase on the jet surface, in ISTTOK
experiment, is about 98 °C. Since at the input the liquid metal is at
75 °C, the maximum temperature it could reach would be 173 °C,
for which gallium still has a low vapor pressure (~10~22 mbar!). It
is also important to stress the behavior of the jet temperature as
the flow velocity changes: as expected there is a clear decrease on
the liquid metal surface temperature when velocity increases.

4.2. Gallium droplets surface temperature monitoring by infrared
sensor

The emission of infrared radiation has been successfully used to
measure the temperature of liquid lithium surfaces in FTU tokamak
[12]. A HgCdTe infrared sensor, with a 6.7 um cutoff wavelength, is
being used in ISTTOK to monitor the radiation emitted by gallium
droplets, after liquid metal interaction with the plasma, aiming
at studying the power exhaustion capability of such thin jets.
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Fig. 5. Signal from the infrared sensor with and without plasma.

Measurements are performed at the viewing window schemati-
cally represented on the lower part of Fig. 1. The observation direc-
tion is perpendicular to the poloidal plane (in fact perpendicular to
the direction represented in Fig. 1). At that distance from the
chamber (~48 cm from the equatorial plane) the gallium jet is al-
ready in droplet form and has reached thermal equilibrium since
heat propagates about 3 mm (> droplet radius) before reaching
that viewing cord. As such, the average power extracted by the gal-
lium jet can be deduced from the specific heat definition by:

q = mCpca AT 2)

where @ is the average input power, m is the liquid metal mass flow
rate and AT is the temperature rise, which is intended to be measured
in this experiment. A germanium meniscus lens, with broadband
antireflection coating, 25.4 mm focal length and 24 mm diameter
was used to focus the radiation emitted by gallium droplets on a
1 mm core diameter silver halide optical fiber which, in turn, trans-
mits the radiation to the cryogenically cooled (78 K) sensor.
Measurements with the mentioned device have provided the
results shown in Fig. 5. These were obtained, with the collection
lens 85 mm away from the droplets position. Each one of the spikes
shown in the curves of Fig. 5 corresponds to single droplets. The
gray curve in Fig. 5 is a reference shot (no gas) showing the droplet
behavior without plasma. This has been obtained with gallium
injector at r=68 mm. This shows that there is a small tilt in the
injector direction since it should be centered at r = 60 mm (None-
theless it should be stressed that this corresponds to an angular
shift less than 0.9°). Another important outcome of the measure-
ments, obtained from the analysis of Fig. 5, is that the jet suffers
a small (<10 mm) radial displacement due to the influence of the
plasma. This is noticed since the droplets are not observed prior
to the shot (black curve in Fig. 5, injector at r=60 mm) and they
appear in the collection optics FOV during the discharge time (with
the corresponding delay). Previously acquired movies of the jet in-
side the chamber, during its interaction with the plasma, have not
put this fact in evidence since at this location the shift is too small
to be clearly identified. The observed increase in the signal ampli-
tude, when compared to the shot without plasma, could only be re-
lated to an increase in the gallium jet temperature. It is not

possible to provide a value for this parameter since its measure-
ment requires a calibration procedure of the detector which is un-
der development. But it is worthy to mention that for both curves,
in Fig. 5, gallium at the injector output was at a temperature close
to 75 °C. Unfortunately the sensor response is not linear [12] and
this value is not enough to obtain the droplets temperature in-
crease due to the plasma interaction. The low signal amplitude ob-
tained for the data presented in Fig. 5 (a few mV) is related to two
factors: (1) the low voltage output of the infrared sensor was con-
nected directly to the tokamak data acquisition system, without
being amplified and (2) the sensor response was not the most rec-
ommended for the temperature range under consideration. A new
three-channel infrared sensor is planned for future measurements,
using a more sensitive detector (suitable for lower temperature
values, cutoff wavelength of 9 um) and higher spatial resolution
which will allow following the motion of the gallium droplets
along the referred radial displacement.

5. Summary

The interaction of the liquid gallium jet with ISTTOK plasmas
has no significant effect on the discharge behavior and no severe
effects on the main plasma parameters. The time evolution of vis-
ible radiation from gallium characteristic spectral lines close to the
jet and at one toroidally symmetric position shows that plasma-li-
quid metal interaction has only a local effect. This work proved the
technical feasibility of gallium jets interacting with plasmas.
Although the expected temperature increase of the jet surface
had been estimated, the experimental measurements still require
an ongoing calibration procedure to provide further insight in the
jet power exhaustion capability.
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