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Temperature dependence of liquid Sn sputtering by
low-energy He+ and D+ bombardment
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Abstract
Absolute sputtering yields of liquid tin from 240 to 420 °C due to irradiation by low-energy helium and deuterium
have been measured. For ion energies ranging from 300 to 1000 eV, temperature enhancement of liquid tin sputtering
was noted. These measurements were obtained by IIAX (the Ion-surface InterAction eXperiment) using a velocityﬁltered ion beam at 45° incidence to sputter material from a liquid tin target onto deposition monitors. Sputtering yields
from 500 eV ion bombardment at 45° incidence increase from 0.1 ± 0.03 and 0.019 ± 0.008 Sn particles/ion at room
temperature, for He+ and D+ ions respectively, to 0.30 ± 0.12 and 0.125 ± 0.05 Sn particles/ion for 380 °C. Temperature
enhanced sputtering has been seen in other liquid metals (namely lithium, tin–lithium, and gallium) using both ion beam
and plasma irradiation.
Ó 2004 Elsevier B.V. All rights reserved.
PACS: 52.40.H; 28.52.F; 79.20.R

1. Introduction
Liquid tin is one of several promising liquid metals
under consideration for use as a divertor plasma-facing
component (PFC) in future fusion machines with high
power ﬂux and high duty cycle [1]. Motivating factors
for using a ﬂowing liquid metal include rapid removal
of heat and inﬁnite component lifetime (no net erosion
or damage of PFC). The principal advantage of using
tin, in particular, is that it has the lowest vapor pressure
among candidate liquid metals (Li, Ga, Sn–Li) [2] in the
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temperature range of 232–1000 °C. The low vapor pressure allows a wider temperature range of operation,
resulting in greater ﬂexibility in design and the potential
for improved thermal eﬃciency for energy conversion.
It has been estimated that the evaporation-limited upper
operating temperature for tin could be as high as
1500 °C [1]. TinÕs primary drawbacks are its high atomic
number, minimizing the acceptable impurity level, and
its smaller thermal conductivity in comparison to lithium [3]. However, it is also important to consider any
enhancement of the sputtering yield with temperature
to determine a realistic upper limit on operating temperature of the liquid as many liquid metals (and several
solids) have shown temperature-enhanced sputtering
properties [4–7].
Tin interacts weakly with hydrogen; thus, it is
expected not to retain impinging tritium in a D–T reactor. Low retention of tritium helps reduce the tritium
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2. Experiment

ing and resolidiﬁcation the surface was found to be eﬀectively oxygen-free. This is an important issue with tin, in
particular, as the sputtering yield of oxidized tin is
roughly double that of the pure metal case [13], in contrast to most metals and their oxides.
The principal components of IIAX are a diﬀerentially
pumped ion gun, a target chamber that reaches base
pressures in the low 10 7 Pa regime, a target holder/heater assembly, and a dual crystal unit quartz crystal
microbalance (DCU-QCM) mounted on an XYZH
manipulator. Fig. 1 depicts the IIAX experimental target
region. The Colutron ion source employed extracts ions
from a DC discharge of the desired gas with the aid of a
hot tungsten cathode (or thermionic emission from a
solid source). An ion beam is extracted by a set of lenses,
accelerated up to at least 700 eV, and then passes
through a Wien ﬁlter to remove all but the desired ion
species from the beam. The beam then passed through
a series of ion beam optics for transport and focusing.
As IIAX has a long working (source to target) distance,
space–charge eﬀects can dominate if the ions within the
beam are allowed to interact with each other for an extended time. To reduce space–charge-induced beam
divergence, the ion beam energy at or above 700 eV
for a majority of the beam length. A decelerator in front
of the target is used for beam energies less than 700 eV.
The sample is irradiated by an ion ﬂux on the order of
1017–1018 m 2 s 1 until a speciﬁed dose, typically around
1016 ions, is obtained at an incident angle set at 45° from
the target surface normal for this study.
A deposition crystal collects a fraction of the eroded
ﬂux from the liquid tin sample. This crystal is one of
two quartz crystal oscillators (QCO) that act as microbalances to determine the mass of material collected.

In the IIAX experiments, the physical sputtering
yield of both solid and liquid tin was measured from a
4-mm diameter sample under D+ and He+ irradiation
at incident energies of 300–1000 eV and sample temperatures ranging from room temperature up to 420 °C. A
section of high-purity tin foil was installed within a
stainless steel retention ring between a heated backing
plate and a tantalum evaporative shield following being
cleaned by ex situ mechanical scraping. Following evacuation of the chamber to a base pressure on the order of
10 7 Pa, the tin sample is heated past its melting point of
232 °C to a number of predetermined temperatures. The
liquid tin surface is again scraped, this time in vacuo to
remove any macroscopic contaminants on the surface,
revealing a highly reﬂective surface. We have great conﬁdence in the cleanliness of the surface of the liquid tin
target for two reasons: the low base pressure and evidence noted by Bastasz et al. using low-energy ion scattering and direct-recoil spectroscopy (LEIS/DRS)
[11,12] that liquid tin surfaces are relatively oxygen-free,
at least up to 800 °C. They showed that even upon cool-

Fig. 1. A simpliﬁed schematic of the target/collector region in
IIAX. This is a view looking down; the collector crystal is
bombarded by about 13% of the material sputtered from the
crystal due to geometric eﬀects. The reference crystal is located
almost 3 cm directly above the collector crystal and only sees
0.06% of the sputtered material; this is neglected do to a very
low sticking coeﬃcient determined by VFTRIM for the case of
very oblique incidence.

inventory and simpliﬁes the necessary handling precautions associated with removing tritium from the material. This will prove especially important for advanced,
high-power machines that will be DT-fueled and contain
a considerable amount of tritium. Another potential
application of liquid tin under plasma bombardment is
in extreme ultra-violet (EUV) light sources for photolithography [8], whose successful development would also
require temperature-dependent information.
Any use of liquid metal subject to plasma bombardment requires an understanding of the possible temperature dependence on sputtering behavior. Liquid
lithium, another candidate for both fusion and EUV
applications, has been shown [4,5] to have a strong temperature-dependent sputtering yield under low-energy
ion (including self [9,10]) bombardment. Results from
studies using a 700 eV ion beam [4] and another using
a plasma source with 75 eV ion energies [5] exhibited
one to two orders of magnitude increase, respectively,
in the absolute sputtering yield as the surface temperature was raised from 200 to 420 °C. Liquid gallium
has also been shown to have appreciable temperaturedependent sputtering properties in the PISCES-B
experiment [6] at a level below that of lithium. GalliumÕs
sputtering yield by 100 eV deuterium ions increases by
roughly a factor of two over the same temperature
range. While PISCES-B greatly diﬀers from IIAX, as it
uses plasma to bombard the surface as opposed to a
monoenergetic ion beam, the temperature-dependent
sputtering yield for Li, Ga, Sn–Li, and Sn seems to be
an intrinsic property of these, and other, materials.
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Fig. 2. Example of raw data recorded using IIAX. The change in crystal frequency is directly proportional to the mass deposited on it.
Notice the three slopes shown, one with 120 nA of ion current while the beam was being developed and focused onto the target, one
with 520 nA on target, and the last with the beam oﬀ. Even with the beam oﬀ there is a slightly negative slope due to oxidation on the
crystal and evaporative ﬂux, despite tinÕs low vapor pressure.

The other is a reference crystal, which is located to receive orders of magnitude less material than the deposition crystal, to monitor background eﬀects on the
crystal oscillation. The oscillators are in thermal contact and their frequency variation with time is closely
recorded. The crystal and target planes are parallel,
separated by 6 mm and with 6 mm of lateral separation of the centers of the target and the deposition
crystal; the reference crystal is located 30 mm directly
above the deposition crystal. This leads to 13% and
0.06% geometric collection eﬃciencies for the deposition and reference crystals, respectively. The quantity
of interest is the temporal behavior of the diﬀerence
of the two crystalsÕ frequencies. The amount of mass
deposited can be clearly discerned by analyzing the
raw frequency diﬀerence plot versus time (see Fig. 2).
This technique, along with its data interpretation,
has been previously discussed in the context of IIAX
[14–16].

3. Data analysis
Data analysis entailed measurement of the net
amount of mass deposited upon the QCO surface from
sputtering and the ion beam current (following adjustment for ion-induced electron and ion emission), consideration of the physical parameters and simultaneous
processes, and ﬁnally, determination of the absolute

sputtering yield. Provided that the mass of the deposited
material is known, the total number of the sputtered
particles can be obtained. For this particular case, it
was assumed that tin oxide is formed on the surface of
the QCO during bombardment due to similar ﬂuxes of
sputtered tin and molecular oxygen (based on 10 7 Pa
O2 partial pressure). Ex situ Auger emission spectroscopy (AES) analysis of the deposition crystal showed
comparable levels of Sn and O in the layer under the adsorbed C and O layer on the surface justifying our
assumption.
The ﬁrst experimental parameter considered is the
fraction of material ejected from the sample surface that
strikes the crystal surface and adheres. This parameter is
determined using two terms: one to account for the fraction of the sputtered material that strikes the surface
(system geometry dependent), and one to quantify the
amount of sputtered material that reﬂects from the surface (system chemistry dependent). The former is determined by assuming a cosine distribution of the sputtered
material and taking into account the system geometry,
and is typically near 13% for the IIAX system. The latter
is estimated from experimental data of Fontell and Arminen [17] for Sn-on-Sn sticking coeﬃcients. Based on
average sputtered energy distributions calculated with
VFTRIM [18], a variant of TRIM.SP [19], sticking coefﬁcients of 50–60% were used.
A process that occurs simultaneously with deposition
is the removal of deposited material from the crystal due
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to bombardment by reﬂected particles from the ion
beam. The strength of this eﬀect is heavily dependent
upon the beam species and energy in addition to the
sample material. Geometric dependencies also play a
role in this process as only a fraction of the reﬂected
particles become incident upon the crystal face; the
reﬂected-particle angular distribution is also approximated by using a cosine distribution for the reﬂected
particles. VFTRIM estimated particle reﬂection (of incident ions) and sputtering (of reﬂected particles) coeﬃcients and the mean sputtered (typically several eV)
and reﬂected particle (near 60% of the initial) energies
for these cases. The total uncertainty in the absolute
sputtering yields due to experimental uncertainty and
the use of the mentioned approximations can approach
40%.

4. Results and discussion
The experimental results of this investigation revealed that the liquid-tin sputtering yield due to He+
and D+ bombardment clearly depends upon surface
temperature. From room temperature to 380 °C the
sputtering yield due to irradiation by either species increased by factors of four to ﬁve, depending on the
ion species and energy. As opposed to liquid lithium, liquid tin evaporation is negligible for these temperatures,
and thus no correction for thermodynamic eﬀects is necessary. Any enhancement measured in these experiments
must be due to eﬀects from ion-bombardment. Moreover, bubble-formation issues are excluded since the
ﬂuxes in these experiments were not greater than about
1018 m 2 s 1. Figs. 3 and 4 display the data determined
for helium- and deuterium-ion irradiation, respectively.
The yield error bars combine experimental uncertainties
and uncertainties inherent in our model; the temperature
uncertainty is due to the measuring the temperature of a
nearby surface and calibrating to the actual surface temperature instead of measuring it directly for this series of
experiments. Note that a few of the solid points diﬀer
from those previously reported [7] due to the slightly
oxidized nature of the earlier experiments. VFTRIM
simulations were performed using an atomically smooth
surface to enable comparison of standard sputtering
models to our temperature-dependent data. The simulation results compared well with the room-temperature
solid data.
We are conﬁdent in the clean nature of the surface of
this most recent sample, as it was melted and remained
molten for several hours, followed by resolidiﬁcation
prior to the experiments. This preparation process was
based on the ﬁnding by Bastasz and Whaley [11,12] that
surfaces of both liquid tin and solid tin that were previously melted in vacuo are oxygen-free within the temperature range considered. This condition is critical as tin is

Fig. 3. Experimental results for the sputtering yield of liquid tin
compared to solid due to helium ion bombardment; data are
parameterized by the ion energy and presented as a function of
target temperature. Representative error bars are shown for the
500 eV case – errors at the other energies are of similar
magnitudes. VFTRIM results monotonically increase with ion
energy for this particular energy range and have statistical
uncertainty less than ±0.001 particles/ion.

Fig. 4. Sputtering yield of liquid tin due to deuterium ion
bombardment as a function of temperature. Error bars are only
shown for the 500 eV case to reduce clutter; remaining error
bars are comparable. Again, VFTRIM simulations showed
monotonic increase of the sputtering yield over this range of ion
energies and have statistical uncertainty less than ±10 6
particles/ion.

one of only a few metals whose oxides have a higher
sputtering yield than the pure metal in the solid state
[13], as can be revalidated by comparing results from
our previous study of the solid tin surface [7] with those
shown here.
The level of temperature enhancement of liquid tinÕs
sputtering yield from low-energy, light-ion bombard-
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ment is similar to that of liquid gallium. The temperature dependence is clearly not as strong as that found
in liquid lithium using similar ion species and energies
in IIAX [4,5] or using a deuterium plasma with a target
bias of 100 eV at PISCES-B [5] – where the sputtering
yield increased by one to two orders of magnitude over
a similar temperature range. Nonetheless, the temperature enhancement of liquid tin will play a key role in
determining a realistic maximum operating temperature
for a liquid tin divertor. This determination will also depend on the scrape-oﬀ-layer plasma parameters and the
electronic properties of tin. Further iterative simulations
using Monte Carlo codes such as REDEP [20–22], WBC
[23,24], BBQ, LIM, DIVIMP, or ERO [1] should be performed with edge-plasma modeling programs, similar to
those performed for the temperature-independent case
[1], to more accurately determine this temperature limit
as part of a thorough design of a liquid tin divertor.
The absolute sputtering yield of tin in the liquid state
at 380 °C is about 0.4 particles/ion for 700 eV He+ at
45°. Under similar bombardment conditions the yield
for liquid Li is about 0.8 particles/ion. However, the
ion-induced secondary ion fraction for lithium is high,
0.66 (where for most metals, including tin, the fraction
is closer to 0.05). Therefore, in a fusion device with a
magnetic sheath, only 1/3 of lithium sputtered particles
will contribute to the impurity inﬂux to the plasma. This
results in a net neutral lithium-sputtering yield of about
0.27 Li atoms/ion. This could be a negative factor for the
use of tin as plasma-facing components in a fusion device. In addition, the sputtering yields measured in IIAX
are for low incident-ion ﬂuxes (1017–1018 m 2 s 1). In
the limit of high incident-ion ﬂux, bubble formation is
possible. Recent studies have found that bubble formation from He implantation in liquid Li is unclear or unlikely [25,26]. However, He bubbles are stable in liquid
Sn due to its relatively high, almost 40% greater at their
respective melting points [27], surface tension and could
therefore be an additional erosion enhancement mechanism not measured in the present study. Further work
with high incident-ion ﬂuxes of the order of 1019–1021
m 2 s 1 is thus necessary to determine this eﬀect and
its implications for use of liquid Sn under realistic fusion
device conditions, where incident ﬂuxes are 1021–1022
m 2 s 1 or more.
The physical explanation of the temperature
enhancement measured in IIAX and PISCES-B is
incomplete. Two diﬀering models have been proposed
for the temperature enhancement of sputtering measured for liquid lithium. The Allain–Ruzic model, based
on molecular dynamics simulations, claims the temperature dependence is due to the bonding nature of atoms
near the surface with their nearest neighbor and the spatial distribution of deposited energy in a hot liquid as
opposed to a solid [28]. The multi-body attractive forces
at the surface are weakened with increasing temperature
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beyond the increase in thermal energy alone. The model
asserts that incident particles deposit an increasing fraction of their energy in the near surface region as the temperature is increased. Molecular dynamic simulations
need to be performed on the tin system to verify that
these mechanisms are present in liquid tin in addition
to liquid lithium. The eﬀects of weakly-bound surface
atoms at this interface and its role on the temperature
dependence of liquid-metal erosion are still unclear
and need further investigation.
An alternative model proposed by Doerner et al. [29]
is the radiation-activated adatom sublimation model, or
RAAS. In some ways similar to radiation-enhanced sublimation, RAAS claims that adatoms, particles with reduced bulk and surface binding energies, are created
by energetic particle bombardment. With increasing
temperature, the diﬀusion of adatoms to the surface increases and since adatoms are easier to evaporate, erosion is enhanced. However, the identity of ÔadatomsÕ
on the surface of liquid materials itself is not clear,
and for a surface at thermodynamic equilibrium where
T/Tm is close to unity, adatom and vacancy islands
recombine and lower the overall adatom surface density
[30].
For fusion application design, the temperature
enhancement seen here is not much diﬀerent from that
reported for other liquid metals (e.g., Li, SnLi, Ga).
Therefore, any liquid metal (and possibly molten salt)
used in a magnetic fusion energy device (or any application involving plasma–liquid material interactions that
has a ﬁnite tolerance for erosion and/or impurities) will,
in part, determine the upper temperature limit via its
temperature-enhanced sputtering yield; one exception
to this is for high vapor pressure materials such as lithium, whose upper operating temperature can be limited
by evaporative ﬂux. In addition, further work is necessary to determine whether the magnitude of the incident
ion ﬂux also places a stronger restriction on the use of a
particular liquid metal with respect to bubble stability,
formation, and eruption, all of which can have strong
temperature dependence.

5. Conclusions
Liquid Sn shows clear temperature enhancement of
its sputtering yield under irradiation by low-energy light
ions. The enhancement of the absolute sputtering yield
increased with temperature by a factor ranging from
two to six from ambient temperature to 420 °C. This
measured temperature enhancement is on the order of
that seen in liquid gallium [6], and not as severe as seen
in liquid lithium [4,5]. This temperature enhancement,
however, may not be inherent to all liquid materials,
or all metals. It may show strong dependence upon the
heat of sublimation and may even play a role in solid
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materials. For example, the heats of sublimation of liquid metals that have shown an erosion enhancement
with temperature are all relatively low (e.g., from
1.7 eV/atom for Li to 3.12 for Sn). The implications
on fusion machine design have yet to be quantiﬁed,
but there is strong evidence that temperature dependence of sputtering needs to be accounted for in future
modeling. In addition, the role of bubble formation
and its ﬂux and temperature dependence need further
investigation. Despite the imposition of this temperature
limit and probable bubble-formation issues, liquid tin
remains a promising candidate due to its comparatively
low vapor pressure and weak retention of tritium.
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