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ABSTRACT

The lithium-sputtering yield from lithium and tin-lithium surfaces in the liquid state under
low-energy, singly charged particles as a function of target temperature is measured by using the
ITAX (Ion-surface Interaction Experiment) facility. Total erosion exceeds that expected from
conventional physical sputtering after accounting for lithium evaporation for temperatures
between 200 and 400 °C. Lithium surfaces treated with high-fluence D atoms are bombarded by
H', D", He", and Li" at energies between 200 and 1000 eV and 45-degree incidence. Erosion
measurements account for temperature-dependent evaporation. Results show the sputtering yield
of lithium is anomalously enhanced to absolute values above unity as the temperature nears ~ 2.0
T, (where T, is the melting temperature of the sample). The enhancement of lithium sputtering
is measured for all incident particle energies and exceeds sputtering levels predicted by linear
cascade theory. Modeling with modified binary collision approximation codes suggests that two
mechanisms are responsible for the enhancement: near-surface energy deposition and the nature
of the binding between target atoms and the sputtered atom. Comparison to a low-vapor-pressure
lithium alloy (0.8 Sn-Li) also results in nonlinear rise of lithium erosion as a function of
temperature. Secondary ion-induced sputtered fraction measurements indicate a weak
dependence with surface temperature.
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I. INTRODUCTION

The temperature dependence of lithium sputtering is important in many applications.
These include: ion thruster physics, fusion plasma-facing components, extreme ultraviolet
lithography, and lithium battery production. Engineering design criteria heavily depend on
surface properties such as ion-induced sputtering and the effects of light impurities on the
response of the surface to its environment.

From a fundamental point of view, investigating how a surface erodes as its temperature
is increased can aid in our understanding of how atoms in a low-dimensional state (at the
surface) evolve under both kinetic and thermodynamic changes. This information is particularly
important for understanding interfacial phenomena such as a liquid-metal with its vapor.

By convention, physical sputtering (defined as the number of sputtered atoms per
incident bombarding ion) does not have a strong dependence with temperature. In contrast,
evaporation does have strong temperature dependence and is characterized by the heat of
vaporization of a given material. Therefore a material in the liquid state irradiated by energetic
charged particles well below its boiling point is not expected to erode any differently from its
solid state.

The interaction between low-mass energetic charged particles and liquid lithium, from
the standpoint of erosion, has received recent attention because of its application as a plasma-
facing component (PFC) in fusion devices [1-6]. In addition, the possible use of lithium as an
alternative EUV radiator in extreme ultraviolet lithography has also attracted interest. Recent
experimental results of liquid lithium erosion in the linear plasma device PISCES-B showed
enhanced erosion behavior with an increase in target temperature for low-energy, deuterium and

helium bombardment [7-9]. The enhancement is measured to be substantially greater than



erosion by the expected lithium evaporative flux. This phenomenon was studied in IIAX (Ion-
surface Interaction Experiment); a particle-beam facility that studies and simulates conditions
found in plasma/wall environments of tokamak fusion devices. The enhancement of lithium
sputtering with temperature was discovered even with an ion particle flux of about 3-4 orders of
magnitude /ower than that of linear plasma device experiments, for a variety of liquid-metals
including Li, Sn, and Sn-Li.

The measurements in I[IAX included variation of the incident particle energy at oblique
incidence under various surface conditions (e.g., deuterium-treated and non-deuterium-treated
surfaces). Oblique ion incidence at 45 degrees with respect to the surface normal simulates
conditions at the edge of a tokamak fusion device. In addition, treatment with energetic D
particles achieves simulated surfaces saturated with hydrogen isotopes. This is particularly
important for lithium because of its high entrapment of hydrogen and, in fact, is one motivator
for its application because it would, in principle, lead to low hydrogen isotope recycling and high
edge temperature regimes in a tokamak fusion device [1,5]. The energy range of bombarding
particles between 200 and 1000 eV in IIAX experiments is carefully selected to simulate
expected energies for high edge temperatures characteristic of low-recycle regimes.

At room temperature and just above the Li melting point, sputtering results in [IAX
resulted in little difference in lithium erosion [10]. In the measurements presented in this paper,
however, as the surface temperature is increased beyond the lithium melting point, nonlinear
erosion ensues, even when accounting for evaporation. This paper includes measurements from
various light particles: H', D", He", and Li" exposing Li and Sn-Li samples at 45-degree
incidence with respect to the axis normal to the target. The singly charged ions are accelerated to

energies near 200 eV and up to 1000 eV.



Investigation of lithium erosion also included sputtering measurements from a lithium-tin
alloy (0.8 Sn-Li) whose vapor pressure is about three orders in magnitude /ower than for pure
lithium for temperatures investigated. This bimetallic system is useful in these nonlinear erosion
studies for two primary reasons. First, the system has a very low vapor pressure; thus the
evaporation flux is several orders of magnitude lower than sputtering near and above the melting
point. Therefore, nonlinear erosion processes induced by ion bombardment are more clearly
distinguished. Second, the eutectic alloy of Sn-Li has been found to have a Gibbsian-segregated
Li surface layer at the temperatures studied here [11]. Since the depth of origin of sputtered
particles originates in the top few monolayers, a comparison between liquid 0.8 Sn-Li and liquid
Li could provide insight into the underlying mechanisms leading to nonlinear sputtering.

In addition to temperature-dependent erosion measurements, the ion-induced secondary
sputtered fraction of lithium and tin-lithium was measured as a function of temperature. All
surfaces were treated with a high fluence of D particles to simulate conditions in a fusion
tokamak environment, although comparison is made to a pure lithium surface.

The paper begins with a section on linear and nonlinear sputtering and liquid-metal
sputtering dependence on system temperature. The following section describes the experimental
setup and modeling of liquid-metal sputtering. The paper continues with results and discussion

and concludes with a summary and suggestions for future research.



A. Linear and nonlinear sputtering
The linear dependence of the sputtering yield was developed by the work of Sigmund and
Thompson [12-14]. The sputtering yield is defined as
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where Fp is the deposited energy distribution at the surface (x = 0) from charged-particle
bombardment in the limit of high-energy (typically energies > 100 V), N is the number density
of the target, and U is the surface barrier potential conventionally defined as the material’s heat
of sublimation. The energy deposited into atomic motion leads to the term collision cascade. If
the collision density or the number of collisions per unit volume is small enough, then the
damage process can be described by a simple binary event in which the struck atom is stationary
during the collision and the energy deposition, on the average, can be modeled by a linear
Boltzmann transport equation by Sigmund [12]. This type of linear cascade is characterized by
the number of defects varying linearly with the total elastic energy deposited and the sputtering
yield varying linearly with that part of the deposited energy at the surface.

As the elastic collision cross-section increases with incident ion mass and target mass, a
higher recoil density of atoms will result in a higher rate of energy deposition. Eventually, linear
cascade assumptions will fail, and a heavily disturbed region or high-density cascade will
develop, leading to nonlinear sputtering. High-density cascades or energy spikes are
characterized by deposited energy densities much larger than the normal thermal energy density.
These energy spikes are deposited within 107" to 102 seconds, and collective effects associated
with local damage will lead to nonlinear sputtering increases of the material.

Any nonlinear increase in the yield is therefore attributed to either an increase in ) or an

effective decrease in U. Attempts have been made to explain nonlinear increases in the sputtering



of certain high-Z materials by surface degradation, leading to a decrease in U [15-17]. Therefore,
with such sensitivity to the magnitude of U, care is needed to define the role of the surface
barrier and the surface-binding model used to describe the sputtering process. Nonlinearity in the
sputtering yield is also attributed to elastic-collision spikes (displacement spikes) or volumes of
high density of deposited energy (high Fp) where most of the target atoms are temporarily in
motion [13,18-20]. In such cases the underlying assumptions that exist in linear cascade theory
and Monte Carlo simulation codes based on the binary collision approximation fail to predict the
underlying physics due to the low density of moving atoms in the cascade assumed in these
models. One example is liquid-Li sputtering data of 700 ¢V He™ bombardment at 45-degree
incidence [21].

Although elastic-collision spikes or energy spikes make a plausible argument for
measured enhanced sputtering rates, their existence has very strict conditions with respect to the
near-surface energy deposition:

v(E)

>U, 2
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where V(E) is the volume-integrated energy deposition near the surface, v(E)= J. F,(r,E)dV

and 2 is the slowing-down volume. Therefore, if a larger fraction of the energy is deposited in a
smaller volume near the surface surpassing the cohesive energy or surface binding energy of the
system, U, then conditions for energy spikes at the surface and consequently enhanced erosion
can exist. These conditions can be met experimentally by heavy-ion bombardment at high
energies, and in some cases, light-ion bombardment at low energies for oblique incidence on low

heat of sublimation materials (e.g., Li, Mg, Ca, Na, K).



In addition to energy spikes, thermal spikes also have been known to lead to nonlinear
sputtering. In terms of time scales, thermal spike phenomena will follow propagation of
displacement (elastic-collision) spike phenomena [22,23]. In practice it is often difficult to
discern between the two phenomena because they are closely connected through the dependence
of damage on the deposited energy at the surface [16,20]. However, studies of sputtered energy
spectra have identified several time-dependent regimes distinguishing ballistic mechanisms from
thermal mechanisms during particle-induced sputtering [13,14]. For example, prompt collisional
processes (107 to 10" sec) and slow collisional processes (107" to 102 sec) often are
associated with elastic-collision phenomena. On the other hand, prompt thermal processes (1072
to 10" sec) and slow thermal processes (107" to 10” sec) are known to be correlated with
thermal spike and thermally associated phenomena [24-27].

Thermal spike models have been used to explain nonlinear sputtering of metals and
insulators from a variety of bombardment situations [28-32]. Since the energy that appears in the
prominent thermal pulse is localized initially to a single atom during initial bombardment in the
model, the atom is set into vibration in a thermal spike, whereas it is displaced from its normal
position and wanders for a distance in the displacement spike. Both thermal and energy spike
phenomena are believed a few of the primary mechanisms dictating nonlinear erosion processes.
Another mechanism, which enhances the energy density at the surface, is cluster-ion
bombardment [33]. This mechanism cannot apply to experiments presented in this paper,
however, because erosion induced by monomer bombardment is measured. A phenomenological
model for thermal spike evolution is discussed and applied to the sputtering of liquid lithium in a

later section.



B. Temperature dependence of physical sputtering for liquid metals

The physical sputtering yield of a metal is weakly dependent on surface temperature
because the surface cohesion energy of a metal has a very weak temperature dependence.
Therefore, for a metal beyond its melting point, the physical sputtering yield is expected to
depend little on temperature. Numerous examples of physical sputtering work and its
dependence on temperature are given in the literature [14-18,26,28,30-32,34-44]. These differ
mainly in the way energy is deposited during bombardment, with strong dependence on the
thermodynamic and kinetic state of the condensed matter system.

A portion of this work attempts to provide a temperature-dependent sputtering model via
the thermal spike model as discussed earlier. In addition, the thermal spike model has been
successful in explaining sputtering of weakly bound condensed gas solids, a topic relevant in
astrophysics [29,45]. Other results of temperature-dependent sputtering include the work of R.S.
Nelson in the 1960s, who studied high energy sputtering of metals at elevated temperatures
[46,47]. The sputtering yield was found to increase nonlinearly with temperatures T/Ty, > 1.0.

Additional results showed weak temperature dependence for the physical sputtering
yield. Besocke et al. conducted a series of experiments to determine the validity of a thermal
spike model on temperature-dependent sputtering experimental results [48]. The experiments
measured the differential sputter yield for 8 keV Xe" ions on polycrystalline silver at normal and
oblique incidence. The authors concluded that there was no significant thermal spike component
in heavy-ion, low-energy sputtering and thus weak temperature dependence for sputtering.
Behrisch and Eckstein simulated the temperature dependence of sputtering for silver at very low

energies and found a weak sputtering yield increase with temperature [49]. The simulations were



carried out with the Monte Carlo code TRIM-SP, and the parameter varied as a function of
temperature was the surface binding energy.

Other studies have carried out sputtering measurements from liquid metals, one in
particular on liquid Ga-In [50-53]. However, the results did not show strong temperature
dependence of the sputtering yield.

Although most work of both modeling and experiments shows a weak temperature for
physical sputtering, some results suggest nonlinear enhanced sputtering correlated with an
increase in target temperature or incident particle energy. Such enhanced sputtering effects have
been measured only for heavy-ion, high-energy density cases [41,48,54-56] or for cluster-ion
impact [33,57-59]. Other results have shown enhancements for heavy-ion, low-energy (<1 keV)
bombardment [60,61]. Therefore, at low energies and bombardment with light particles (e.g., He
or D in this paper), such enhanced erosion mechanisms are not expected and thus motivates the
study established in this paper.

The fact that little evidence exists for strong temperature dependence of physical
sputtering raises the following question: Under what circumstances, if any, does one expect the
physical sputtering yield to strongly depend on temperature? Therefore, a system that has low
heat of melting and low sublimation heat would be ideal to examine any temperature-dependent
features. One system of interest is lithium and its alloys.

Lithium has a low melting point (180 °C), low heat of sublimation (1.7 eV), low heat of
melting (0.03 eV), high vapor pressure, and low density, providing for an ideal system to study
possible nonlinear sputtering phenomena. This approach is similar to studies conducted by
deVries et al. [62], who worked with alkali-halide targets whose sputtered energy spectra more

readily showed evidence of evaporative behavior at much lower incident particle energies than



did studies with gold, indicating that nonlinear behavior could exist for less-dense cascades with
relatively low deposited energy distributions compared to more-dense cascades.

In turn, an alloy of lithium with another low melting point material, such as Sn, could
also be a good candidate for nonlinear erosion studies. More important in the temperature range
studied in this paper (200—400 °C) the vapor pressure of SnLi is about 4-5 orders of magnitude
lower than that of lithium. Thus, the lithium alloy is an ideal system to compare nonlinear
sputtering due to temperature, since evaporative fluxes will likely be undetectable. Lithium and
tin-lithium systems are studied in this paper to determine whether any nonlinear erosion
mechanisms exist when sputtering at various temperatures and incident particle energies above
their melting point.

Experimental results presented here demonstrate the nonlinear erosion of lithium-based
liquid surfaces when bombarded by energetic light particles. The temperature-dependent
sputtering behavior shows signs of Arrhenius nature with an effective surface potential energy as
the “activation barrier.” Both kinematic and thermodynamic dependences are carefully studied
and experimental results discussed along with data on the temperature dependence of ion-
induced sputtered ion fraction (IISIF) and hydrogen isotope retention. In addition, a comparison

between hydrogen and deuterium bombardment is made to investigate isotopic dependencies.



II. EXPERIMENTAL MEASUREMENTS OF LIQUID-METAL EROSION
A. Experimental setup

ITAX has been designed to perform energetic particle-surface interaction studies on liquid
metals, such as liquid lithium, liquid tin, and liquid tin-lithium [10,63-65] as shown in Figure 1.
A Colutron ion source is used to create and accelerate gaseous or metal ions onto a 0.066 cm’
liquid metal target. The bombarding ions are mass-selected through an E x B filter and
decelerated near the target by a five-element cylindrical electrostatic lens system. Complete
details of the system can be found in earlier papers [10,66]. A 0.75 mm thick and 100 mm?
lithium target is inserted in the main chamber containing argon gas at just above an atmosphere.
The target can be rotated in order to provide variation in the angle of incidence; for these studies
a 45-degree incidence was applied. A plasma cup is used to provide deuterium plasma cleaning
of the target leading to the removal of any oxides or other impurities from the surface. This
method also allows for deuterium implantation in liquid lithium, simulating plasma-facing wall
conditions within a fusion reactor [10,67]. The irradiated fluence of D atoms in liquid lithium is
of the order of 10'7-10"® D/cm?, comparable to doses in a tokamak environment.

A dual quartz crystal microbalance dual-crystal unit (QCM-DCU) is rotated in front of
the target to collect the sputtered flux, measuring the absolute sputtering yield. This dual QCM
technique is described in earlier papers [64,66]. The QCM unit is mounted on a manipulator, and
thus its spatial and angular position with respect to the target is known. Figure 2 shows a sample
trace of the frequency difference, A4f, of the dual QCM unit against time plotted with ion current
on the sample for 700 eV He™ 45-degree incidence. The figure plots the QCM frequency
difference in hertz on the left ordinate and the beam current measured on the liquid lithium

sample during sputtering on the right ordinate. The curve with the slope-fitting lines is the QCM



crystal difference data. The QCM crystal frequency difference in hertz and the beam current on
the liquid metal sample in amps are plotted over time. The frequency difference has four parts:
when the initial signal measuring evaporation (labeled 1); when the beam is turned on, the signal
measures sputtering and evaporation (labeled 2); when the beam is turned off, some oxidation on
the QCM crystal as it evaporates (labeled 3); and when steady-state evaporation signal is reached
before sputtering (labeled 4).

A small high-temperature, high-vacuum substrate heater is used to heat the target past its
melting point to temperatures ranging from 200 °C to about 400 °C. Measurements of liquid-Li
and liquid-Sn-Li sputtering are taken under equilibrium conditions at each target temperature of
interest. Therefore, background evaporation is measured before and after ion bombardment at
each particular incident energy and surface temperature. A tantalum evaporative shield is floated
on top of the liquid metal target. As the sample is heated, a thin oxidized “slag” layer is formed
and is removed with an in situ mechanical arm. The arm includes a thermocouple, which also
measures the temperature of the liquid metal as the arm is partially immersed in the liquid metal
during slag removal. Although two thermocouples are utilized to measure the liquid metal
temperature, error still exists from the uncertainty of the temperature measurement because heat
transfer will occur from the surface of the liquid metal to the stainless steel arm or tantalum
shield. Therefore, error bars of the order of 20-30% are included in the temperature values.

The incident ion flux to the target averages values in the order of 10" - 10'* jons/cm?/sec.
The evaporative flux from liquid lithium is 5.1x10'" atoms/cm?®/sec (at 200 °C) and can reach
levels of 10" atoms/cm?/sec or higher at temperatures near 400 °C. The sputtered flux levels
vary from 10" and up to 10'* Li atoms/cm?/sec. Molecular dynamics calculations have found

that the sticking coefficient of thermalized atoms is lower than for sputtered particles with peak



energies between 5 and 10 eV [68] at temperatures greater than the melting point of lithium.
Therefore, the frequency difference temporal slope (Af/4f) between evaporated and sputtered
fluxes during ion bombardment is measurable.

At temperatures near and above 450 °C, the physical sputtering and evaporative fluxes
are difficult to discern since the evaporative flux is equal to or greater than the sputtered flux.
The partial pressure of impurities in the system is monitored with a quadrupole gas analyzer, and
partial pressures of oxygen and hydrocarbons are kept below 10 Pa. Typical total base pressures
before the sample is exposed to the beam are 10 to 10™ Pa. During each lithium-sputtering yield
measurement from liquid Li or liquid Sn-Li samples, the ion-induced secondary ion sputtered
fraction (IISIF) is measured. This procedure is done by biasing the sample negatively over a
range of voltages and measuring the total ion current. Details of this measurement are included in
earlier work [66]. The IISIF is measured to be about 66% for solid and liquid Li and liquid Sn-Li

surfaces. For solid Sn-Li surface the IISIF is about 10%. These results are discussed later in the

paper.

B. Data analysis
Analysis of the absolute lithium-sputtering yield from both liquid lithium and liquid tin-
lithium samples correlates the time-dependent frequency variation in the crystal signal with the
time period of ion beam dose. The calculation of the absolute sputtering yield is then possible
after accounting for sputtering of QCM deposited material by incident, highly energetic reflected
particles, sticking coefficient of sputtered atoms onto the QCM crystal, and the secondary ion
fraction of sputtered atoms. Details of data analysis and calculations are discussed in earlier work

using identical QCM-DCU system for both liquid Li and liquid Sn-Li sputtering at temperatures



near the melting point [10,63]. A mass balance between the mass loss from the lithium sample
and the mass gained on the QCM deposition crystal results in the expression for the absolute

sputtering yield in units of Li atoms/ion:
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D is the total ion dose; SV is the sticking coefficient defined as /-R%“, where RCY
corresponds to the reflection coefficient for sputtered species j off the QCM crystal surface and
is calculated by VFTRIM-3D[69]; Y is the absolute sputtering yield in sputtered atoms or
particles per ion; 2 is the fraction of the normalized distribution of sputtered particles subtended
by the QCM crystal; f; is a factor accounting for the ion fraction of sputtered species (sputtered
secondary ions) ranging from 1.5 to 1.8; and my;>0, the mass of lithium oxide deposited on the
QCM deposition crystal in grams/mol with N, is Avogadro’s number (6.02 x 10** atom/mol). A
factor of 2 is included because two moles of Li,O are produced for every four moles of Li
consumed. The frequency change, A4f, is measured from the raw frequency difference between
the deposition and reference crystal data. M.« 1s the mass of the crystal given by the
manufacturer, and f'is the initial frequency of the QCM crystal.

Expression (3) does not include the partial sputtering yield of Sn, for the case of Sn-Li
sputtering, for two reasons. The sputtering threshold for pure Sn is high near 200-300 eV
because of its high elemental surface binding energy. At a 45-degree incidence the sputtering
yield of Sn tops 10-20% at energies of 500—-1000 eV, according to simulations with VFTRIM-
3D. In addition, XPS measurements show that 99.6% of the mass deposited on the QCM crystal
is oxidized lithium. These measurements confirm measurements by R. Bastasz of tin-lithium in

liquid phase, where lithium atoms segregate to the surface [11,70], and thus lithium and nof tin is



the ion beam-facing surface. In addition, beyond the melting point of Sn-Li, the sputtered
secondary ion fraction is about 66% (equivalent to pure Li), thus implying that the first few
monolayers are made up of pure Li in the liquid Sn-Li alloy eutectic. This result is consistent
with measurements of lithium surface segregation made for Li-Al and Li-Cu systems by Krauss

and Gruen [71].

III. MODELING OF LIQUID-METAL SPUTTERING

Currently no self-consistent model exists that predicts lithium nonlinear sputtering with
temperature. Several models have been developed, including a modified BCA (binary collision
approximation)-based surface model, a hybrid BCA and molecular dynamics model, and a model
that accounts for the generation and erosion of adatoms formed on liquid surfaces [9,21,68,72].

None of these models have a complete self-consistent picture that explains the
mechanism responsible for nonlinear erosion from liquid Li surfaces induced by low-energy,
light-particle bombardment as a function of system ambient temperature. In fact, these models
fail to provide a priori the description of liquid-metal sputtering without use of approximations
or fitting to the experimental data they are attempting to predict. This difficulty is primarily due
to the seemingly multibody behavior inherent in the erosion of liquid Li induced by low-energy,
light-particle bombardment at grazing incidence. In addition, this difficulty is exacerbated by the
surface structure developed on liquid-metal surfaces at spatial scales near the sputter depth.
Although models designed to simulate temperature-dependent physical sputtering from liquid-
metal surfaces remain arguably at their infancy, their use helps elucidate surface mechanisms
that could help explain experimental evidence for nonlinear erosion of liquid Li and Sn-Li with

temperature. This section presents a semi-empirical theoretical model that combines a collisional



(kinematic) and thermodynamic form of liquid lithium sputtering. The model is based on a
localized thermal-spike mechanism described by a localized volume of mobile atoms
characterized by low cohesive energy. The semi-empirical model is advantageous in that it
provides a fast and efficient method to predict liquid-metal sputtering as a function of
temperature without the need for computationally expensive molecular dynamics runs with
approximate potentials or approximations of surface potentials used in Monte Carlo BCA-based

simulation methods.

A, Semi-empirical modeling of collisional sputtering

To incorporate the energy dependence of ion-induced sputtering, we use the BSY
(Bohdnansky-Sigmund-Yamamura) model for expressing the collisional sputtering yield term:
Y(E,0)=AF,(E,0,x=0). 4)
With the material factor, A, and F,, (E,8,x = 0) the surface-deposited energy as defined by Jakas
[73].
This expression by Sigmund et al. [74] is calibrated to experimental data, and appropriate scaling
factors are applied, resulting in an empirical relation known as the Bohdansky formula [12,75],
for normal incidence:

Y(E,,0 = 0°) = Qs (g){l —(%] }(1 —%j . (5)
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In this case Q is known as the yield factor and is expressed as
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(¢) is the nuclear stopping cross-section normalized to the reduced energy, & The
reduced energy is the ratio of £, and E7r, where E7r is the energy in the center-of-mass system
for a head-on collision with the screening radius as the nearest approach. The factor o is a
dimensionless number dependent on the mass ratio M,/M,, incident energy, and angle of

incidence [12]. Lastly, E,, is the incident particle energy, U is the surface binding energy, and Ey,

is the threshold energy where the sputtering yield becomes zero.

This empirical relation can be expressed as a function of the angle of incidence. A revised

formula, which uses the treatment by Yamamura et al. [76], results in the relation
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Values for f and a,, are used as fitting parameters. A revised approach adapted by Garcia-
Rosales et al. [75] uses an analytical fit proposed by Yamamura [76] for the value of f. The
empirical expression results in a weak function of f with the incident particle energy, E,, for all
M,/M; ratios. However, experiments [75] show that f'is a strong function of the incident particle
energy, E, for ratios less than M,/M; = 6 down to self-sputtering values. Therefore, empirical fits
to these experimental data in the range of E, = 100 — 1000 eV are used for values of f for the
combinations of D, He, and Li bombardment of solid lithium [66]. These fits make up the semi-

empirical model of the collisional erosion term in this paper.

B. Semi-empirical modeling of thermal sputtering



Nonlinear sputtering phenomena can be attributed to thermal spike phenomena in the
high-energy, heavy-ion bombardment limit. Similarly, one can utilize such models for the case of
low sublimation energy materials (e.g., lithium or magnesium) at moderate particle energies and
collisional sputtering components after the treatment by Thompson [13,77]. The thermal sputter

yield is defined as

Y, (E,0.T")=A,(T")F,(E,0,x=0), (8)
where Ay(T") is the thermal material factor, and F »(E,0,x =0) the surface-deposited energy as
defined earlier. The thermal material factor is related to the quasi-equilibrium energy distribution
in the induced spike with average energy © per atom, f(E,,®), by the energy distribution of recoil

atoms, f.(E,,®) with initial energy, E,, defined as
.fr(E()’®):W.T.NQ.f(E()’®).dE()7 (9)

where i is the recoil particle current, 7 is the time constant for the induced spike temperature,
and Q is the slowing-down volume. The average energy per atom also satisfies the condition that
® > U, where U is the cohesive energy of the system in the spike volume, NQ. The energy
distribution is related to the thermal material factor by definition of the sputter yield and

emission probability:

ANy (©)= [ dE,0,/(E,.0)fd,

cos8,|P(E,.6,), (10)

where P(E,, 6,), is the emission probability and is defined to be valid as
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P(E,,0)=F { ], where U* is the thermodynamic sublimation energy at the melting
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point. The quasi-equilibrium energy distribution in the spike is defined as

f(EO,G)):C-E”Zexp[_;g"J. (11)

The average energy per atom is defined as

v(E) 3 .
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NQ 27 (12)

Combining these relations, one derives the thermal material factor as a function of 7*:

. T -U*
A, (T)= 5 exp(k T*j (13)
7 Mk, T s

B

Therefore an expression for the thermal sputter yield as a function of the deposition energy
distribution at the surface, Fp(x=0), and T*, is obtained:

Given: F,(E,0,x=0)=a(M2/M1) f(O)NS, (E),

we get

Yth(EaT*ae)z

a(M2/ M1)f(0)r - NS, (E) exp[ -U ] | (14)

kT
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T* =T+Ty, with T defined as the spike temperature due to nonlinear deposition of energy at

the surface at ambient system temperature, 7. This temperature profile can be derived from the

one-dimensional heat equation in cylindrical coordinates and its result is

B Ql 1 —1"2
Ts(r,t) = oC. 8K exp[ 4Ktj' (15)




C. Combination of thermal and collision sputtering semi-empirical models

Semi-empirical modeling of sputtering as a function of temperature consists of summing
a thermal sputtering term and a collisional sputtering term. This approach was adopted by
Thompson et al. [13] in describing thermal sputtering mechanisms. Adding both the collisional
and thermal sputtering terms according to the Sigmund and Thompson models, we obtain what is
defined in this paper as the BSY-thermal model:

Y=Y

coll + Yth . (16)
IV. RESULTS AND DISCUSSION

Presented in this section is the lithium-sputtering yield measured in I[IAX from

bombardment of various singly-charged monoenergetic incident particles on liquid lithium and

liquid tin-lithium at oblique incidence. Also presented is data on the ion-induced secondary ion

sputtered fraction measured for both liquid lithium and liquid tin-lithium. In addition, we discuss

the determination of how the effect of deuterium treatment of liquid lithium samples on the

lithium-sputtering yield varies with temperature.

A. Bombardment by helium



Figure 3 shows the He" bombardment of liquid lithium measured as a function of incident
particle energy for various temperatures at oblique incidence. Helium is used as a control
experiment because chemical effects with the lithium surface are absent and analysis of any
measured nonlinear erosion is facilitated. Experiments in IIAX use relatively low ion fluxes and
fluences believed to be below the threshold for bubble formation stability in liquid lithium.

The linear sputtering yield from the BSY model (without temperature effects) is shown in
Fig. 3 for comparison. As the temperature is increased beyond the lithium melting point, the
lithium-sputtering yield is enhanced beyond the level predicted by linear sputtering theory. The
functional dependence of the lithium-sputtering yield on incident particle energy is not as strong
as its dependence on temperature. Vaulin measured a similar functional dependence of the
sputtering yield with temperature [60]. In addition, similar liquid Li weak energy dependence
response was found for lithium interaction with T-11M tokamak [78] and, more important,
stronger temperature dependence. The result, shown in Fig. 3 from our 2001 experiments,
measured and predicted this behavior and is only one of several experimental verifications of
lithium’s propensity to sputter anomalously with temperature.

At temperatures near the melting point of lithium (~ 200 °C), the maximum lithium-
sputtering yield is reached for incident particle energies near 500 eV. As the temperature is
increased, the maximum shifts to lower energies, although this trend is difficult to confirm
because of the lack of ion-beam data at energies below 200-300 eV. However, liquid-lithium
sputtering data at 75 and 150 eV in PISCES-B shows magnitudes larger than at the 200-300 eV
energies in this work, indicating that perhaps a shift does exist.

Earlier data of sputtered energy distributions by Thompson showed similar behavior for

conditions where the near-surface cascade was large. The spectrum of energy ejecta typically



showed shifts to lower energies and a corresponding increase in magnitude.
Recent sputtered energy distribution experimental data from liquid Li surfaces under ion
irradiation showed similar shifts of the peak energy [7]. The data in Fig. 3 does not show a strong
energy dependence, and this situation may imply a thermodynamic component of the lithium
non-linear erosion in addition to a collisional mechanism. However, measured sputtered energy
spectra under lithium enhanced erosion conditions show peak energies between 0.1 and 1.0 eV in
the range of 200400 °C, distinctly large compared to typical thermal emission energies (i.e.,
0.025 to 0.1 eV) [7]. Therefore, it is unlikely that the emission of atoms in the non-linear regime
is thermal; on the contrary, the measured emission spectra imply a combined model of mobile

atoms due to an excited thermodynamic state and collisional sputtering.

B. Bombardment by hydrogen (H, D)

Bombardment of liquid lithium by hydrogen and deuterium singly charged particles is
shown in Figs. 4 and 5. Nonlinear erosion of lithium is again detected. Bombardment with
hydrogen is complicated by possible chemical effects between hydrogen and lithium. In addition,
since the lithium surface is treated with D-plasma prior to ion bombardment, interaction of
energetic hydrogen with implanted H particles could lead to complications in data interpretation.
Nevertheless, similar results to those with He" bombardment have been obtained. A nonlinear
erosion rise is obtained at temperatures higher than the melting point of lithium. The energy
dependence of lithium sputtering is noticeably weaker than the yield’s temperature dependence.
This result indicates that the nonlinear erosion mechanism is not inherently chemical. In
addition, although at these fluences no bubble formation of inert implanters is expected (e.g.,

He), the hydrogen data clearly shows that the nonlinear erosion is not due to bubble formation



since hydrogen is highly soluble in liquid lithium. Cases for surface blistering due to hydrogen
bombardment have been observed, but these have thresholds of very high ion fluxes, orders of
magnitude higher than the 10"°~10"* ion/cm?/sec fluxes in these experiments.

Moreover, the measured nonlinear erosion has no isotopic dependence when comparing
lithium sputtering results between H and D. Thus, lithium erosion must be due to a combination
of the local temperature state of the system and the energy imparted by the incident bombarding
particle near the surface. Irradiation by H, D, or He is considered light-particle bombardment. In
order to compare to a case where the bombarding particle mass is equal or greater than the

lithium target, measurements with lithium ions were completed under similar conditions.

C. Liquid lithium self-sputtering

Bombardment by lithium ions is a good case to study and compare with D and He
irradiations. In this case we do not expect any stability for bubble formation and in addition any
strong chemical effects, detectable by IIAX diagnostics. Lithium sputtering from self-
bombardment is shown as a function of temperature for various incident Li ion energies in Fig. 6
and as a function of impact energy in Fig. 7 for various temperatures. The enhancement is also
found for self-bombardment as in the case of helium or hydrogen bombardment. This indicates
that the underlying mechanism for erosion enhancement with temperature may not necessarily be
due to inert gas bubble formation in the near-surface region followed by microexplosions, since
that cavity formation and stability would be absent when liquid lithium is bombarded by lithium
particles. In addition, the enhancement increases at a larger rate compared to D or He

bombardment. This increase indicates that the enhancement mechanism is also connected to



collision dynamics and the way energy is deposited near the surface (a non-equilibrium process)
as opposed to simply a thermodynamic process.

Lithium self-bombardment atomistic simulations with molecular dynamics were
conducted and demonstrated that the recoil angular and energy distributions played a key role in
how energy near the surface is deposited and how this changes with temperature [68]. In
addition, the simulations also showed that the nature of the binding of sputtered lithium atoms to
target atoms just before being emitted has a temperature dependence. The enhancement of
lithium sputtering is also evident when plotting the lithium-sputtering yield against the incident
particle energy for various temperatures. As in the case for D and He bombardment as the
temperature of the surface is increased the maximum of the Y(E) curve is shifted to lower
energies. This shift again confirms that the underlying mechanisms are collisional and
corroborates low-energy measurements in PISCES-B discussed earlier. In order to further
elucidate on whether the underlying mechanism is purely collisional or thermodynamic, a

material with low vapor pressure is chosen for study.

D. Temperature dependence comparison to liquid SnLi sputtering

The results of lithium-sputtering from both lithium and tin-lithium targets are shown in
Fig. 8 for 300-1000 eV He" and 700 eV D" ions at 45-degree incidence. The results show an
enhancement in the lithium-sputtering yield as the target temperature is increased from the
liquid-metal melting point up to temperatures near 27,. The lithium-yield dependence on
temperature is stronger than is the dependence on the incident particle energy for both surfaces.

The lithium-sputtering yields from He and D bombardment of tin-lithium targets also show an



enhancement, although the threshold for nonlinear sputtering seems to be at a higher target
temperature, near 375 °C. The striking results shown here indicated that for these temperatures,
the vapor pressure of Sn-Li is undetectable by the QCM-DCU diagnostic. In addition, the
nonlinear erosion yield shown is not due to any evaporation-related mechanism, thus indicating
that nonlinear erosion is possible with light particle bombardment (e.g., He and D). Earlier
results with D, He, and Li bombardment on Sn-Li just above its melting point showed yield
enhancement due to strong backscattering of light-particle bombardment reaching levels beyond
those of pure lithium sputtering.

The effect of D implantation on lithium sputtering from liquid Sn-Li surfaces also
requires some discussion. From the temperature-dependent sputtering results and XPS data on
the collector crystal, it is evident that lithium is the dominant species during sputtering and that
the top few monolayers are made up mostly of lithium. This is indirect evidence that lithium,
being the lower surface tension component at 390 mN/m (525 mN/m for Sn), segregates to the
alloy surface in the liquid state viz Gibbsian segregation. This phenomenon was measured with
low-energy ion scattering spectroscopy by Bastasz and Whaley for the same temperature range
we investigated [11]. However, we find that for Sn-Li in the liquid state, the effect of D exposure
does not seem to affect the measured sputter yield of lithium. This may be indirect evidence of
low retention levels of hydrogen atoms in Sn-Li surfaces in the liquid state, even though the first

few monolayers may resemble a pure liquid Li surface.

E. Inverse temperature behavior of liquid Li sputtering



Both the thermodynamic behavior and kinematic behavior of lithium in the liquid state
have been discussed in earlier sections. However, it is insightful to study the inverse-temperature
behavior of lithium sputtering as it relates to incident energy, incident mass and incident flux.
Figure 9 shows the inverse-temperature dependence of the lithium sputter yield parametrized
with incident particle energy to weigh the kinematic vs thermodynamic nature of the enhanced
erosion. Fig. 10 shows the inverse-temperature dependence of the lithium sputter yield
parameterized with incident flux for several energies and incident mass, at 700 eV impact
energy. The lithium sputter yield demonstrates an Arrhenius-like behavior at the onset of
nonlinear erosion. This is particularly evident when varying the impact energy. Figure 9 also
compares the case for a non D-sat lithium surface. The onset of nonlinear erosion with
temperature is located at nearly the same temperatures, indicating a thermodynamic-dominated
mechanism. In Fig. 10(a) the lithium sputter yield shows two distinct features. One is the onset
of nonlinear erosion when comparing impact energies. In this case we compare PISCES-B
experimental data of 175 eV He " bombardment of liquid Li with an ion flux ranging from 0.5-1.0
x 10" cm™s™. The onset for PISCES-B data is found near 0.00175 1/K and for IIAX data at 700
eV at about 0.00225 1/K. In addition, the ITAX experimental data incident He ion flux (<10"* cm”
2s'l) is more than four orders of magnitude lower than that used in PISCES-B, and, as shown, the
rate of increase of the lithium sputter yield with temperature is slower by a factor of about 1.44.
This enhancement with incident flux may be related to ion-induced near-surface shock waves
leading to higher rate of increase of the lithium sputter yield with temperature. The comparison
between IIAX and PISCES-B experimental data is valid even though the impact energies are
different, as demonstrated by data from Fig. 9 of the invariance of the lithium temperature-

dependent rate increase in yield with impact energy. Figure 10(b) shows that the dependence on



incident mass does not vary the onset of liquid Li non-linear erosion with temperature at constant
impact energy of 700 eV. This comparison also demonstrates that thermodynamic-dominated
near-surface mechanisms are responsible for the nonlinear erosion behavior of liquid Li
sputtering. The kinematic dependence of liquid Li sputtering is manifested in the shift of
absolute sputter yield level, as shown when varying the incident particle mass from 1 amu (H) to
6.9 amu (Li). Further work will study the enhancement of liquid Li sputtering as a function of

heavy ions in the near future.

F.IISIE vs T for D*, He" and Li" bombardment of liquid Li and SnLi

The ion-induced secondary ion emission fraction of a metal is known to strongly depend
on the chemical state of its surface [79,80]. Previous measurements of solid lithium sputtering by
D" and He" bombardment showed that the IISIE for lithium was 0.66 Li ions/ atom [66]. Basic
models exist for estimating the probability of secondary sputtered ions from particle
bombardment. These models have been coupled recently with molecular dynamics simulations
for the liquid Li system [72]. These show consistent results of large IISIE for liquid lithium.
Figure 11 shows the result of IIAX experiments for D-treated liquid Li IISIE from 700 eV He"
bombardment as a function of surface temperature. The IISIE does not show a strong
temperature dependence and does not depend on the bombarding species. The lack of variation
between in IISIE from D" bombardment compared to He or Li is probably due to the large
amount of deuterium already present on the liquid Li surface prior to particle bombardment. This
result is important when assessing the role of the IISIE in operation with a liquid Li surface in a
fusion reactor. The IISIE will remain high during particle bombardment at an operating

temperature range between 200 and 400 °C and apparently higher.



Figure 12 shows results for IISIE from 700 eV He" bombardment of liquid Sn-Li as a
function of temperature. This experiment clearly indicates, from the standpoint lithium
sputtering, that the nature of the Sn-Li surface dramatically changes as the temperature is raised
beyond the thermodynamic melting point of the metal alloy. This is yet additional evidence of Li
segregating to the liquid alloy surface, as discussed previously. Moreover, the secondary ion
fraction is a phenomenon whose spatial scale is a few monolayers from the surface, and thus the
large secondary ion fractions found for temperatures beyond the melting point are not surprising
in the context of our data from pure liquid-Li surfaces at similar temperatures. One interesting
result from this figure is at the solid phase of Sn-Li. There is a measurable difference in
secondary ion fraction when bombarding with D" compared to He". Recall that both in Figs. 11
and 12, the surface is treated with deuterium for fluences corresponding to 1:1 D to Li uptake.
For solid phase Sn-Li, however, the secondary ion fractions are quite different from those of D-
sat. liquid Li. The consequence of this is that during D" bombardment of Sn-Li, the secondary
ion fraction is larger than during bombardment with He". This is consistent with the strong

dependence of the secondary ion fraction on the chemical state of an alkali surface.

G. Role of D saturation on liquid Li surfaces

Figure 13 shows physical sputter yield results for He" bombardment of liquid Li as a
function of sample temperature and deuterium exposure fluence. These experiments were
designed to understand the role D saturation had on the sputtering response of liquid Li under
He" bombardment. All of the temperature-dependent data were taken at 700 eV and 45-degree

incidence. Several important aspects of these results are worth discussing. First, we find that as



the temperature rises beyond the melting point of liquid Li (1.5 times the melting temperature),
the erosion resembles that of a surface not treated with D. This is likely due to D diffusing away
from the surface of liquid Li. On an atomic scale, an atom in the liquid state is likely to migrate
through fluctuations in density arising from the thermal motion of surrounding atoms. In
addition, we found that the amount of deuterium atoms implanted at the liquid Li surface has a
strong effect on the erosion behavior under particle bombardment. For example, we found that
we needed D fluences above 10'7 D/cm® to reach saturated conditions at the liquid Li surface at
temperatures above 200 °C. Therefore, we exposed two additional samples; one to 3 x 10"
D/cm? for several temperatures between 200 and 400 °C and 5 x 10'® D/cm? at 200 °C using a
hollow cathode deuterium discharge with a bias of about 300 V. At 200 °C we find that the
sample exposed to the least amount of deuterium, erodes higher, indicating the preferential
sputtering effect we indicated earlier in this paper. As the deuterium content at the surface
increases, we find that the total /ithium sputtering decreases. The next case was to increase the
temperature of the sample to a given level and then prepare with D exposure before irradiating
with 700 eV He' and measuring sputtering. We find that at higher temperatures, D implanted has
a net migration away from the liquid Li surface as its sputtering reaches similar levels to non-D-
saturated liquid Li surfaces. This result, however, could also be interpreted by the fact that at
temperatures near 400 °C, distinguishing between evaporated and ion-induced sputtered atoms
becomes more difficult because of the comparable magnitudes of vapor and incident ion flux.
Another important result is that for a pure Li surface under the ion flux levels used
(~10"-10"* He'/cm?/sec) the enhancement of sputtering with temperature is not as pronounced.
This result is particularly important in understanding the collection mechanisms involved in the

measured enhancement of lithium sputtering from D-saturated liquid Li surfaces presented. The



large enhancements measured were mostly for D-saturated samples. Figure 13 shows the only
data as a function of temperature for a pure liquid-Li surface. The enhancement with temperature
could be also indirect evidence that D atoms are readily diffusing away from the liquid Li surface
were over 90% of the sputtered atoms emanate. Further studies must address the role of
hydrogen isotopes in liquid Li surface erosion properties. Moreover, this high mobility of D
atoms in liquid Li is indicative that D is not reacting with liquid Li as evidenced by
thermodynamic equilibrium data showing that a maximum D saturation of 10% is reached at
temperatures between: 200 and 400 °C [81]. Therefore, another explanation is that the implanted
deuterium is in solution with Li and that LiD formation has been suppressed by another
mechanism. Independent results support these findings; for example, deuterium retention studies
in T-11M CPS found deuterium removal from liquid Li for temperatures above 320 °C—a
temperature much lower than the expected LiD decomposition of 685 °C, thus suggesting that D
atoms may be only dissolved in the liquid Li matrix. Similar results using thermal desorption
mass spectrometry were found by deuterium retention studies by Baldwin et al. [82], except that
LiD formation was found as the temperature was kept at 400 °C for at least two hours. Recent
molecular dynamics results of hydrogen impact in liquid Li by Ruzic et al. have discovered an
interesting behavior in which implanted H atoms segregate and coalesce into clusters without
reacting with lithium atoms in the liquid matrix. This may be an initial indication of an
explanation for the nature of hydrogen isotope bonding and mobility in liquid Li using atomistic
simulations and perhaps an explanation of the discrepancy between earlier results of D retention
in liquid Li. This intriguing phenomenon requires further computational study by atomistic

simulations because, experimentally, this effect may be quite difficult to measure.



Figure 13 also presents thermal sputtering yield model fits to the experimental data for
both cases of 700 eV He' on a non-D-saturated liquid Li surface and one where the D:Li
concentration is equal at the surface. The semi-empirical model uses minimal use of fitting
parameters and these are derived from detailed semi-analytical models including the BSY model
presented earlier in the paper. The thermal sputter yield model does a good job of fitting the
data, and we find that both curves approach each other as evaporative mechanisms dominate at
temperatures beyond 723 K, as expected. The form of the thermal sputter yield model follows
the qualitative form of Vaulin and Sigmund; the main difference is that the cohesive energy is
defined to be disrupted by the surface deposited energy in the liquid, thus allowing for the

thermodynamic approximation that: ® ~ v(E)/ NQ =3/2k,T .

V. CONCLUSIONS

The temperature dependence of lithium sputtering in the liquid state has been investigated
in experiments using low-mass charged particles and under self-sputtering. Both thermodynamic
and kinematic effects are found to be responsible for the enhancement, although thermodynamic
mechanisms are dominant. Lithium enhancement was studied by variation of several incident
parameters including impact energy, incident mass, and comparisons with incident ion flux. The
onset of lithium sputtering enhancement is found to occur at temperatures near 300 C, and the
rate of increase of the yield with temperature is dependent only on incident ion flux and
moderately with incident ion mass. A semi-empirical model developed to predict the
temperature-dependent behavior couples both kinematic and thermodynamic effects. The
thermodynamic behavior resembles that of Arrhenius behavior, although this behavior needs to

be assessed further. The model assumes a localized damaged region characterized by highly



mobile atoms with reduced coordination number at the liquid/vapor interface. The incident ion
flux dependence shows that even for about a four-order-of-magnitude difference in ion flux, the
rate of increase of the lithium sputter yield with temperature changes at most by 44%. The
difference could be due to near-surface localized shock-wave expansion effects. All experimental
data of temperature-dependent lithium sputtering were taken with mass-loss diagnostic systems.
Therefore, the enhanced population of sputtered particles could be due to the generation of small
clusters during bombardment and shock wave generation, and more prevalent at higher incident
ion fluxes. The study of cluster emission from liquid Li surfaces is a topic of future work.

In addition to the study of the temperature dependence of the lithium sputter yield, the
secondary ion fraction induced by incident ions was also studied and compared for two material
surfaces. A monotonic increase in the secondary ion yield was found with temperature. A more
pronounced dependence was found when comparing a lithium alloy, 0.8 Sn-Li with a liquid Li
surface. In this case once the alloy reached its melting point, a segregated Li layer was formed
and the surface behaved similarly to liquid Li.

The effect of deuterium saturation of various liquid Li and alloyed surfaces was also
studied. Results show that deuterium effectively decreases the absolute sputter yield of Li.
Deuterium coverage had some indirect effect on the rate of increase of lithium sputtering after
the onset of nonlinear erosion. In this case, some D may be diffusing into the bulk as the

temperature is increased during ion bombardment. This effect necessitates further investigation.
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Figure 1. The lon-surface InterAction Experiment (IIAX). The experimental device is shown
with two differentially pumped chambers: on the right the ion gun chamber, and on the left the
main chamber where the lithium target sample is located. The inset diagram shows the position
of the QCO with respect to the lithium target. The distance between the lithium target and the
QCO is d, the angle of ejected flux ¢, the radius of the crystal, R and the length from the edge of

QCM to center of crystal is designated L.
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Figure 2. The data show a decrease in the crystal frequency as evaporated lithium is collected. As

the liquid sample is exposed to the ion beam, the QCM crystal measures both sputtering and

evaporation fluxes.
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Figure 3. Measurements of the sputtering yield of lithium bombarded by He" ions at 45-degree
incidence for a variety of incident particle energies and target temperatures. The data is plotted
with the BSY model based on linear sputtering theory. At each incident particle energy the

nonlinear behavior of the lithium-sputtering yield is shown as the temperature increases.
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Figure 4. Measurements of temperature-dependent lithium sputtering from D" bombardment for

various incident particle energies at 45-degree incidence of liquid lithium.
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Figure 5. Lithium-sputtering yield from singly-charged deuterium and hydrogen ions on liquid

lithium at 700 eV and oblique incidence as a function of target temperature.
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Figure 6. Measurements of temperature-dependent lithium sputtering from Li" bombardment for

various incident particle energies at 45-degree incidence of liquid lithium.



® T=410°C
A T=380°C
2 O T=280°C ¢ % % f
->__ E\ 0 X T =200 °C
=3 c 10 1 BSY linear % l l l B
D E sputtering model L J J
5o : % %
Q T
it |
= 1
; N
- -1 . . .
107 ¢ Li" on liquid Li -
10° 10°

Incident Particle Energy (eV)

Figure 7. Measurements of lithium self-sputtering yield as a function of incident particle energy
for various temperatures at 45-degree incidence. Also plotted is the BSY linear sputtering yield

model for comparison.
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yield from tin-lithium surfaces from both He" and D" bombardment.
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Figure 11. Measurements of the ion-induced secondary ion sputtering fraction as a function of

temperature for 700 eV D", He', and Li" bombardment at 45-degree incidence on lithium.
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