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Collisional and thermal effects on liquid lithium sputtering
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The lithium sputtering yield from lithium and tin-lithium surfaces in the liquid state under bombardment by
low-energy, singly charged particles as a function of target temperature is measured by using the lon-surface
Interaction Experiment facility. Total erosion exceeds that expected from conventional collisional 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° incidence. Erosion measurements account for temperature-dependent evaporation. For example, 700 eV
He* particles bombarding the D-treated liquid Li surface at room temperature result in a sputter yield of 0.12
Li/ion and at temperatures ~2.07,, (where T, is the melting temperature of the sample), a yield near and above
unity. The enhancement of lithium sputtering is observed to be a strong function of temperature and moderately
on particle energy. Bombardment of a low-vapor-pressure lithium alloy (0.8 Sn-Li), used for comparison, also
results in nonlinear rise of lithium erosion as a function of temperature. Measurements on both pure liquid Li
and the alloy indicate a weak dependence with surface temperature of the secondary ion-induced secondary ion
emission. Treatment of liquid Li surfaces with D, yields reduced sputtering under He* impact by a factor of

5-6 when measured at room temperature due to preferential sputtering effects.

DOI: 10.1103/PhysRevB.76.205434

I. INTRODUCTION

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

From a fundamental point of view, investigating how a
surface erodes under energetic particle irradiation as its tem-
perature is increased can aid in our understanding of how
atoms in a low-dimensional state (at the surface) evolve un-
der both collisional and thermal mechanisms. This is particu-
larly important for example, at the interface of a liquid-metal
and its vapor during energetic ion bombardment.

By convention, collisional sputtering (defined as the num-
ber of sputtered atoms per incident bombarding ion) does not
have a strong dependence with temperature. This is because
the physical sputtering yield of a metal is weakly dependent
on surface temperature viz. the weak temperature depen-
dence of the surface cohesion energy. Numerous examples of
work in physical sputtering and its dependence on tempera-
ture are given in the literature."”?? In particular, enhanced
erosion mechanisms are observed for heavy-ion, high-energy
bombardment leading to dense cascades near the surface
with very few cases showing any enhancement correlated to
system temperature. In contrast, evaporation does have
strong temperature dependence and for a particular material
is characterized by its heat of vaporization. In addition here
we differentiate between physical sputtering and chemical
sputtering. The phenomenon describing lithium emission in
this paper is strictly physical sputtering. Chemical sputtering
does have strong temperature dependence for certain particle
impact energy regimes, however, is not applicable to the sys-
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tem studied here. Furthermore, physical sputtering in the
data presented here consists of a collisional and thermal
component and these are treated throughout this paper.

The interaction between low-mass energetic charged par-
ticles 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.?>?® In
addition, the possible use of lithium as an alternative EUV
(extreme ultraviolet) radiator in EUV 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.?*3? The enhancement is measured to be sub-
stantially greater than erosion by the expected lithium evapo-
rative flux. This phenomenon has been studied in Ion-surface
Interaction Experiment IIAX; a particle-beam facility that
simulates conditions found in plasma/wall environments of
tokamak fusion devices. The enhancement of lithium sputter-
ing with temperature has been measured even with an ion
flux 3—4 orders of magnitude lower than that of PISCES-B
experiments, for a variety of liquid-metals including Li, Sn,
and Sn-Li.

Previous measurements in IIAX included variation of par-
ticle energy at oblique incidence under various surface con-
ditions for solid Li (e.g., deuterium-treated and
nondeuterium-treated surfaces).33-* Oblique ion incidence at
45° 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 satu-
rated 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.?>?73
The energy range of incident particles between 200 and
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1000 eV in ITAX experiments is carefully selected to simu-
late expected energies for high edge temperatures character-
istic of low-recycling regimes.>

At room temperature and just above the Li melting point,
previous sputtering measurements in [IAX resulted in little
enhancement in lithium erosion.>” Additional experiments in
ITAX and modeling began studying the effect of temperature
variation on lithium sputtering at 700 eV with He* and
100 eV self-sputtering.?®33% In the present paper, the effect
of temperature variation on various states of lithium surfaces
(e.g., liquid, segregated layer, deuterated surface) is thor-
oughly studied. The main observation is as the surface tem-
perature is increased beyond the lithium melting point, non-
linear erosion ensues, even when accounting for evaporation.
This paper includes measurements from various light par-
ticles H*, D*, He*, and Li* exposing Li and Sn-Li samples at
45° 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.

Nonlinear sputtering behavior is not expected for the
light-mass, low-energy system studied in this work. The
sputter yield can be calculated by

YocFD(x_O), (1)
NU

where Fp, is the deposited energy distribution at the surface
(x=0) from particle bombardment in the limit of high-energy
(typically energies >100 eV), N is the number density of the
target, and U is the surface barrier potential conventionally
defined as the material’s heat of sublimation as derived by
work of Sigmund and Thompson.'>#%4! The energy depos-
ited into atomic motion leads to the conventional 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 Bolt-
zmann transport equation by Sigmund.*® The 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 inci-
dent ion mass and target mass, a higher recoil density of
atoms will result in a higher rate of energy deposition. Even-
tually, linear cascade assumptions will fail, and a heavily
disturbed region or high-density cascade will develop, lead-
ing to nonlinear sputtering. This type of nonlinear sputtering
is evidenced even at room temperature and is particularly
correlated to collisional effects (dense cascades) at high in-
cident particle energies of heavy incident atoms.”*!#2

Investigation of lithium erosion presented in this work
also includes sputtering measurements from a lithium-tin al-
loy (0.8 Sn-Li) whose vapor pressure is about three orders in
magnitude lower than for pure lithium in the narrow tem-
perature spectrum investigated. This bimetallic system is
used as a model system in these nonlinear erosion studies for
two primary reasons. First, the system has a very low vapor
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pressure; thus the evaporation flux is several orders of mag-
nitude lower than sputtering near and above the melting
point (melting point for 0.8 Sn-Li is about 320 °C). There-
fore, nonlinear erosion processes induced by ion bombard-
ment, if they exist, are more clearly distinguished. Second,
the eutectic alloy of Sn-Li has been found to have a
Gibbsian-segregated Li surface layer for temperatures stud-
ied here at the first 1-2 ML.** 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 measure-
ments, the ion-induced secondary sputtered fraction of
lithium and tin-lithium was measured as a function of tem-
perature. The charge state of sputtered species is particularly
important for plasma-surface interactions in fusion devices.**
All surfaces were exposed to a high dose of D particles to
simulate conditions in a fusion tokamak environment. Com-
parison is made to a pure lithium surface to assess the influ-
ence of deuterium surface retention on liquid Li sputtering as
a function of temperature. Previous studies of solid lithium
exposed to deuterium indicated the retention of D atoms on
the lithium surface could decrease the absolute lithium sput-
ter yield over 50%.3334

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-lithium3’#>-47 as shown in
Fig. 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 EXB
filter and decelerated near the target by a five-element cylin-
drical electrostatic lens system. Complete details of the sys-
tem can be found in earlier papers.’*37 A 0.75-mm-thick and
100-mm? lithium target is inserted in the main chamber con-
taining argon gas at just above an atmosphere. The target can
be rotated in order to provide variation in the angle of inci-
dence; for these studies a 45° incidence was applied.

A plasma cup is used to provide in situ 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 lithium (both in solid and lig-
uid states), simulating plasma-facing wall conditions found
at the edge of a fusion reactor.’*3” The irradiated fluence of
D atoms in liquid lithium is of the order of
10'7-10'8 D/cm?, comparable to doses in a tokamak envi-
ronment. This dose level leads to a concentration ratio of
Li:D near unity as measured by Sugai et al. and Baldwin et
al.** In addition Mirnov et al. find using thermal desorp-
tion mass spectrometry that the retained D in liquid lithium
is released at temperature much lower than that of LiD solute
suggesting D can be in solution with lithium in the liquid
state.>
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FIG. 1. The ion-surface interaction experiment (ITAX). The ex-
perimental device is shown with two differentially pumped cham-
bers: on the right the ion gun chamber, and on the left the main
chamber where the lithium target sample is located. The inset dia-
gram shows the position of the QCO (quartz crystal oscillator) 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.

A dual quartz crystal microbalance dual-crystal unit
(QCM-DCU) is rotated in front of the liquid-metal target to
collect the sputtered flux, measuring the absolute sputtering
yield. This dual QCM technique is described in earlier
papers®3® and uses one crystal for collection of sputtered
material and a reference crystal in thermal contact. 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 Af of the
dual QCM unit against time plotted with ion current on the
sample for 700 eV He* 45° incidence. Slopes are fitted to the
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FIG. 2. (Color online) 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 (quartz crystal microbalance)
measures both sputtering and evaporation fluxes.
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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 temporal depen-
dence of the frequency difference has four parts: when the
initial signal is measuring evaporation (labeled 1); when the
beam is turned on, the signal measures sputtering and evapo-
ration (labeled 2); when the beam is turned off, some oxida-
tion on the QCM crystal as it evaporates (labeled 3); and
when the steady-state evaporation signal is reached again
(labeled 4). In region 3 we speculate the source of oxidation
is ambient water levels and are only detectable here once a
fresh sputtered layer on the QCO is deposited.

A small high-temperature, high-vacuum substrate heater
is used to heat the target past its melting point to tempera-
tures ranging from 200 to about 400 °C. Measurements of
liquid-Li and liquid-Sn-Li sputtering are taken under equilib-
rium conditions at each target temperature of interest. There-
fore, background evaporation is measured before and after
ion bombardment at each particular incident energy and sur-
face 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 mea-
sure 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 5-7 % are included in the temperature values.

The incident ion flux to the target can range between
10"*~10'* ions/cm?/s. The evaporative flux from liquid
lithium is 5.1 X 10'" atoms/cm?/s (at 200 °C) and can reach
levels of 10'* atoms/cm?/s or higher at temperatures near
400 °C. The sputtered flux levels vary from 10'? and up to
10'* Li atoms/cm?/s. 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 (Ref. 44) at temperatures greater than the melt-
ing point of lithium. Therefore, the frequency difference tem-
poral slope (Af/Ar) between evaporated and sputtered fluxes
during ion bombardment is measurable.

At temperatures near and above 450 °C, physical sputter-
ing 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 oxy-
gen and hydrocarbons are kept below 1078 Pa. Typical total
base pressures before the sample is exposed to the beam are
107°—107° Pa. During each lithium-sputtering-yield mea-
surement 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. De-
tails of this measurement are included in earlier work.*} For
some IISIF measurements, the liquid Li or liquid Sn-Li sur-
faces are exposed to identical D plasma doses as those dis-
cussed earlier.
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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 sys-
tem for both liquid Li and liquid Sn-Li sputtering at tempera-
tures near the melting point.3”*> A mass balance between the
mass loss from the lithium sample and the mass gained on
the QCM deposition crystal using the expression

Af
MQCM = 7Mcrystal > (2)

where Af is the frequency change measured from the raw
frequency difference between the deposition and reference
crystal data. My is the mass of the crystal given by the
manufacturer, and f is the initial frequency of the QCM crys-
tal. The My term incorporates the mass loss due to sput-
tering from reflected incident particle neutrals from the
liquid-metal surface. This results in the expression for the
absolute sputtering yield in units of Li atoms/ion:

2N, A

Y= m%Mﬂystal(l + RijQCMQj)~ (3)
Y is the absolute sputtering yield in sputtered atoms or par-
ticles per ion and D is the total ion dose. () 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) rang-
ing from 1.5 to 1.8; and myj,o, the mass of lithium oxide
deposited on the QCM deposition crystal in grams/mol with
N4, 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. S®M is the sticking coef-
ficient defined as l—RjQCM, where R?CM corresponds to the
reflection coefficient for sputtered species (sputtered from
the target) j off the QCM crystal surface and is calculated by
VFTRIM-3D.%!

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 due to a factor of 2 higher heat of sublimation
(3.12 eV) compared to lithium (1.67 eV). At a 45° 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 from sputtered atoms on the QCM crystal is oxi-
dized lithium. These measurements confirm measurements
by Bastasz and Whaley of tin-lithium in liquid phase, where
lithium atoms segregate to the surface,*3-? and thus lithium
and not tin is the ion beam-facing surface. This high level of
sputtered lithium from the Sn-Li alloy is also an indication of
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preferential sputtering of Li consistent with expected Li-
to-Sn sputtered ratio.

In addition, beyond the melting point of Sn-Li, the sput-
tered 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
in Li-Al and Li-Cu systems conducted by Krauss and
Gruen.>

III. MODELING OF LIQUID-METAL SPUTTERING

Currently no self-consistent model exists that predicts
lithium nonlinear sputtering with temperature. Several mod-
els have been developed, including a modified binary colli-
sion approximation-(BCA-) based surface model, a hybrid
BCA and molecular dynamics model, and a model that ac-
counts for the generation and erosion of adatoms formed on
liquid surfaces.3>38-3%44 Another notable model is the so-
called radiation enhanced sublimation (RES) model by Roth
and Moller.>* This model shows increasing sputtering with
temperature as evidenced by measurements of carbon bom-
bardment by Ar, He, D, and H. However, this model assumes
the source of interstitial and vacancy formation from BCA-
based calculations and based on modeling of the liquid
lithium surface®® not adequate for conditions of experiments
presented in this paper.

None of these models (excluding RES) have a complete
self-consistent picture that explains the mechanism respon-
sible 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 prima-
rily 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. Atom-
istic simulations did, however, elucidate on the possible un-
derlying mechanisms behind the enhanced erosion measured
for liquid Li surfaces in this work.? This particular work
described the intricate role nonbinary collisions of near-
surface atoms have on the emitted atoms and correlation to
“system” temperature.

Although models designed to simulate temperature-
dependent collisional sputtering from liquid-metal surfaces
are relatively limited, their use can identify surface mecha-
nisms that could help explain experimental evidence for non-
linear erosion of liquid Li and Sn-Li with increasing tem-
perature. This section presents a semiempirical model that
combines collisional and thermal terms 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 semiempirical
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
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molecular dynamics runs with approximate potentials or ap-
proximations of binding energies used in Monte Carlo BCA-
based simulation methods.

A. Semiempirical modeling of collisional sputtering

To incorporate the energy dependence of ion-induced
sputtering, we use the Bohdnansky-Sigmund-Yamamura
(BSY) model for expressing the collisional sputtering yield
term

Y(E,0) = AF,(E,0,x=0). (4)

With the material factor A and Fj(E, 6,x=0) the surface-
deposited energy as defined by Jakas.>> With Fp(e,x=0)
:Ns,lfrc(s)a(M 2/M1) assuming an isotropic cascade and the
material factor defined as A=0.042/NU with U the surface
binding energy. This expression by Sigmund et al.% is cali-
brated to experimental data, and appropriate scaling factors
are applied, resulting in an empirical relation known as the
Bohdansky formula,**7 for normal incidence

ﬁZB( &)2
1—<E0) 1-=0) (5

Ey
In this case Q is known as the yield factor and is expressed
as

Y(Ep,0=0°) = 0s5C(¢)

0= %mm/m ). (6)

Here s}frc(s) is the nuclear stopping cross-section normalized
to the reduced energy . The reduced energy is the ratio of £,
and Etp, where Eqp is the energy in the center-of-mass sys-
tem for a head-on collision with the screening radius as the
nearest approach. The factor « is a dimensionless number
dependent on the mass ratio M,/M,, incident energy, and
angle of incidence.* Lastly, E, is the incident particle en-
ergy, 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.,” results in the relation

Eqy (1_&>2
E, 20

1
Xm exp[f(l - )cos aopt} . (7

Values for f and a,, are used as fitting parameters. A revised
approach adapted by Garcia-Rosales ef al.’” uses an analyti-
cal fit proposed by Yamamura®® for the value of f. The em-
pirical expression results in a weak function of f with the
incident particle energy E, for all M,/M, ratios. However,
experiments®’ 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 ex-
perimental data in the range of E,=100—1000 eV are used
for values of f for the combinations of D, He, and Li bom-
bardment of solid lithium.>* These fits make up the semi-
empirical model of the collisional erosion term in this paper.

E 2/3
Y eon(Eo, 0) = strc(s)[l - ( ‘h>

cos 0
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B. Semiempirical modeling of thermal sputtering

Nonlinear sputtering phenomena can be attributed to ther-
mal spike phenomena in the high-energy, heavy-ion bom-
bardment limit. Here we assume we can utilize such models
for the case of low sublimation energy materials (e.g.,
lithium or magnesium) at moderate particle energies and col-
lisional sputtering components after the treatment by
Thompson.*'*? The thermal sputter yield is defined as

Yo(E, 0,T7) = Ay(T)Fp(E, 6,x=0), (8)

where Ath(T*) is the thermal material factor, and F(E, 0,x
=0) the surface-deposited energy as defined earlier. The ther-
mal material factor is related to the quasiequilibrium energy
distribution in the induced spike with average energy ©® per
atom f(E,,®) by the energy distribution of recoil atoms

fA{Ey,®) with initial energy E defined as

fr(EO’ ®) = {/,TN‘Q'f(EO’ ®)dE0’ (9)

where ¢ is the recoil particle current, 7 is the time constant
for the induced spike temperature, and () 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

Ap(©) = ——

JdEOUOf‘(EO’)fdeCOS 00|P(E0,00),
470

(10)
where P(E, 6,) ,*is the emission probability and is defined as
P(E,, 00):(E°_U )F (), where U" is the thermodynamic sub-

cos? 6
limation energy 0at the melting point and F(6) is typically a
function describing the emission, in this case F(6)=A cos 6
with constant A. The emission probability function includes
the concept of a binding force for a recoil atom to be ejected
when arriving at the surface with energy E; and angle 6.
The quasiequilibrium energy distribution in the spike is de-
fined as

-3E
Ey,®)=CE"¢ <—°> 11
(Ey,®) Xp 20 (11)
The average energy per atom is defined as
~——=—kgT . 12
N - ok (12)

Combining these relatioris, one derives the thermal material
factor as a function of T :

Ath(T*) _ \/977-7 exp( ;B[;:*) (13)

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 Fp(E, 0,x=0)=a(M2/M1)f(6)NS,(E), where f(6)
is the angular dependence for scattered and recoil particles
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FIG. 3. Measurements of the sputtering yield of lithium bom-
barded by He™" ions at 45° incidence for a variety of incident par-
ticle energies and target temperatures by Allain et al. (Ref. 26). The
data is plotted with the BSY (Bohdansky-Sigmund-Yamamura)
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.

expanded in terms of Legendre polynomials whose expres-
sion can be found in the literature.*” Therefore we get

7
exp kBT* .

(14)

a(M2IM1)f(6)7NS, (E)

9ar %

—M2kgT
5 B

Yo (E.T",6) =

T" =T+ Ts, with T, defined as the spike temperature due to
nonlinear deposition of energy at the surface at ambient sys-
tem temperature 7.

Semiempirical 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*' in describing thermal sputtering
mechanisms. Adding both the collisional and thermal sput-
tering terms according to the Sigmund and Thompson mod-
els, we obtain what is defined in this paper as the BSY-
thermal model.

Y=Y.ou+ Yy (15)

IV. RESULTS AND DISCUSSION

Presented in this section is the lithium-sputtering yield
measured in ITAX from bombardment of various singly
charged monoenergetic incident particles on liquid lithium
and liquid tin-lithium at 45° incidence. Also presented is data
on the ion-induced secondary ion sputtered fraction mea-
sured for both liquid lithium and liquid tin-lithium. In addi-
tion, we discuss the effect deuterium treatment of liquid
lithium samples has on the lithium-sputtering yield varies
with temperature.

A. Bombardment by helium

Figure 3 shows the He* bombardment of liquid lithium
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measured as a function of incident particle energy for various
temperatures at oblique incidence from previous
experiments.”® Helium is used as a control experiment be-
cause chemical effects with the lithium surface are absent
and analysis of any measured nonlinear erosion is facilitated.
Helium-lithium interaction is also relevant if liquid Li is ever
considered for a burning plasma fusion reactor. Experiments
in ITAX use relatively low ion flux and fluence 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 par-
ticle energy is not as strong as its dependence on tempera-
ture. Vaulin measured a similar functional dependence of the
sputtering yield with temperature.®’ In addition, similar lig-
uid Li weak energy dependence response was found for
lithium interaction with T-11M tokamak™ and a strong tem-
perature dependence. The result, shown in Fig. 3 from our
2001 experiments, measured this behavior and is the only
experimental confirmation measured in a particle-beam facil-
ity of lithium’s propensity to sputter anomalously with tem-
perature.

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 tempera-
ture is increased, the maximum shifts to lower energies, al-
though 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 Thomp-
son showed similar behavior for conditions using highly-
dense near-surface cascades.'? The spectrum of energy ejecta
typically showed shifts to lower energies and a correspond-
ing increase in magnitude. Recent sputtered energy distribu-
tion experimental data from liquid Li surfaces under plasma
exposure showed similar shifts of the peak energy.’” The data
in Fig. 3 does not show strong energy dependence at energies
above 100 eV since a maximum of the nuclear stopping
cross section is reached for each temperature studied. More-
over, the absolute sputter yield increases with temperature,
yet its energy dependence remains relatively invariant. This
behavior suggests a thermal component could be partly re-
sponsible for the observed nonlinear erosion behavior exhib-
ited in Fig. 3. However, measured sputtered energy spectra
under lithium enhanced erosion conditions show peak ener-
gies between 0.1 and 1.0 eV in the range of 200-400 °C,
distinctly large compared to typical thermal emission ener-
gies (i.e., 0.025 to 0.1 eV).** In Fig. 4 we plot the sputter
yield of Li against the sample temperature. We find a non-
linear increase of the sputter yield with temperature with a
factor of 2.5 increase over the sputter yield at room tempera-
ture. Figure 4 also includes data of the BSY thermal sputter-
ing model presented in Sec. III B. When comparing
D-treated vs non-D-treated Li surfaces we find about a 50%
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FIG. 4. Lithium sputtering yield as function of sample tempera-
ture and deuterium fluence exposure. Also plotted is the BSY-
thermal model for deuterium-treated and nondeuterium-treated
lithium surfaces.

reduction in the sputtering consistent with solid Li results.
However, the effect of D retention as the temperature is in-
creased on the lithium sputter yield competes with nonlinear
erosion that begins to dominate at particle energies near
380 °C.

B. Bombardment by hydrogen (H, D)

Bombardment of liquid lithium by hydrogen and deute-
rium singly charged particles is shown in Figs. 5 and 6. Non-
linear erosion of lithium is again detected. Bombardment
with hydrogen and its isotopes 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 im-
planted H particles could lead to complications in data inter-
pretation. 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 no-
ticeably weaker than the yield’s temperature dependence as
shown in Fig. 3 from previous experiments?® and similar

1.0 T T T T T
= 300eV + i i
o5l - So0ev D¥ onlig Li ]
v 700eV
* 1000 eV
06 .

04} % ]

02} é |

g

200 250 300 350 400 450

Total lithium sputtering yield
(Li particles/ion)

Liquid lithium target temperature (°C)

FIG. 5. Measurements of temperature-dependent lithium sput-
tering from D* bombardment for various incident particle energies
at 45° incidence of liquid lithium.
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FIG. 6. Lithium-sputtering yield from singly charged deuterium
and hydrogen ions on liquid lithium at 700 eV and oblique inci-
dence as a function of target temperature.

behavior under He* irradiation. 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 for other materials, but these have
thresholds at very high ion fluxes, orders of magnitude
higher than the 10'3~10'* ion/cm?/s fluxes in these experi-
ments.

Moreover, the measured nonlinear erosion has no isotopic
dependence when comparing lithium sputtering results be-
tween H and D as shown in Fig. 6. Thus, the lithium erosion
enhancement measured 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. Irradia-
tion by H, D, or He is considered light-particle bombardment
distinct from conditions found in the generation of highly
dense cascades from heavy-ion, high-energy bombardment.
In order to compare to a case where the bombarding particle
mass is equal or greater than the lithium target, measure-
ments with lithium ions were completed under similar con-
ditions.

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 we
do not expect any strong chemical effects, detectable by
ITAX  diagnostics. Lithium sputtering from  self-
bombardment is shown as a function of temperature for vari-
ous incident Li ion energies in Fig. 7 and as a function of
impact energy in Fig. 8 for various temperatures. The en-
hancement with temperature is also found for lithium self-
sputtering as in the case of helium or hydrogen bombard-
ment. This indicates that the underlying mechanism for
erosion enhancement with temperature is not due to inert gas
bubble formation in the near-surface region followed by mi-
croexplosions, since cavity formation and stability would be
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FIG. 7. Measurements of temperature-dependent lithium sput-
tering from Li* bombardment for various incident particle energies
at 45° incidence of liquid lithium.

absent when liquid lithium is bombarded by lithium par-
ticles. In addition, the enhancement is larger compared to D
or He bombardment. This difference indicates that the en-
hancement is also connected to collision mechanisms and
depends on how energy is deposited near the surface (a non-
equilibrium process) as opposed to solely a thermally acti-
vated 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
distribution of energy changes with temperature.® In addi-
tion, the simulations also showed how the binding of sput-
tered lithium atoms to target atoms just before being emitted
behave with temperature. The enhancement of lithium sput-
tering is also evident when plotting the lithium-sputtering
yield against the incident particle energy for various tem-
peratures as shown in Fig. 8. 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 for
enhanced erosion in liquid Li are both thermal and colli-

e T=410C '
4 T=3807C
o 0 T=280°C
2 * T =2007C ¢ i % f
=6 10° BSYlinear X I I 17
E D sputtering model 1 J
g3 |
£c % % %
[o R
2]
E o
S>3
22
- 10—1 L o+ . . . N
Li" on liquid Li
1
10? 10°

Incident particle energy (eV)

FIG. 8. Measurements of lithium self-sputtering yield as a func-
tion of incident particle energy for various temperatures at 45° in-
cidence. Also plotted is the BSY linear sputtering yield model for
comparison.
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FIG. 9. Lithium sputtering yield from He* bombardment on
liquid lithium for various incident particle energies and tempera-
tures at oblique incidence. Also shown is the lithium sputtering

yield from tin-lithium surfaces from both He* and D*
bombardment.
sional and corroborates low-energy measurements in

PISCES-B discussed earlier. In particular the energy of sput-
tered particles, which for linear collision cascades, follows
the Thompson distribution can shift to lower values due to
thermally activated mechanisms in systems with low values
of U/kT,, where U is the surface cohesion energy and T, is
the target temperature.*’ In order to further elucidate on
whether the underlying mechanism is purely collisional or
thermal or a combination of both, 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. 9 for 300-1000 eV He™*
and 700 eV D* ions at 45° incidence. In this set of experi-
ments we compare two types of liquid Li surfaces. One the
lithium surface after melting has ensued and the other a seg-
regated Li surface layer after melting of the Li-Sn alloy is
achieved. 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,
for Sn-Li and above 27, for lithium. The lithium-yield de-
pendence on temperature is stronger than its dependence on
the incident particle energy for both types of lithium sur-
faces. The lithium-sputtering yields from He and D bom-
bardment 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. Sputtering data in-
dicates that for these temperatures, the vapor pressure of
Sn-Li is undetectable by the QCM-DCU diagnostic. In addi-
tion, the nonlinear erosion yield shown is not due to any
evaporation-related mechanism, thus indicating that nonlin-
ear erosion is possible with light particle bombardment (e.g.,
He and D at energies <1 keV).

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
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FIG. 10. Inverse-temperature dependence of the lithium sputter
yield parametrized with incident particle energy and compared to a
TRIM temperature-dependent model (Ref. 38).

on the collector crystal, it is evident that lithium is the domi-
nant species during sputtering and that the top few monolay-
ers of liquid Sn-Li are made up mostly of lithium. This is
indirect evidence that lithium, being the lower surface ten-
sion component at 390 mN/m (525 mN/m for Sn), segre-
gates 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.*> 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 bulk Sn-Li surfaces at the liquid
state, even though the first few monolayers are pure lithium.

E. Inverse temperature behavior of liquid Li sputtering

Both the thermal behavior and collisional behavior of
lithium in the liquid state have been discussed in earlier sec-
tions. However, it is insightful to study the inverse-
temperature behavior of lithium sputtering as it relates to
incident energy, incident mass and incident flux to under-
stand both collisional and thermal contributions to the non-
linear erosion of Li with temperature. Figure 10 shows the
inverse-temperature dependence of the lithium sputter yield
parametrized with incident particle energy to weigh the col-
lisional vs thermal nature of the enhanced erosion. Figure 11
shows the inverse-temperature dependence of the lithium
sputter yield parametrized with incident flux for several en-
ergies and incident mass, at 700 eV impact energy. The
lithium sputter yield demonstrates an Arrhenius-like behav-
ior at the onset of nonlinear erosion. This is particularly evi-
dent when varying the impact energy. Figure 10 also com-
pares the case for a non-D-saturated lithium surface. The
onset of nonlinear erosion with temperature is located at
nearly the same temperatures, indicating a thermally acti-
vated mechanism. In Fig. 11(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* bom-
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FIG. 11. Inverse-temperature dependence of the lithium sputter
yield parametrized with (a) incident particle energy compared to a
TRIM temperature-dependent model (Ref. 38) and incident flux,
and (b) incident mass.

bardment of liquid Li with an ion flux ranging from
0.5-1.0x 10" cm™2s!. 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 in ITAX, the incident He ion
flux (<10 cm=2 s7!) is more than four orders of magnitude
lower than that used in PISCES-B. As shown in Fig. 11(a),
the rate of increase of the lithium sputter yield with tempera-
ture 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 a higher rate of increase of the
lithium sputter yield with temperature. The comparison be-
tween ITAX and PISCES-B experimental data is valid even
though the impact energies are different, as demonstrated by
data from Fig. 10 of the invariance of the lithium
temperature-dependent rate increase in yield with impact en-
ergy. Figure 11(b) shows that the dependence on incident
mass does not change the onset of liquid Li nonlinear erosion
with temperature at constant impact energy of 700 eV. This
result suggests that thermally activated mechanisms are
partly responsible for the nonlinear erosion behavior of lig-
uid Li sputtering. For comparison data from Monte Carlo
simulations using an ad hoc model in TRIM-SP that accounts
for the binding energies varying as a function of temperature
is included for 300 eV He bombardment.3

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

The ion-induced secondary ion emission (IISIE) fraction
of a metal is known to strongly depend on the chemical state
of its surface.®’¥? Previous measurements of solid lithium
sputtering by D* and He* bombardment showed that the
IISIE for lithium was 0.66 Li ions/ atom.’* 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
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FIG. 12. Measurements of the ion-induced secondary ion sput-
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the liquid Li system.* The models show consistent results of
large IISIE for liquid lithium.

Figure 12 shows the result of ITAX experiments for
D-treated liquid Li IISIE from 700 eV He* bombardment as
a function of surface temperature. The IISIE does not show
strong temperature dependence and does not depend on the
bombarding species. The lack of variation of the IISIE from
D" bombardment compared to He" or Li* suggests that for
the case of D bombardment the surface electronic properties
of liquid Li do not change. 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 (near
66%) during particle bombardment at an operating tempera-
ture range between 200 and 400 °C.

Figure 13 shows results for IISIE from 700 eV He* bom-
bardment of liquid Sn-Li as a function of temperature. This
experiment clearly indicates, from the standpoint of lithium
sputtering, that the nature of the Sn-Li surface dramatically
changes as the temperature is raised beyond the melting
point of the metal alloy. This is yet additional evidence of Li
segregating to the liquid alloy surface, as discussed previ-
ously. Moreover, the secondary ion fraction is a phenomenon
whose spatial scale is a few monolayers from the surface,
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FIG. 13. Measurements of the ion-induced secondary ion sput-

tering fraction as a function of temperature for 700 eV D* and He*
bombardment at 45° incidence on 0.8 Sn-Li.

PHYSICAL REVIEW B 76, 205434 (2007)

and thus the large secondary ion fractions found for tempera-
tures beyond the melting point are not surprising in the con-
text of our data from pure liquid-Li surfaces at similar tem-
peratures. One interesting result from this figure is the solid
phase of Sn-Li. There is a measurable difference in second-
ary ion fraction when bombarding with D* compared to He*.
Recall that in both Figs. 12 and 13, 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-saturated lithium. The
consequence of this is that during D* bombardment of Sn-Li,
the secondary ion fraction is larger than during He™ bom-
bardment. This suggests that the secondary ion fraction from
Sn-Li may be sensitive to exposure to D* compared to He* in
contrast to results found for pure lithium surfaces. Further
work is necessary to clarify this point.

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 ther-
mal and collisional effects are found to be responsible for the
enhancement, although thermally activated mechanisms are
dominant. The temperature of the system may dictate how
cohesive near-surface Li atoms are under particle bombard-
ment. Lithium enhancement was studied by variation of sev-
eral incident parameters including impact energy, incident
mass, and comparisons with incident ion flux. The onset of
lithium sputtering enhancement is found to occur at tempera-
tures near 300 °C, and the rate of increase of the yield with
temperature is dependent only on incident ion flux and mod-
erately with incident ion mass. The enhancement is not found
to be purely collisional. In a purely collisional case the en-
hancement would be correlated to an increase in the bom-
bardment particle energy as in cases found for heavy-ion
nonlinear erosion. However, there is some influence of col-
lisional effects since purely thermal-activated mechanisms
would simply lead to thermal-like emission (evaporation).

A semiempirical model developed to predict the
temperature-dependent behavior couples both collisional and
thermal effects. The thermally activated 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 inci-
dent 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 local-
ized shock-wave expansion effects. The dependence of the
nonlinear erosion with ion flux for these results also suggest
that any thermal spikes that exist are too small and too quick
that they overlap, which consequently explains the weak de-
pendence of the measured nonlinear Li erosion on impact
energy.

All experimental data of temperature-dependent lithium
sputtering were taken with mass-loss diagnostic systems not
able to discern the species and state (i.e., cluster, molecules)
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of sputtered particles. Therefore it is possible that, the en-
hanced 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 ma-
terial surfaces. A monotonic increase in the secondary ion
yield was found with temperature for pure liquid Li. 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 as found in the literature using low-energy ion scattering
spectroscopy techniques.*»?

The effect of deuterium saturation of Li and SnLi surfaces
was also studied. Although complete results are not pre-
sented, these 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

PHYSICAL REVIEW B 76, 205434 (2007)

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 in-
vestigation and in particular with atomistic simulations since
decoupling from thermally activated mechanisms is very dif-
ficult.
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