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Wall Conditioning with Lithium Evaporation
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464-01, Japan
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Abstract

Thin lithium layers of 8-300 nm in thickness are deposited on metal or graphite
walls by evaporation in vacuum. Clean lithium surfaces have wide chemical activities
on such gases as O,, CO and CH,. In particular, a strong gettering effect on oxygen is
observed ; the maximum number of O atoms gettered by the lithium layer is about one
half the total number of Li atoms deposited on the wall, thus suggesting the formation
of Li,0. On the other hand, H, gas hardly reacts with the lithium surface whiéh,
however, displays a large pumping effect in a hydrogen glow discharge. The maximum
number of H atoms pumped by the lithium layer below 180°C is approximately equal
to the number of Li atoms in the vessel, probably due to the formation of LiH. Helium
glow conditioning of the used lithium layer makes possible the partial recovery of
lithium from losses to hydrogen pumping or oxygen gettering. This lithium evaporation
method has been applied to the tokamak device JIPP T-IIU. 100-250 mg of solid
lithium was deposited onto a limited vessel area of ~ 1 m”. The lithium coating leads

to 20-50 % reduction in oxygen and carbon impurities with less hydrogen recycling in

ohmic and NBI discharges.
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1. Introduction

The use of lithium and its compounds has been proposed and developed in a
wide variety of fields in nuclear fusion studies. First, much work has been. done on
tritium breeding materials. Second, many applications to diagnostics involve lithium
beam probes for boundary layer diagnostics and lithium pellet injection for particle
transport diagnostics as well as alpha (o) particle diagnostics. Third, the use of a
dilute alloy of lithium in copper [1] or aluminum [2] has been proposed as a first-wall
material. Fourth, an innovative divertor using liquid lithium flow has been examined
[3].

Recently, in situ coating of thin lithium layers with a vacuum evaporation
method has been performed in a small laboratory device to demonstrate a new possibility
for wall conditioning [4]. The interaction of hydrogen plasmas with lithium walls
showed a large capacity of hydrogen uptake in the lithium layer and the localization
of sputtered or vaporized lithium atoms near the lithium wall. Subsequently, wall
conditioning with lithium pellet injection was developed in TFTR. This new technique
led to reduction of carbon impurities and 15-20 % improvements in supershot plasma
performance. Based on the experience in TFTR, the size and velocity of a lithium
pellet for application to helical devices have been estimated [6]. However, the underlying
mechanisms for the effects of lithium-based conditioning have not been fully understood.

In this paper, we present basic laboratory experiments on wall cohditioning
with lithium evaporation to make its effects clear. Strong chemical activities of lithium
surfaces on various impurity gases and. its interactions with hydrogen and helium

glow plasmas are reported along with an application of lithium coating to JIPP T-IIU

tokamak plasmas.

2. Experimental
The basic experiment was performed in the small laboratory apparatus shown

in Fig. 1. The outer stainless steel vessel .of 0.3 m diam: and 0.6 m length is evacuated
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with a turbomolecular pump. The wall temperature of the inner stainless steel vessel
0.27 m in diam. and 0.45 m in length, is adjusted by a resistive heater system to be at
a constant value in the range 30 to 400 °C. Unless stated, the wall is not heatéd and is
at room temperature.

A small stainless steel oven (~ 2 cm’) is placed 5 cm above the bottom (z=0)
of inner vessel, as shown in Fig. 1. A few blocks of solid lithium (99.9 % purity),
typically 0.3 g, are put in the oven under nitrogen gas flow to prevent the lithium
surface from oxidation. The oven is heated to 400-600 °C in vacuum, either with dc
resistive heating of a tungsten spiral wire or with rf inductive heating (13.56 MHz,
100-200 W). A deposition monitor based on quartz crystal oscillation enables us to
measure in situ the deposition rate and the deposited amount of lithium. The deposition
rate measured as a function of the oven temperature T (K), was proportional to the

saturated vapor pressure pg,, (Pa) of lithium given by Clapeyron-Clausius's equation,
log,oP.=9.7641 - 8502.7/T - 1.174 log,,T . (D

This means the evaporation rate Q,, (kg m's™), i.e., the mass evaporated per unit area

and time is given by
Q. =4.37x 10° po M/T)', )

where M=6.941 is the atomic weight of lithium.

To measure the spatial distribution of the lithium layer thickness, many small
silicon substrates were placed axially along the sidé wall and radially on the top plate
of the inner vessel. After lithium evaporation, the substrates were taken out to measure
the film thickness. The result showed that the deposition profile in the region far from
the lithium source is well described by the Knudsen's cosine law with the surface

sticking probability ~1 : the thickness d =< | n » r /" | cos, where n is the unit
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vector normal to the surface and z=rcosf, as shown in Fig. 1. Thus, the lithium
evaporation gives rather nonuniform deposition; in particular, almost no lithium is on
the bottom plate (z=0). Here, we introduce the average thickness as E=[Li]/pA, where
[Li] is the total weight of the lithium deposited in the vessel, p=0.534 g/cm3 is the
lithium mass density, and A=0.43 m” is the effective deposition area excluding the

bottom plate.

3. Exposure to gases and the gettering effects

As 1s well known, solid lithium reacts with- water vapor. Besides H,O, there are
various residual gases such as O,, CO and CH, which have been regarded as impurity
sources in fusion devices. To evaluate the chemical activities of clean lithium surfaces,
these gases were separatély fed into the vessel at a constant flow rate of 3 sccm
(standard cm’/min), immediately after lithium evaporation. Without lithium deposition,
the pressure increases stepwise up to a steady value depending on the molecular
weight of the gas, as indicated by the dashed lines in Fig. 2. After lithium deposition,
however, the gettering effect is clearly observed except for the case of hydrogen, as
indicated by the solid lines. For example, the rise in CO pressure is completely
| suppressed at t < 7 sec, folloWed by a slow increase up to ~ 8 min. In the case of
oxygen, the delay time for the pressure rise is extended to 4 min and decreases with
the total weight of the deposited lithium [Li], as seen in Fig. 2(b).

Introducing an effective pumping term in the particle balance equation, we can
calculate the total amount of oxygen atoms gettered by the lithium layer [O], from the

time integration of the measured pressure p(t) as

o

[O]=a{Qof (1-p/po)dt-Vpg} (3)

0

where O is a proportional constant, Q, = 3 sccm is the gas flow rate, p, = 0.64 Pa is

the pressure in steady state and V = 0.043 m’ is the vessel volume. The oxygen
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sorption [O] calculated in this way is plotted, using a unit of mol, as a function of the
evaporated lithium [Li] in Fig. 3, where the scales for the oxygen areal density and the
average thicknesé d of lithium layer are also indicated for convenience. |
Roughly speaking, a lithium layer of d=100 nm corresponds to ~ 500 atomic
layers, and the areal density for momolayer oxidation is ~ 10" atoms/m> Taking
account of these numbers, it is obvious that the data in Fig. 3 ca.n be explained not by
surface oxidation, but by the oxidation invading deeply into the bulk. The experimental
points are close to the slope for 2[Li]=[O], as indicated by the solid line in Fig. 3, thus
suggesting the formation of lithium oxide Li,O. Such a high activity for oxygen has

been observed neither in boronization nor in carbonization.

4. Exposure to plasma and hydrogen uptake

As seen in Fig. 2(a), lithium layers are inert for hydrogen molecules. However,
they are very reactive with hydrogen atoms and ions as was demonstrated in the
following experiment.  After lithium coating, a dc glow discharge (200 V, 0.3 A) in
hydrogen (10 sccm) was turned on between a mesh anode placed in the center and the
grounded vessel, thus filling the iﬁner vessel fully with a hydrogen plasma. The
resultant change in the pressure was measured with the deposited lithium weight [Li]
as a parameter. As shown in Fig.4, the pressure sharply decreases as soon as the
discharge is ignited at f=0. The pressure drop is enhanced as the amount of lithium
deposited increases.

Based on an equation similar to eq. (3), the time integration of the measured
pressure change gives the amount of hydrogen atoms incorporated into the lithium
layer. This amount [H] expressed in a unit of mol is plotted as a function of the
deposited lithium [Li], as shown in Fig. 5. With an average thickness d ~100 nm, the
temperature of the inner vessel was varied from 30 to 180 °C, where both the lithium
deposition and the subsequent hydrogen discharge were performed at the same

temperature. As seen in Fig. 5, the results are almost independent of the wall temperature
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below the melting point of lithium (179 °C). The amount of hydrogen uptake is
enormously large and does not saturate even when the lithium layer thickness exceeds
a thousand monolayers. The solid line in Fig. 5 indicates the relation [H]=[Li], and the
experimental results roughly agree with this relation. In other words, the capacity of
hydrogen uptake is approximately equal to the number of lithium atom in the vessel.

There remains the question whether the hydrogen atom is chemically bound
with the lithium atom or simply dissolved in the solid lithium. In order to get information
on the Li-H bond in the lithium layer, X-ray photoelectron spectroscopy analysis was
carried out for two samples of the same thickness ~ 150 nm : one at low hydrogen
content ([H]/[Li] ~ 10 %) and the other at full hydrogen content ([H]/[Li] ~ 100 %).
The binding energy of Lils for the full H content showed a chemical shift of ~ 0.3
eV in comparison with the low H content, thus implying the existence of the Li-H
bond in the lithium layer. On the other hand, diffusion of hydrogen atoms in the
lithium bulk has clearly been recognized in the case of a very thick layer such as 2-4
um [4].

Helium glow conditioning has widely been used to reduce hydrogen recycling.
The capability of this technique was tested in the present case of lithium coating. The
lithium layer saturated with hydrogen was exposed to a helium glow plasma (150 V,
0.3 A) for 5 min. A subsequent hydrogen glow discharge led to a depression in the
pressure similar to Fig. 4. The hydroger{ uptake in this case was ~3 x 10" atoms/m”.
Thus, helium glow conditioning is also available for the lithium coating.

In connection with the mechanism of carbon reduction by Li pellet injection
into TFTR [5], lithium coating of graphite walls was investigated as follows. The
inner vessel shown in Fig. 1 was replaced by a vessel (20 cm in diam. and 48 cm in
length) made of graphite tiles (isotropic graphite, IG-430U). Before lithium evaporation,
a considerable amount of CO was desorbed from the graphite walls when a glow
discharge Was turned on in a gas mixture of 1 % O,/He. After lithium deposition of d

~ 64 nm, the O, partial pressure slowly builds up and saturates as in Fig. 2(b), due to
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the strong oxygen gettering. Thereafter, a glow discharge in 1% O,/He mixture was
turned on. During the discharge, the oxygen pressure sharply decreased for a minute
but no signal of CO desorption was observed. That is, the lithium coating completely
suppressed the yield of CO, in accordance with the carbon impurity reduction in
TFTR [S]. In contrast to this, boronization of the identical graphite vessel with a 0.5
um thick layer could suppress only 50 % of the CO yield [7]. An account of the

difference between the lithium and boron coatings is described in Ref. [7].

5. Lithium deposition in JIPP T-ITU

The lithium evaporation experiment was performed on JIPP T-IIU (8] in
November, 1993 and m March, 1954. In both cases, lithium deposition was carried
out after ~ 2000 main shots after a vent to atmosphere, with routine helium glow
conditioning (10 hours every night) and without titanium gettering. The typical
parameters for ohmic discharge during limiter operation are n. = 3 x 10” m~, T (0)
~ 1keV, T,(0) ~ 0.5 keV at Ip=180kA and B, = 2.6 T, with deuterium as the working
gas. |

The wall surfaces at room temperature consisted of 13 % graphite and 87 %
metal in November, 1993 and 1%‘ graphite and 99% metal in March, 1994. The small
oven shown in Fig. 1 was installed with slight modifications to limit the evaporation
solid angle ; thin lithium layers were deposited from the bottom of the toroidal vessel
(R=0.93 m, a=0.32 m) onto a limited area of ~ 1 m? avoiding the evaporation onto
an ICRF antenna and the toroidal break.

Figure 6 illustrates the shot to shot behavior of the emission intensities of the
OII and CII lines and the radiation loss power normalized by the line average electron
density ne. The lithium layers were deposited at the time indicated by the dashed line.
After the deposition of ~ 250 mg of lithium, the oxygen concentration in ohmic
discharges was lowered by a factor of two while the reduction in the carbon concentration

was ~ 40 %. The radiated power monitored by a bolometer was also lowered by a
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factor of two.

Figure 7 shows the time varation of various line emissions and the radiation
loss power, before and after the ~ 100 mg lithium deposition when a 0.3 MW neutral
beam was injected, 130° toroidally apart from the lithium source. The target plasma
parameters were M= 3-5 x 10" m”>, L= 220 kA and B;= 2.6 T. After the NBI phase
from 230 to 270 ms, the oxygen and carbon impurities were clearly suppressed, with a
reduction in the radiation loss power. From the early ohmic phase (t ~ 80‘ms), the
emission intensity of the Da line measured at the NBI port was lower than the
intensity without lithium, whiéh implies that lithium coating suppresses hydrogen
recycling. On the other hand, the emission of lithium lines (Li [, Li II) was clearly
observed at a port almost 180° toroidally away from the lithium source. |

As a consequence, however, a dramatic improvement in tokamak plasma
confinement by the use of lithium was not recognized in the present experiment. This
is probably because plasma confinement in the regime of ohmic discharges (~ 3 x
10" m™) or low-power NBI is not sensitive to the present level of impurities. Higher
power and higher density are required to see more clearly the effects of wall conditioning

with lithium evaporation.

6. Summary

The laboratory experiment on lithium coating with a vacuum evaporation method
revealed strong chemical activities of the lithium surface. For example, the lithium
layer has a gettering effect on residual gases such as H,0, O,, CO and CH, at room
temperature. In the case of O,, the maximum amount of O atom uptake is about one
half the number of Li atoms deposited on the wall, thus suggesting the formation of
Li,O. Moreover, the interaction of the hydrogen plasma with the lithium surface leads
to an enormous uptake of hydrogen in the lithium layer. The formation of LiH is
suggested from stoichiometry and XPS analysis. Helium glow conditioning is available

for the partial recovery of lithium from losses to oxygen gettering and hydrogen
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uptake. Wall conditioning with the use of lithium has successfully been performed in
JIPP T-IIU, where significant reductions of oxygen and carbon contents were observed
in ohmic as well as NBI discharges. Fundamental investigations of the inter-action of
hydrogen plasma with lithium layer at high temperatures from 200 to S00°C are in

progress.
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