
Behavior of high temperature liquid surfaces
in contact with plasma

R.P. Doerner *, M.J. Baldwin, S.I. Krasheninnikov, D.G. Whyte

Fusion Energy Research Program, University of California, San Diego, Mail Code 0417, 9500 Gilman Drive,

La Jolla, CA 92093-0417, USA

Abstract

The erosion rate of liquid lithium samples exposed to plasma bombardment has been studied in PISCES-B. The

temperature dependence of the erosion yield from liquid samples exhibits an enhancement beyond that expected from a

combination of physical sputtering and evaporation. The enhancement is observed during either deuterium or helium

plasma exposure and is observed to depend linearly on the incident ion flux. The onset of the enhanced erosion co-

incides with a decrease in the ejection energy of particles from the sample, indicating that the enhancement is due to an

increase in evaporation from the sample. The implications of these results on the implementation of a liquid plasma-

facing component are discussed.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The concept of flowing liquid plasma-facing compo-

nents has been proposed as a potential solution to the

critical plasma-material interaction issues faced by mag-

netically confined fusion plasma experiments. A flowing

wall would remove operational constraints based on

wall erosion determined lifetime, material damage in-

duced during off-normal events and damage/radioac-

tivity due to neutron loading, thereby increasing the

economic attractiveness of nuclear fusion as an energy

source. However, little work has been done in the area of

how plasma interacts with a free liquid surface and so

these potential benefits could be outweighed by unfore-

seen difficulties.

The operational limit of a liquid plasma-facing sur-

face is typically based on the tolerable amount of im-

purity atoms in the core plasma. This calculation usually

involves a maximum operating temperature of the liquid

directly derived from the equilibrium vapor pressure of

the material. Measurements obtained from the PISCES-

B device indicate that there is a material loss mechanism

further restricting the maximum operating temperature

of a free liquid surface exposed to plasma bombardment.

The dependencies of the enhanced loss rate mecha-

nism are examined. The enhanced loss rate scales

linearly with incident plasma ion flux. The enhanced

loss rate is independent of incident plasma energy.

This phenomenon occurs regardless of the bombarding

plasma species and has been observed from both lithium

[1] and gallium [2] samples. The implications of these

results must be incorporated into any design effort to

implement a liquid plasma-facing component.

2. Experimental setup

The PISCES-B device [3,4] is a steady-state plasma

facility used to investigate fusion plasma-material inter-

actions (Fig. 1). The device consists of a plasma source

region, a main chamber and a sample-loading chamber.

A 6-cm diameter plasma column is formed along the

magnetic axis of the vacuum chamber. A fast scanning
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double-Langmuir probe is used to measure the plasma

temperatures and densities in the radial direction. The

facility produces steady plasmas for several hours of

continuous exposure. The base pressure of the system is

2:0� 10�8 Torr. The plasma parameters, Te (5–40 eV)
and Ne (1–100� 1017 m�3), near the target region can be

adjusted by varying the gas flow rate and input discharge

power to the cathode. Applying a negative bias to the

samples provides the ion bombarding energy. A sample

manipulator holds the biased samples in the center of the

plasma column such that the magnetic field (and there-

fore the ion incidence angle) is perpendicular to the

sample surface. The samples consist of a molybdenum

cup mounted vertically on the end of the sample ma-

nipulator. The lithium sample (1 cm diameter� 2 mm
deep) sits inside the well of the molybdenum cup. Surface

tension prevents the lithium sample from flowing out of

the holder when the sample liquefies.

The sample manipulator is also used to control the

samples� temperature by varying the flow rate of

the coolant (either water or high-pressure gas) through

the manipulator. The sample temperature is typically

measured in two ways, by directly measuring a ther-

mocouple inserted through the back of the molybdenum

cup into the liquid pool and by an infrared pyrometer.

However, the very low emissivity of liquid metal surfaces

makes the interpretation of the pyrometer data difficult

and, therefore, in these measurements temperature is

monitored only using the thermocouple technique. Be-

cause the thermocouple is immersed within the liquid

pool, the temperature measurement is fairly accurate.

Visual observation reveals motion of the surface (i.e.

melting) within 10 degrees of the melting temperature of

the material, a value consistent with the thermal gradi-

ent expected between the thermocouple and the sample

surface.

The erosion behavior of the lithium is measured us-

ing line emission (at 670.7 nm) from neutral lithium

atoms in the plasma column. The atomic physics reac-

tion rate calculations for lithium have been extensively

investigated and verified [5]. An absolute calibration of

the spectrometer makes this an accurate measurement of

the absolute number of lithium atoms in the plasma.

Sputtering from any material is composed of an ionic

fraction and a neutral atom fraction. Typically the ionic

fraction (or so-called secondary ion yield) is small [6],

however in the alkaline metals this fraction can become

large. The secondary ion yield for solid lithium has been

measured to be 66% [7]. In a plasma environment, where

a negative potential is established on the wall material

(due to the sheath potential), only the neutral atoms will

contribute to the sputtering yield. Throughout this

paper when we refer to the sputtering yield, we will al-

ways be referring to the neutral atom fraction.

The spectroscopic detection system can be operated in

two different modes (see Fig. 1). The first, called �axial
mode�, measures perpendicular to the magnetic field (i.e.
parallel to the sample surface) at different distances along

the plasma column from the sample. This method allows

a direct measurement of the ionization mean-free path of

neutral lithium atoms ejected from the sample surface.

The second mode, called �Doppler mode�, switches the
viewing direction to be parallel to the magnetic field

(i.e. viewing perpendicular to the sample surface). This

method allows a measurement of the Doppler shift of the

lithium line emission and thereby a direct measurement

of the velocity of atoms ejected from the sample surface.

3. Erosion measurements

A temperature dependent material loss rate is ex-

pected from a liquid surface exposed to plasma bom-

bardment. Fig. 2 shows the anticipated behavior of the

loss rate of a lithium sample as the temperature of the

material is increased. At temperatures below the melting

temperature, the sample should exhibit a constant loss

rate determined by the physical sputtering yield and the

Fig. 1. Schematic of PISCES-B device showing the orientation of �axial� and �Doppler� spectroscopic views of plasma interaction
region.
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incident ion flux. As the temperature is increased, the

sample melts (in the case of lithium at approximately

453 K) and becomes a liquid. The erosion rate increases

slightly once the sample melts because the surface

binding energy is reduced by the heat of fusion of the

material [8] (the heat of fusion is typically only a few

percent of the surface binding energy). In these mea-

surements, the change in sputtering due to the solid-

liquid phase change would not be observable. As the

liquid is then heated further the sputtering rate is em-

pirically predicted to increase slightly according to the

Guggenheim relation for the surface binding energy [9].

As the liquid�s temperature continues to increase, the
evaporation rate will become comparable to and then

eventually dominate the material loss rate from the

sample. At high temperature, when the evaporation rate

is the dominant loss mechanism of material from the

sample, the material loss rate will be independent of the

incident ion flux to the material.

Before measurements are made, the plasma is used to

clean the native oxide/hydroxide layer off the lithium

samples. This procedure has been described previously

[1]. In addition, to minimize the impact of chemical in-

teractions in the surface of the lithium during the plasma

bombardment, helium plasma can be used. Fig. 3(a)

shows the measured loss rate of lithium from a sample

exposed to two different helium plasma fluxes both with

175 eV incident ion energy. During the solid phase of the

measurement, the erosion rate is constant in temperature

and varies with the incident ion flux as expected, similar

to Fig. 2. As the sample melts little change is observed in
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Fig. 2. Erosion rate expected from a lithium sample as the

sample temperature increases. Also shown are the expected loss

rates at two different ion flux conditions (1 and 5 A). Note that

at high temperature the loss rate should become dominated by

surface vaporization and become independent of the incident

ion flux.
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Fig. 3. Measured erosion rate (a) and yield (b) of lithium

samples exposed to plasma with 175 eV helium ion bombarding

energy at two different ion fluxes. Note that at high temperature

the erosion rate is dependent on the incident ion flux.
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the erosion rate, again as expected from Fig. 2. How-

ever, as the temperature of the liquid sample increases,

the erosion rate begins to increase exponentially at a

temperature much lower than that expected from the

equilibrium vapor pressure of lithium. In addition, at

high temperature the material loss rate from the sur-

face still exhibits a dependence on the incident ion flux,

in contrast to the behavior expected from Fig. 2. This

fact indicates that the mechanism involved is due to

an increase in yield associated with each individual

ion striking the surface, as can easily be seen when

the data is presented in the standard yield graph (Fig.

3(b)).

Based on the exposure conditions in Fig. 3, the

maximum temperature difference across the 2 mm depth

of the sample is 3 K (ion flux ¼ 5� 1017 ions/cm2 s) and
10 K (ion flux ¼ 1:6� 1018 ions/cm2 s). The thermal
conductivity of lithium is approximately 0.8 Wcm�1 K�1

[10]. One obvious explanation for these results might be

a larger than expected temperature variation between

the surface of the sample and the location of the ther-

mocouple within the bulk of the liquid pool during these

exposures. However, Fig. 4(a) shows a similar mea-

surement made (in this case with deuterium plasma

bombardment of a lithium sample) while the ion flux to

the sample is kept constant and the incident ion energy is

varied by adjusting the bias voltage of the sample. This

measurement clearly shows that the variation of the in-

cident ion energy/power flux, and thereby the DT across
the thickness of the sample, is not responsible for the

discrepancy in the material loss rate behavior. Fig. 4(b)

replots the same data in the customary yield format

using the experimentally measured flux of 1� 1018
deuterium ions/cm2 s. Also shown in Fig. 4(a), is the

1014

1015

1016

1017

1018

1019

300 400 500 600 700

Deuterium Ion Energy = 200 eV
Deuterium Ion Energy = 60 eV
Measured vacuum evaporation rate
Calculated vacuum evaporation rate

Sample Temperature (K)

L
at

h
iu

m
 A

to
m

 L
o

ss
 R

at
e 

(a
to

m
s/

cm
2 s

)
E

ro
si

o
n

 Y
ie

ld
 (

at
o

m
s/

io
n

)

Lithium melting
temperature

0.0001

0.001

0.01

0.1

1

300 350 400 450 500 550 600 650 700

Deuterium Ion Energy = 200 eV
Deuterium Ion Energy = 60 eV

Sample Temperature (K)

Lithium melting
temperature

(a)

(b)

Fig. 4. Measured erosion rate (a) and yield (b) of lithium

samples exposed to deuterium plasma bombardment at a con-

stant ion flux, but with different incident ion energy. At high

temperature the erosion rate is independent of the incident ion

energy, or power flux, indicating that thermal gradients in the

liquid samples are not responsible for the enhanced erosion.

Fig. 5. Average ejection energy of atoms from the lithium

sample surface decreases as the number of atoms being removed

from the surface increases. At high surface temperature the

ejection energy approaches evaporation energies.
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evaporation rate of one of our lithium samples measured

using a quartz crystal oscillator in the absence of plasma.

This data agrees with the calculated evaporation rate,

providing convincing evidence that our samples are ex-

ceptionally clean lithium surfaces and that surface im-

purities cannot be the cause of this effect.

While the value of the equilibrium vapor pressure

fails to account for the magnitude of the material loss

rate from these samples, the enhancement is due to an

increase in the amount of material evaporating from the

surface. Monitoring the ejection energy of atoms emitted

from the surface, using the spectroscopic Doppler view

mode described in Section 2, shows the average velocity

of material being removed from the surface drops as the

material loss rate begins its exponential increase. Fig. 5

shows there is a marked decrease in the average ejection

energy of atoms from the surface as the temperature

increases, indicating a larger fraction of particles are

being thermally released.

4. Discussion

Measurements of the atom loss rate from plasma

bombarded liquid lithium show enhanced erosion at

high surface temperature. The enhancement exceeds that

expected from a combination of physical sputtering and

vaporization from the surface. The enhanced erosion is

observed during either helium or deuterium plasma

bombardment of the surface. While these measurements

have focussed on the liquid lithium experiments, similar

results were also obtained during plasma bombardment

of liquid gallium surfaces [2]. Similar, although smaller,

increases have also been observed during ion beam

measurements on liquid lithium [11]. These results lead

us to believe that this phenomenon is generic to all liquid

metal plasma-facing components. The implication of

these results is that the operational temperature window

for any liquid metal plasma-facing component will be

smaller than expected based solely on a calculation of

the equilibrium vapor pressure of the material.

For example, the maximum operating temperature of

a liquid lithium wall, based of the vacuum evaporation

rate, has been calculated, for a given plasma configura-

tion, to be 650 K [12]. This is equivalent to a lithium

atom flux of 2� 1016 atoms/cm2 s (see Fig. 4). Assuming
a similar flux (1� 1018 cm�2 s�1 in Fig. 4) of deuterium

charge exchange and ion flux to the wall, one can see

from Fig. 4(a) that a similar lithium atom loss rate is

obtained at a temperature of only 575 K, a reduction of

75 K. Practically, what this means is that for a given

heat flux to the flowing material, one would have to

increase the flow velocity of the liquid metal to keep the

temperature rise to an acceptable value.
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