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Abstract

The erosion of liquid-metals from low-energy particle bombardment at 45◦ incidence has been measured for a combination
of species and target materials in the ion-surface interaction experiment (IIAX) at the University of Illinois Urbana-Champaign.
Measurements include bombardment of liquid Li, Sn–Li and Sn by H+, D+, He+, and Li+ particles at energies from 100 to
1000 eV and temperatures from 20 to 420◦C. Lithium sputtering near and just above the melting point shows little change
compared to room temperature, solid-Li yields. When lithium is sputtered, about 2/3 of the sputtered flux is in the charged
state. Temperature-dependent sputtering results show enhanced (up to an order-of-magnitude increase) sputter yields as the
temperature of the sample is increased about a factor of two of the melting point for all liquid-metals studied (e.g., Li, Sn–Li, and
Sn). The enhancement is explained by two mechanisms: near-surface binding of eroded atoms and the nature of the near-surface
recoil energy and angular distribution as a function of temperature.
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The Flowing Liquid Retention Experiment (FLIRE) measured particle transport by flowing liquid films when expo
nergetic particles. Measurements of retention coefficient were performed for helium ions implanted by an ion b
owing liquid lithium at 230◦C in the FLIRE facility. A linear dependence of the retention coefficient with implanted pa
nergy is found, given by the expressionR = (5.3± 0.2) × 10−3 keV−1. The ion flux level did not have an effect for the fl

evel used in this work (∼1013 cm−2 s−1) and square root dependence with velocity is also observed, which is in agreeme
xisting particle transport models.
2004 Published by Elsevier B.V.
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1. Introduction

Liquid-metal experiments in the Plasma-Mate
Interaction group at the University of Illinois at Urban
Champaign have been designed to address two im
tant technological issues with the application of liqu
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as plasma-facing components (PFCs) in fusion devices:
surface erosion (sputtering and evaporation) and par-
ticle retention in flowing systems (e.g., helium or hy-
drogen retention in free surface flowing liquid lithium).
The first part of this manuscript will summarize work
in the ion-surface interaction experiment (IIAX) de-
signed to measure sputtering and evaporation from
liquid-metals under a variety of conditions. Work on
liquid-metal sputtering measurements in other devices
is rather scarce and limited[1–5]. Most of the recent
work on liquid-metal sputtering has been carried out at
the PISCES-B linear plasma device at the University of
San Diego at California and is included in a separate pa-
per in this issue. The second part of this manuscript will
summarize work in the flowing liquid surface retention
experiment (FLIRE). FLIRE is designed to study the
retention and transport of implanted helium and hydro-

F perime . On the
r here t the position
o ween the lithium target and the QCO isd, the angle of ejected fluxφ, the radius
o

gen ions in free surface flowing liquids, in particular:
liquid lithium. This section will focus only on helium
retention work done at the University of Illinois since
no other facility is currently working in this area.

2. Liquid-metal erosion measurements in the
ion-surface interaction experiment (IIAX)

The IIAX measures the absolute, angular resolved
and self-sputtering yields of many particle/target com-
binations (Fig. 1). Complete details of the experimental
system and its components can be found in earlier pa-
pers[6–11]. This section gives a brief description of
the major components and systems followed by results
of sputtering measurements from lithium, tin–lithium
and tin, all in the liquid state.
ig. 1. The ion-surface interaction experiment (IIAX). The ex
ight, the ion gun chamber and on the left, the main chamber w
f the QCO with respect to the lithium target. The distance bet

f the crystal,Rand the length from the edge of QCM to center of crys
ntal device is shown with two differentially pumped chambers
he lithium target sample is located. The inset diagram shows
tal, is designatedL.
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2.1. Experimental setup of IIAX

A Colutron ion source creates and accelerates
gaseous or metal ions onto a 0.03-cm2 liquid-metal
target. Gaseous ions are obtained by means of electron-
impact ionization while the lithium metal ions are
obtained by thermionic emission from a LiCl pow-
der. The bombarding ions are mass-selected through
an E × B filter and decelerated near the target by a
five-element, cylindrical, electrostatic lens system. Foil
samples 0.075 cm thick with an area of 1 cm2 are in-
serted in the main chamber under an argon atmosphere.
The target insertion for non-reactive materials such as
Sn–Li and Sn are performed at atmospheric pressure,
but lithium targets require a pressurized system with
continuous purging to prevent reaction with any ambi-
ent water vapor. The target can be rotated to provide
variation in the angle of incidence. A 45◦ incidence
was selected based on the average angle of incidence a
sheath-accelerated, gyrating particle makes where the
magnetic field lines cross the divertor plates at oblique
incident angles[12–14].

A quartz crystal microbalance dual crystal unit
(QCM-DCU) is rotated in front of the target, as shown
on the inset ofFig. 1, to collect the sputtered flux, mea-
suring the absolute sputtering yield. The QCM-DCU is
mounted on a manipulator and thus its spatial position
and orientation with respect to the target are known.
A brief description of the QCM is given in the next
section. A plasma cup provides plasma cleaning of the
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A small high-temperature UHV substrate heater
heats the sample past its melting point (180, 320, and
232◦C for Li, Sn–Li, and Sn, respectively). Upon melt-
ing, a thin oxide layer forms on the exposed lithium or
tin–lithium surface, which is scraped off by an in situ
arm rotated in front of the target. A tantalum evapora-
tive shield is placed on the sample to reduce the evap-
orative flux component during erosion of the sample.
Fig. 1shows the tantalum shield with the liquid-metal
sitting on a backing plate facing the heater. The plane
of the target and shield is parallel to the plane of the
QCM crystal as shown. The evaporative shield hole
is about 1.5 mm in diameter, slightly larger than the
0.1 cm beam spot size. A He–Ne laser is used prior to
chamber evacuation to align the ion-beam path with the
0.15 cm shield hole[7]. In addition, alignment is also
evident from the signal of collected material measured
by the deposition quartz crystal oscillator (QCO) sig-
nifying the sputtering of lithium. The signal measured
corresponds only to lithium or tin sputtering since the
sputtering yield of tantalum by light particles at these
energies and for the materials investigated is between
0.00025–0.0015 atoms/ion—about one to two orders
of magnitude less than sputtering from liquid lithium,
tin–lithium or tin.

A small type-K thermocouple is placed between the
sample and the back-plate facing the heater. A type-
J thermocouple is placed on the side near the evapo-
rative shield where the exposed lithium sample is lo-
cated. For temperatures between 200 and 450◦C, use
o pe-
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arget, removing any oxides or other impurities from
urface. This method also allows for deuterium tr
ent (implantation) within the top surface of the liqu
etal, simulating plasma-facing wall conditions wit
fusion reactor. For tin–lithium, the segregated lith

ayer (∼10 to 40Å) does not show any significant u
ake of deuterium, probably due to the low solubi
evel of D in tin. Deuterium retention in Sn–Li, how
ver, requires further investigation and is beyond
cope of this work. Deuterium treatment of 0.8 Sn
nd its effect on lithium sputtering have been stud

n IIAX and are treated in more detail in the literatu
8]. Although experiments have been carried out on
ffect of D-treatment on the erosion of the segreg

ithium layer in liquid tin–lithium, much more work
eeded to fully comprehend whether liquid tin–lithi
ould trap a significant amount of deuterium in the
id state.
f both thermocouples is appropriate. Another ty
thermocouple is positioned on the in situ mech

cal arm, which removes the liquid-metal slag up
elting. This also serves as a third method to m

ure the liquid-metal temperature. The thermocou
t all three locations measured temperatures w
0–30% of each other. For example, one of the
eratures measured by the type-K thermocoupl

he evaporative shield was 210◦C, while the temper
ture measured on the side near the evaporative s
as 170◦C and from the type-K on the in situ m
hanical arm, 190◦C. Despite all these measureme
rror still exists from the uncertainty of the tempe

ure measurement on the surface of the liquid-m
ample since heat transfer will occur from the
ace of the liquid-metal to the stainless steel arm
antalum shield. Therefore, error bars of the orde
0–30% are included in the temperature values o
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assumed if not indicated in the figures throughout this
document.

The partial pressures of gas species within the sys-
tem are monitored with a quadrupole gas analyzer. Typ-
ical total base pressures before the ion beam chamber is
opened to the main system range from 10−6 to 10−5 Pa.
An incident ion flux of the order of 1014 ions/(cm2 s)
can be achieved with an average beam spot diame-
ter of 0.1 cm, resulting in current densities of the or-
der of 20�A/cm2. During the course of a one-h ex-
posure, the total dose to the target is of the order
of 1016 ions.

2.2. Quartz crystal microbalance dual control unit

The QCM-DCU consists of two gold-coated quartz
AT-cut crystals, in thermal contact, with a fundamental
frequency of the order of 6 MHz (Fig. 2). One sensor
acts as the deposition crystal, the other as a reference
crystal. Since the sticking coefficient is 25% for sput-
tered lithium atoms on the gold-covered QCO crystal,
a thin carbon layer is evaporated ex situ on both the de-
position and reference crystals increasing the sticking

F –DCU) l contact;
( orative e holder is
t sample

coefficient from 25% to 85%. For sputtered tin atoms,
no carbon layers are used, since, sputtered tin atoms
stick better to gold.

A background trace monitors the evaporative flux
using both crystals for a period of 15–24 h when the
QCM is situated in front of the target. One crystal
collects the evaporative flux, while the other remains
a reference without deposition. For evaporation mea-
surements, the sticking coefficient of thermally emit-
ted lithium and tin atoms is estimated to obtain the
measured evaporative flux or partial pressure from the
liquid-metal surface.Fig. 3shows a schematic for evap-
oration results of liquid lithium as a function of temper-
ature. Error due to the estimate of collection angle as
well as sticking coefficient can lead to uncertainties of
near 40–50%. For lithium, estimating the evaporation,
is important since its magnitude is equal to or larger
than that of the sputtered flux in IIAX; however, both
molecular dynamic modeling[15] and direct experi-
mentation[16] show that the sticking coefficient for
thermal and hyperthermal-energy lithium atoms is sig-
nificantly less than those with energies typical of sput-
tered particles, resulting in a clear distinction between
ig. 2. The quartz crystal microbalance–dual crystal unit (QCM
2) shows the liquid-metal target embedded under (3) the evap
he UHV heater; (5) shows the hollow cathode plasma cup for
diagnostic system in IIAX. (1) shows the two crystals in therma
tungsten shield; (4) is the boron nitride holder and inside of th
exposure to a low-temperature plasma.
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Fig. 3. Lithium vapor pressure data with calculated curves at tem-
peratures between 200 and 400◦C. The data accounts for sticking
of evaporated thermal atoms onto the quartz gold-covered crystal
estimated with molecular dynamics calculations.

evaporative and sputter fluxes. For tin experiments, this
difficulty is non-existent since the evaporation flux for
temperatures investigated is about six orders of magni-
tude less than the sputtered tin flux.

Deposition of the sputtered and evaporative fluxes
are measured by a decrease in frequency as mass is col-
lected on the crystal while the beam is on and aligned
onto the liquid-metal sample. After the target receives
the proper dose, the beam is turned off, and both crys-
tals are kept running until the change in frequency due
to the evaporative flux alone is obtained again. Sam-
ple traces of the frequency difference,�f, of the dual
QCO unit against time plotted with ion current on the
sample are included in Allain’s Ph.D. thesis[8]. The
frequency variation of the deposition crystal correlates
with the mass loss of the sample as shown quantitatively
in the next section. X-ray photoelectron spectroscopy
(XPS) measurements show that the material deposited
on the QCO is lithium oxide due to the high reactivity
of lithium with oxygen on the crystal. Moreover, for
tin sputtering, Auger measurements show that SnO is
the material deposited on the QCM crystal[17].

2.3. Analysis of liquid-metal sputtering
measurements

Analysis of the absolute lithium-sputtering yield
from both liquid lithium and liquid tin–lithium and the

absolute tin-sputtering yield from liquid tin samples is
done by correlating the frequency variation in the crys-
tal signal with the time period of ion beam dose. The
calculation of the absolute sputtering yield is then pos-
sible after accounting for sputtering of QCM deposited
material by incident highly energetic reflected parti-
cles, sticking coefficient of sputtered atoms onto the
QCM crystal and the secondary ion fraction of sput-
tered atoms (for lithium-based surfaces). A mass bal-
ance is used to set up the analytical expression for the
absolute sputtering yield. The mass deposited on the
crystal, which corresponds to the mass loss from the
lithium sample,Md due to both evaporation and phys-
ical sputtering is shown to be

Md = DSQCMYΩmLMOfi

NA
(1)

whereD is the total ion dose. The sticking coefficient,
SQCM, is estimated using VFTRIM-3D, and is defined
as 1− R

QCM
j , whereRQCM

j corresponds to the reflec-
tion coefficient for sputtered speciesj off the QCM
crystal surface.Yis the total (ions + neutrals) sputtering
yield in sputtered particles per ion.Ω is the fraction of
the normalized distribution of sputtered particles sub-
tended by the QCM crystal, andfi is a factor ranging
from 1.5 to 1.8 that accounts for the ion fraction of
sputtered species. The mass of liquid-metal-oxide de-
posited on the QCM deposition crystal ismLMO (in
g/mol), andN is Avogadro’s number. The mass de-
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QCM = �f
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here�f is the frequency change measured from
aw frequency difference between the deposition
eference crystal data.Mcrystal is the mass of the cryst
iven by the manufacturer, andf is the initial frequenc
f the QCM crystal. TheMQCM term incorporates th
ass loss due to sputtering from reflected incident

icle neutrals from the liquid-metal surface. The refl
ion coefficient of incident ions,Rj (j is the specie
ype), the sputtering coefficient of energetic neut
mpinging on the QCM crystal surface,YQCM

j , and the
raction of the normalized distribution of reflected p
icles subtended by the QCM,Ωj, are factored into th
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mass variation of the QCM in this manner:

MQCM = �f

f
Mcrystal(1 + RjY

QCM
j Ωj). (3)

A mass balance between the mass loss from the liquid-
metal sample and the mass gained on the QCM depo-
sition crystal results in the expression for the absolute
sputtering yield:

Y = 1

DfiSQCMΩmLi2O

�f

f
Mcrystal(1 + RjY

QCM
j Ωj).

(4)

For the self-sputtering (lithium) case, this expression
becomes

Yself-sputtering= 1

DfiSQCMΩmLMO

�f

f
Mcrystal. (5)

This expression differs fromEq. (4)because reflected
incident lithium atoms are considered part of the self-
sputtered signal for the purpose of quantifying lithium
flux from the surface.

Eq. (5)does not include the partial sputtering yield
of tin, for the case of 0.8 Sn–Li sputtering, for two rea-
sons. First, the sputtering threshold for pure tin is high,
near 200–300 eV due to its relatively high elemental
surface binding energy. At 45◦ incidence, the sputter-
ing yield of Sn is as high as 0.10–0.15 Sn atoms/ion
at energies of 500–1000 eV, according to simulations
using TRIM-SP for D and He bombardment. Second,
if the beam-facing surface is a mixture of Sn and Li
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Fig. 4. D+ bombardment of D-saturated liquid and solid lithium
at 45◦ incidence compared to VFTRIM-3D simulation data. Total
lithium sputtering yield includes both ions and neutrals.

fraction results are consistent with predictions made for
Li–Al and Li–Cu systems by Krauss and Gruen[19].
For the case of tin sputtering the secondary ion sputter-
ing fraction is rather low; only values up to 10% have
been measured under a variety of incident particle (D+,
He+) energies and liquid tin temperatures[17].

2.4. Measurements of liquid lithium sputtering just
above the melting point

Fig. 4shows the total lithium sputtering yield mea-
sured at energies between 200 and 1000 eV for D+
bombardment of D-treated liquid and D-treated solid
lithium at 45◦ incidence[7,9]. The maximum lithium
sputtered is found near the 400–500-eV range for liq-
uid lithium and 200 eV for solid lithium.Fig. 5shows
experimental data for self-sputtering at energies be-
tween 200 and 1000 eV for both liquid and solid
lithium. The self-sputtering yield reaches a maximum
near 700 eV for both liquid and solid lithium.Fig. 6
shows the D-treated liquid and solid lithium sputtering
yield for He+ bombardment of D-treated liquid and
solid lithium for energies between 200 and 1000 eV.
A maximum yield from helium bombardment is noted
near 500 eV for both liquid and solid lithium. The frac-
tion of Li atoms sputtered in the ionic state from liquid-
phase lithium is 0.65± 0.1 compared to 0.55± 0.1 for
solid-phase lithium for 700-eV He+ bombardment[7].

All sputtering yields for liquid lithium are slightly
l te.
toms, the amount of Sn sputtering calculated a
ould lead to sufficient Sn measured on the on
CM deposition crystal for detection by XPS. T
PS measurements show that 99.6% of the mas
osited on the QCM crystal is oxidized lithium. T
onfirms measurements by Bastasz of tin–lithium

iquid phase, where lithium atoms segregate to the
ace[18]. Thus, the surface sputtered is mostly lithi
articles.

In addition, measurements in IIAX of the fraction
puttered atoms which emerge as ions from solid
n–Li and liquid 0.8 Sn–Li compared to pure liq

ithium indicate that the beam-facing surface dur
ombardment is pure Li[9,10] once the sample is

he liquid state. The sputtered atom ion fraction of
id 0.8 Sn–Li is 65%, and is on average equal to p

iquid lithium. In the solid-phase 0.8 Sn–Li values
0% are obtained. These high secondary ion sput
 arger than lithium sputtering yields in the solid sta
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Fig. 5. Lithium self-sputtering for liquid and solid lithium at 45◦
incidence with surfaces treated with deuterium. Total lithium sput-
tering yield includes both ions and neutrals.

In both cases, the low lithium-sputtering yield is di-
rectly related to the treatment of the surface by deu-
terium atoms. In the case of the solid phase, preferential
sputtering mechanisms dominate the physical sputter-
ing yield. In the case of lithium in the liquid phase, the
relative bonding between atoms dominates the absolute
sputtering of Li atoms[7,9,10].

Deuterium bombardment exhibits different maxima
for experimental data points, depending on the surface
state of the lithium sample. This suggests an enrich-
ment of deuterium atoms in the bulk of liquid lithium
that shifts the maximum of the nuclear stopping cross-

Fig. 6. He+ sputtering of solid and liquid lithium near the melting-
point (180◦C) at 45◦ incidence. Total lithium sputtering yield in-
c

Fig. 7. Experimental data of Li+, D+ and He+ bombardment of
liquid-phase tin–lithium sputtering at 45◦ incidence. Total lithium
sputtering yield includes both ions and neutrals.

section to higher energies. The effect of deuterium
treatment varies from the solid to the liquid phase. Ex-
perimental data show that for solid lithium the sput-
tering yield of Li atoms is significantly decreased by
deuterium treatment of the surface[7,20]. In contrast,
although the solubility of deuterium in liquid-phase
lithium is high, D atoms readily migrate to the bulk due
to the high diffusivity and strong concentration gradi-
ent. Thus, as the temperature is raised beyond the melt-
ing point, the effect of deuterium treatment on reducing
lithium sputtering diminishes. Although the effect of
deuterium treatment in solid lithium near the melting
point is important, at temperatures beyond 250–300◦C,
this effect is negligible—ion-bombardment-induced
mechanisms take effect and lead to enhanced erosion
of liquid lithium as demonstrated by atomistic simula-
tions [21]. This phenomenon has also been measured
in IIAX for 0.8 Sn–Li and Sn in the liquid state[16]
and will only be briefly discussed in this review.

2.5. Measurements of liquid tin–lithium sputtering
just above the melting point

Fig. 7 shows experimental data for the absolute
sputtering yield of Li at energies between 200 and
1000 eV for D+, He+ and Li+ bombardment of liquid
tin–lithium at 45◦ incidence. The maximum Li sput-
tered for deuterium bombardment is found near 400 eV,
similar to pure liquid lithium results discussed earlier
[9]. Experimental data for helium bombardment results
ludes both ions and neutrals.
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show a maximum of the yield near 400 eV. This sput-
tering yield maximum is also close to that obtained for
helium bombardment of solid and liquid lithium. The Li
sputtering yield reaches a maximum near 700 eV, sim-
ilar to results of pure solid and liquid lithium sputter-
ing [7,9]. The measured fraction of sputtered particles
emerging as ions for D+, He+ and Li+ bombardment
is less than 10% for solid 0.8 Sn–Li, but increases to
around 65% for liquid 0.8 Sn–Li as discussed earlier.

The largest contribution to the absolute sputtering
of lithium comes from bombardment by lithium ions
onto liquid 0.8 Sn–Li. The maximum absolute sput-
tering yield of Li by lithium bombardment is about
a factor of two greater than for helium bombardment
and a factor of four greater than for deuterium bom-
bardment. This is due to a greater transfer of energy
between Li+ bombarding ions and Li atoms on the sur-
face, compared to D+ and He+ bombarding ions. In
addition, subsurface layers containing 80 % Sn act as
a reflective wall, thus, incident bombarding particles
backscatter with high outward momentum, leading to
more lithium sputtering. For example, incident Li and
He atoms transfer about 16% and 10% of their ener-
gies, respectively, to sub-surface Sn atoms leaving any
backscattered Li and He atoms with sufficient energy
to cause significant sputtering of surface Li atoms.

All lithium sputtering yields from liquid tin–lithium
samples are larger than those on D-treated liquid
lithium in the liquid phase just above their respective
melting points. This is due to energetic backscattered
a sol-
u y
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s fu-
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2.6. Ion-bombardment-induced temperature
enhancement of liquid lithium and liquid
tin–lithium sputtering

Measurements of liquid lithium and liquid
tin–lithium just above the melting point did not show
a large difference in the absolute lithium sputtering
yield compared to the solid phase. This was the case
over a variety of incident species (H+, D+, He+ and
Li+) and incident particle energies (100–1000 eV)
[16]. As the temperature of the liquid-metal was
increased further, an unexpected rise in the absolute
lithium sputtering yield of the bombarded liquid-metal
was measured in IIAX. This result also confirms
earlier liquid lithium temperature-dependent data from
PISCES-B[4], although the ion-beam experiments
in IIAX were carried out with ion fluxes that were
four orders of magnitude lower than those found in
PISCES-B. Similar, results were obtained for Sn and
Ga in the liquid state. Results for tin will be discussed
shortly.

One particular set of data is the deuterium-ion bom-
bardment of D-treated liquid lithium. The results for
300–1000 eV D+ bombardment of D-treated liquid
lithium at temperatures between 200 and 420◦C at
45◦ incidence are shown inFig. 8. The data show
an enhanced lithium-sputtering yield that begins near
300◦C. As discussed earlier, the lithium sputtering

F
d rticle
e trals)
l ith
i oth
i

toms as explained earlier. In addition, since the
bility of deuterium in liquid tin–lithium is relativel

ow [22], its contribution to decreasing the abso
puttering yield of Li is also very low.

As in the sputtering of pure liquid lithium, the io
raction of sputtered atoms is important. Particles
putter as ions will quickly return to the surface in a
ion device due to the plasma sheath and near-pa
agnetic field. For the case of liquid tin–lithium, t

on fraction was measured to be 65% compare
10% for solid tin–lithium. This relatively large io

raction coincides with that measured in pure liq
ithium [7,9]. This provides further evidence that
toms segregate to the surface of liquid tin–lithi

orming a thin layer of lithium atoms; therefore, t
urface of liquid tin–lithium will behave in a simil
ay to the surface of pure liquid lithium with resp

o the ion-induced secondary sputtered ion fractio
ig. 8. Liquid lithium sputtering from D+ bombardment at 45◦ inci-
ence plotted vs. target temperature for a variety of incident pa
nergies. Dotted line shows the maximum total (ions + neu

ithium sputtering yield of 0.138± 0.056 at room temperature w
ncident particle energy. Total lithium sputtering yield includes b
ons and neutrals.
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Fig. 9. He+ on liquid lithium results for 300–1000 eV bombard-
ment at 45◦ incidence for temperatures 200–420◦C plotted with
the Bohdansky–Sigmund–Yamamura model of linear cascade the-
ory. Total lithium sputtering yield includes both ions and neutrals.

yield component is obtained by subtraction of the
evaporation signal from the total lithium erosion sig-
nal (sputtering + evaporation); therefore, only ion-
bombardment-induced effects are responsible for the
measured lithium erosion enhancement.

Fig. 9 shows results for 300–1000 eV He+ bom-
bardment at 45◦ incidence for temperatures be-
tween 200 and 420◦C. This data is plotted with the
Bohdansky–Sigmund–Yamamura model for linear cas-
cade theory[7]. The data clearly show the nonlinear
nature of liquid lithium erosion as the temperature is
increased, similar to bombardment with D+. In addi-
tion, the sputtering yield maximum tends to shift to-
ward lower energies, indicating that ion-bombardment-
induced surface mechanisms are responsible for the en-
hancement. To determine if the enhancement occurs for
other liquid-metals, tin was chosen due to its low melt-
ing point and, more importantly, due to its low vapor
pressure, which, at 200◦C, is about six-orders of mag-
nitude less than for lithium[17]. Thus, any contribution
due to thermal evaporation is not measurable with the
instruments used.

2.7. Measurements of liquid tin sputtering

Another candidate PFC liquid-metal is tin, which
melts at 232◦C.Fig. 10shows results for Sn sputtering
from helium bombardment at various incident parti-
cle energies and sample temperatures. The data show

Fig. 10. Experimental results for the sputtering yield of liquid tin
compared to solid tin due to helium ion bombardment; data are pa-
rameterized by the ion energy and presented as a function of tar-
get temperature. Representative error bars are shown for the 500 eV
case—errors at the other energies are of similar magnitudes. Dotted
line shows the total (ions + neutrals) tin sputtering yield of 0.106±
0.048 at room temperature with He+ energy of 700 eV.

a clear temperature dependence of the sputtering yield
of liquid tin due to helium ion bombardment, similar to
experiments with liquid lithium and liquid tin–lithium
discussed earlier. Similar results were found for deu-
terium bombardment[17]; however, the magnitude of
the tin sputtering yield from the liquid state compared
to the solid state of tin is lower if the solid tin surface is
an oxide. This is because tin is one of only a few met-
als whose oxides have a higher sputtering yield than
the pure metal[23]. Moreover, when an oxidized tin
sample is melted, oxygen is effectively desorbed from
the tin sample. After the surface resolidifies, the tin is
nearly free of oxygen in the solid state, and its sputter-
ing yield is lessthan an oxidized surface of solid-state
tin. Once in the liquid state and after increasing the tem-
perature, enhanced erosion of liquid tin is measured for
both deuterium and helium bombardment[24].

The temperature-dependence of the sputtering yield
of liquid tin due to low-energy, light-ion bombardment
behaves similarly to that of liquid lithium and liquid
tin–lithium. Similar measurements of enhanced ero-
sion for low vapor pressure metal were found for gal-
lium in PISCES-B[3]. Although the temperature de-
pendence is not as strong as that found in liquid lithium
in IIAX [16] or with a deuterium plasma in PISCES-B
[25,26], where the sputtering yield increased by about
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an order of magnitude over a similar temperature range,
the temperature enhancement of liquid tin’s sputtering
yield is significant and measurable. Thus, liquid-metal
sputtering measurements from a number of experimen-
tal facilities indicate that enhanced erosion levels are
expected as the temperature of the irradiated sample is
increased.

2.8. Temperature-dependent sputtering
mechanisms

The physical explanation of the temperature en-
hancement of sputtering yields of liquid-metals is not
yet complete; however, a model by Allain and Ruzic
has been developed[21] and helps explain tempera-
ture enhancement measurements of liquid lithium. The
Allain–Ruzic model suggests that the main factors that
change as a result of increasing the target tempera-
ture are the bonding nature of atoms with their nearest
neighbor and the change in the spatial distribution of
deposited energy. Multi-body attractive forces at the
surface are weakened with increasing temperature due
to the mobility of near-surface atoms. Ordinary sput-
tering is initiated by linear collision cascades, in which
all the atoms hit atoms at rest. However, we find that in
liquid lithium the physical model of a cascade in which
all the atoms strike other atoms in motion is consistent
with the enhanced sputtering lithium yields we mea-
sure at low incident particle energies, across a very
narrow temperature range (e.g., 200–400◦C). Further-
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Fig. 11. Comparison of the total sputtering yields of solid and liquid-
state Li, Sn and 0.8 Sn–Li bombarded by 700 eV, 45◦ incident He+
plotted vs. target temperature. For reference the melting points of
Li, Sn and 0.8 Sn–Li are: 180, 232, and 330◦C, respectively. Total
liquid-metal sputtering yield includes both ions and neutrals.

2.9. Comparisons of sputtering among candidate
liquid-metal PFC materials

A comparison between the liquid-metals studied
further elucidates the behavior of the physical sput-
tering yield of liquid-metals and ion-bombardment-
induced mechanisms. In this case, Li, Sn and 0.8 Sn–Li
in the solid and liquid states are compared.Fig. 11
shows the sputtering yield of lithium from Li and 0.8
Sn–Li and the tin sputtering yield from Sn bombarded
by He+ at 700 eV and 45◦ incidence. One common as-
pect among all the liquid-metals studied is that the total
sputtering yield does not vary much between the solid
and liquid states at temperatures close to the metal’s
melting point. In the case of lithium, the lithium sput-
tering yield is 0.145± 0.051 in the solid state (25◦C)
and is 0.169± 0.059 in the liquid state at 200◦C is,
which is 20◦C higher than lithium’s melting point. As
discussed earlier, any oxide on the tin sample will lead
to a larger tin yield than in its pristine state. Thus, for
a pristine tin sample, the sputtering yield is 0.106±
0.032 in the solid state at 25◦C and is 0.251± 0.075
in the liquid-state at 305◦C for data taken in IIAX.
The melting point for tin is 220◦C. In the case of the
tin–lithium alloy (0.8 Sn–Li); the lithium sputtering
yield is 0.110± 0.033 at 25◦C, and for liquid 0.8
Sn–Li at 335◦C, the lithium sputtering yield is 0.150±
0.045 with the melting point of the alloy being close to
ore, incident particles deposit an increasing frac
f their energy in the near surface region at low
rgies and in multi-body collisions. Further detail a

nvestigation is necessary to verify the Allain–Ru
odel. For example, the sputter depth is only a
onolayers from the liquid surface. The spatial res

ion of the liquid–vapor interface for liquid-metals h
een characterized by a stratified layer due to the

ronic properties at the surface of a conducting liq
ow this stratified layer affects reflection and sput

ng of low-energy, incident charged particles and h
t is connected with the temperature-dependent ero
esults discussed here are beyond the scope of th
er and require further study. In addition, contin
ork with atomistic simulations will assess whet

hese mechanisms can explain enhanced erosion
ured in other liquid-metals, such as tin, gallium
in–lithium.
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330◦C. Data taken in the PISCES-B device with liquid
gallium also showed similar behavior under deuterium
ion bombardment. The invariant behavior of the sput-
tering yield across the liquid-metal melting point is also
noted for bombardment with other species, namely: D+
and Li+.

As the temperature is increased beyond the melting
point of the metal, the enhancement of liquid-metal
erosion is noted; however, its increase with temper-
ature seems to vary from metal to metal. For exam-
ple, lithium sputtering from liquid lithium increases
more slowly with temperature than the lithium sput-
tering yield from liquid 0.8 Sn–Li. Liquid tin has a
slower sputtering yield enhancement with temperature
than either tin–lithium or lithium; however, further data
is needed for 0.8 Sn–Li and Sn samples at higher tem-
peratures to determine this conclusively. How lithium
in the alloy behaves differently, with respect to ero-
sion, than a pure liquid lithium surface is under cur-
rent investigation. In addition, further work by Allain
currently investigates threshold sputtering regimes for
liquid lithium sputtering, ion flux dependence of liquid
lithium sputtering and its functional dependence with
temperature.

ain co

3. Particle retention measurements of flowing
liquid lithium in FLIRE

In addition to erosion characteristics, another criti-
cal property of any liquid-metal used in a fusion ma-
chine environment is its retention of helium and hydro-
gen particles. The flowing liquid retention experiment
(FLIRE) was designed and built to measure these and
other properties of a free-surface-flowing liquid. Mea-
surements in FLIRE presented in this paper focus on the
helium retention properties of flowing liquid lithium.

3.1. Experimental description of FLIRE

FLIRE consists primarily of two vacuum chambers,
the upper chamber and the lower chamber, intercon-
nected by a small aperture and independently pumped.
Fig. 12 shows a diagram of the FLIRE experiments
showing the location of the upper and lower cham-
bers. To drive the flow, a third chamber, called lower
reservoir, is filled with molten lithium and pressur-
ized with argon gas. Lithium transfer lines connect the
lower reservoir to the upper chamber through a pneu-
matic valve. When the pneumatic valve is opened the
Fig. 12. Updated block diagram of the FLIRE m
 mponents showing the newly installed TDS chamber.
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Fig. 13. Cross section of the ramp assembly inside the FLIRE upper
chamber. The rectangular hole at the bottom is 3× 10 mm, soW=
10 mm. The distance from beam strike point to the point of exit is
10.6 cm.

pressure in the lower reservoir drives the lithium
through the transfer lines and into the upper chamber.
The average flow rate of the lithium is controlled by
the initial driving pressure; typical driving pressures
are∼150 Torr, resulting in flow speeds∼ 50 cm/s. Be-
cause the upper chamber is∼150 cm higher than the
lower reservoir, a minimum pressure of∼70 Torr is re-
quired to raise the lithium up to the level of the upper
chamber.

In the upper chamber, the liquid lithium can flow
in one or two separate streams along two rectangular
open channels, as shown inFig. 13. The streams reach
the exit orifice and flow into the lower chamber (not to
be confused with the lower reservoir) through an exit
channel. When the stream flows through the exit orifice,
the liquid-metal forms a vacuum seal between the upper
chamber and the lower chamber. After the flow stops,
the seal remains due to the small amount of lithium
held in the exit channel by surface tension. The vacuum
seal was confirmed by observing the pressure in each
chamber before (starting with a clear exit channel) and
after lithium flow with gas fed into the upper chamber.
Fig. 14shows the Argon pressures in the upper cham-
ber and lower chamber before and during lithium flow,
starting with an initially clear exit channel. Initially, the
pressures in the two chambers are high (5× 10−5 Torr
in the upper chamber and 3× 10−6 Torr in the lower
chamber) because there is no seal in the exit channel.
The upper-chamber pressure is higher than the lower
chamber pressure in the no-seal condition because Ar
g ough

Fig. 14. (a) Idealized pressure evolution curve in the FLIRE lower
chamber, assuming constant pumping speed and constant release rate
from the metal. (b) Actual helium trace in the lower chamber during
a FLIRE run. The average flow velocity was 25 m/s, and the energy
of the ions was 1500 eV. Flow start and end points are marked in the
figure by vertical lines.

the small exit channel to reach the lower chamber. Once
the lithium flow reaches the exit channel, the pressure
in the lower chamber decreases and the pressure in the
upper chamber increases because the gas flow is only
in the upper chamber, but both chambers are pumped
independently. This test confirms that a liquid lithium
seal forms between the two chambers. Even after the
flow stops, the seal remains because of the high surface
tension of liquid lithium. This liquid-seal separation of
the two chambers allows the measurement of the re-
lease rate of the implanted gas in the lower chamber
without interference from the background gas that is
necessary to operate the ion gun in the upper chamber
(∼2 × 10−5 Torr).

As shown inFig. 13, one of the streams is exposed to
an ion gun located approximately 10 cm from the exit
as is fed into the upper chamber and must pass thr
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channel. The ion gun injects helium into the lithium
flow with energies between 500 and 4 keV and is ca-
pable of currents between 1 and 10�A. The implanted
helium diffuses in and out of the flow stream as the
lithium travels down the channel until the flow reaches
the exit orifice. During this time, most of the helium
diffuses out of the lithium stream and is released into
the upper chamber. When the flow reaches the exit ori-
fice, it pours into the second (lower) chamber, where a
magnetic sector residual gas analyzer (MS-RGA) mon-
itors the helium partial pressure as the remaining im-
planted helium is release into the lower chamber. This
RGA was calibrated to an all-metal Bayard–Alpert mi-
croion gauge, and the pressure signals are corrected by
a known factor (five for the case of helium) to account
for gauge calibration.

A turbo pump attached to the lower chamber main-
tains a base vacuum of∼10−9 to 10−8 Torr when re-
tention measurements are not in progress; however, to
increase the sensitivity of the helium partial pressure
(retention) measurement, the pumping rate in the lower
chamber is reduced by partially closing a gate valve be-
tween the lower chamber and its turbo pump. If the
pumping speed was not reduced, the helium would
be pumped out before the MS-RGA could accumu-
late a significant signal. A decreased pumping speed
in the lower chamber results in a higher base pressure
of ∼10−6 Torr during the measurement. Because the
only source of helium in the lower chamber is des-
orption from the lithium, the helium partial pressure
m the
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Fig. 15. Demonstration of seal formation between the FLIRE upper
and lower chamber. Liquid Li flow started att = 730 s. Once the flow
starts, the Ar signal in the lower chamber drops drastically.

3.2. Retention of Helium in flowing liquid lithium

FLIRE directly measures the desorption rate of im-
planted helium in the lower chamber. If the release rate
from the metal is constant, and the pumping speed in the
lower chamber is kept constant, then the partial pres-
sure of the implanted species reaches a steady-state
level. Given the steady-state pressureP in Torr and the
pumping speedS in cm3/s, and assuming that the gas
particles reach thermal equilibrium with the chamber
walls at room temperature (20◦C), the release rate in
the lower chamberq can be calculated in particles per
second as:

q = (3.3 × 1016 atoms/Torr cm3)PS (6)

Fig. 15(a) shows an idealized pressure evolution graph
representing a constant release rate from the metal. In
Fig. 15(b), an actual trace obtained in FLIRE by bom-
barding a Li flow with a He beam is shown. Although
there is some scatter in the pressure trace, the shape of
the curve, a flat plateau that then decays, matches the
idealized pressure evolution.

Throttling the pump valve to decrease the pumping
speed in the lower chamber is necessary for achiev-
ing a measurable signal of the very small quantity
of the implanted species released from the flow. A
quantitative measurement of the retention requires a
known pump rate. The pressure decay rate provides
an effective means of measuring the pumping speed in
t re
easurement from the MS-RGA is insensitive to
otal background gas pressure in the chamber. B
ach measurement, the background helium sign
easured over a period of one minute so that it
e subtracted from the measurement when the da
nalyzed.

Several subsystems work together in FLIRE to
ain an adequate measure of the release rate i
ower chamber, which yields information about pa
le retention. A very detailed description of these s
ystems, such as the thermal desorption spectros
TDS) system, can be found elsewhere[27]. The TDS
hamber shares the MS-RGA capability with the lo
hamber, and can ramp up the temperature at a
ate to correlate desorption rate with temperature.
se of the TDS chamber to study hydrogen reten
nd long-term helium and hydrogen trapping is
ently underway.
 he FLIRE lower chamber.Fig. 16shows the pressu
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Fig. 16. (a) Pumping curves for Set A. Time constant for the pressure
exponential decay (V/S) is 17± 2 and 21± 1 s resulting in pumping
speeds of 0.42± 0.06 l/s for Set A. (b) Pumping curves for Set B.
Time constant for the pressure exponential decay (V/S) is 17± 2 and
21 ± 1 s, resulting in pumping speeds of 0.33± 0.02 l/s for Set B.
Small mismatch in valve aperture may account for the difference.

decay in the measurement chamber from a controlled
leak with two slightly different pump-valve openings.
By fitting these data with an exponential decay curve
(Eq. (7)), the pumping speed,S, for a given valve open-
ing can be calculated from the decay constant,S/V,
whereV is the available volume in the chamber,Pbckg
is the base pressure in the chamber with no leak andP0
is the initial pressure from the controlled leak.

P(t) = Pbckg + P0 e
−St/V (7)

The pumping speed is measured after each run because
the pump valve cannot be positioned precisely enough
to achieve the same pumping speed between each batch
of runs. The pump valve is opened fully between data
sets to minimize buildup of impurities in the lithium due
to higher base pressures with a throttled pump valve.

Fig. 17. Retention coefficient as a function of energy for different
injection currents (1.2�A for Set A and 1.8�A for Set B).

For the cases inFig. 16, the pumping speeds were 0.42
± 0.06 l/s for data set A and 0.33± 0.02 l/s for data
set B. These pumping speeds are used to calculate the
retention coefficient, as discussed below.

The helium experimental campaign in FLIRE in-
volved exposure of liquid lithium to a helium ion beam
at different beam energies and beam currents. Lithium
temperature was held at 230± 10◦C for these mea-
surements. For each run, a retention coefficientRwas
calculated as the ratio of the release rate in the lower
chamberq to the injection rate by irradiation in the
upper chamberj:

R = q

j
. (8)

Values ofR for different injection currents (1.2�A
for Set A and 1.8�A for Set B) are presented inFig. 17.
Pumping speed values for the calculation of retention
were obtained from the pumping curves inFig. 16. The
retention coefficient shows a linear dependence with
implantation energy, as expected. Values of the reten-
tion coefficient vary from 0.25% for 500-eV particles
to 2% for 4-keV particles with a flow velocity of 44±
6 cm/s (flow on only one channel) and a flow length of
approximately 10 cm.

The dependence of retention on flow velocity is also
of interest in designing advanced liquid divertors. As
will be discussed in the data analysis section, helium
retention should scale with the square root of the flow
v ify
t s a
f on
elocity for the condition present in FLIRE. To ver
his scaling in the FLIRE experiment, retention a
unction of energy was measured with lithium flow
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Fig. 18. Steady-state pressure in measurement chamber as a function
of ion energy for experiments with single and double flow. Single
flow speed is twice that in the double flow case, and slopes,m, differ
by a factor of approximately

√
2.

both ramps and lithium flow on only one ramp. The
flow rate in the single-ramp case was twice that of the
flow-rate in the two-ramp case, and the ion-beam cur-
rent was the same in both cases. By decreasing to only
one flow channel with twice the flow rate, the total mass
flow rate of the lithium was held constant between the
two measurements, while other experimental variables
that could interfere with the measurement, such as in-
creased pooling near the flow exit, were held constant.

Fig. 18shows the helium pressure in the measure-
ment chamber during the single and double flow runs.
Because the injected ion current was the same in both
cases, the steady-state pressure is directly proportional
to retention. Applying a linear fit to these data yields a
slope of (2.2± 0.1)× 1013 atoms/(s eV) for the single
flow case and (1.4± 0.1)× 1013 atoms/(s eV) for the
double flow case. The ratio of slopes is then 1.6± 0.1,
which is close to the expected value of the square root
of the velocity ratio, 1.414.

3.3. Data analysis of particle retention in FLIRE

Extrapolation of FLIRE retention data to other sys-
tems requires a model to determine the appropriate
scaling of FLIRE data to the expected conditions in
a different system. To this end, the experimental data
was compared to a simple analytical model. The model
is “simple” due to the inert and insoluble nature of he-
lium in lithium and the assumptions used to find an
a l are
t

• one dimensional diffusion from bulk to surface;
• semi-infinite domain;
• all ions are implanted at the mean ranger;
• the size of the beam is much smaller than the width

of the channel; and
• convective transport is neglected.

With these assumptions, the governing partial dif-
ferential equation (PDE) is

v
∂C

∂y
= D

∂2C

∂x2 +G(x, y). (9)

The boundary conditions are the following:

C(x = 0, y) = 0,

C(x = ∞, y) = 0,

C(y = 0, x) = 0,

G(x, y) = φ
W
δ(x− r)δ(y).

(10)

In Eqs. (9) and (10), v is the flow speed,C the con-
centration of helium in the lithium,D is the diffusion
coefficient for helium in lithium,G the helium source
rate density due to implantation,φ is the total injection
rate into the flow,r the mean implantation range,W the
width of the ramp,x the distance into the depth of the
flow andy is the distance along the ramp. The origin is
located where the center of the ion beam intercepts the
surface of the liquid. Using the analytical solution of
the PDE, the rate at which particles flow into the lower
chamber,q, can be written as[28,29]:

q

w

θ

R

d in
t
r exit
c m-
p -
p e
i l to
nalytical solution. The assumptions of the mode
he following:
= φ erf

[(
4
Dy0

vr2

)−1/2
]

= φ erf
√
θ, (11)

hereθ is a dimensionless parameter given by

= vr2

4Dy0
= r2

4DtI
= tD

tR
. (12)

The retention coefficient is then given by:

= q

j
= erf(θ). (13)

This result is consistent with expressions foun
he literature for similar models[30–32]. In the above
elations,yo is the distance along the ramp to the
hannel,tR is the residence time of the flow in the i
lantation chamber andtD is the diffusion time. Ex
ressions different fromEq. (13)can be obtained if th

mplantation source term is modified in the mode
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allow for realistic particle implantation depth profiles,
and/or spatial flux distribution along the travel path of
the flow.

Because retention is defined as the release rate di-
vided by the injection rate (Eq. (13)) indicates that the
retention coefficient should be independent of the ion
injection rateφ, as was shown from the experimen-
tal results. For small values of the argument, the error
function is a linear function of the argument given by:

erf(x) ≈ 1.114x, for x 
 1. (14)

This means that the retention coefficientRdepends
on energy and velocity in the following way if all other
parameters are kept constant:

R ∝ E√
v
. (15)

This dependence was confirmed from the experi-
mental data shown inFigs. 17 and 18. From these re-
tention results, the value ofθ as a function of energy is
given by:

θ = (2.26× 10−5 keV−2)E2. (16)

This means that if the transit time in the reactor
and liquid temperature are on the same order, the re-
tention value can be extrapolated to higher energies,
since the edge temperature is expected to increase for
low-recycling walls.
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partial sputtering yield of lithium, thus the measured
decrease in lithium sputtering. This effect became less
dominant as the temperature of the liquid-metal was
increased due to the high diffusivity of implanted D
atoms in liquid lithium. How implanted D atoms dilute
the partial sputtering yield of lithium remains unre-
solved.

In addition to the effect of D-treatment of liq-
uid lithium on the sputtering of lithium, the ion-
bombardment-induced secondary sputtered ion frac-
tion (IISSIF) was measured to be between 55–70%.
This result was obtained for solid and liquid lithium
with solid lithium having an IISSIF of about 55% and
liquid lithium having an IISSIF at 420◦C of 70%. The
result of the IISSIF in the solid state was confirmed
later by tokamak experiments using the DiMES sam-
ple system in DIII-D. Solid lithium results from bom-
bardment by D plasma showed agreement with neutral
lithium sputtering yields assuming an IISSIF near 65%.
Liquid lithium IISSIF results were confirmed by toka-
mak experiments in the T11-M TRINITI liquid lithium
capillary divertor system.

Studies with 0.8 Sn–Li alloy in IIAX at tempera-
tures at or just above the melting temperature (320◦C),
showed lithium sputtering yields larger than pure liq-
uid lithium. In addition, the secondary sputtered ion
fraction was close to 65–70% indicating that 0.8 Sn–Li
may be an attractive plasma-facing component for fu-
ture high-heat flux fusion devices. The desirable low Z
and high ion fraction of the sputtered flux is present due
t dis-
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. Summary of ion-beam sputtering yield
easurements from liquid-metals in IIAX

One key feature in liquid-metal sputtering meas
ents in IIAX is that there is little difference betwe

puttering from a solid and liquid at temperatures
bove the melting temperature of the liquid-metal. T
ehavior is also noted in results from PISCES-B. T

mplies that simply a change in phase does not lea
measurable difference in sputtering.
Studies of lithium in the solid state with surfa

reatment using deuterium plasmas led to an ave
0–60% decrease in lithium sputtering compare
esults from a pure lithium target[7,8,20,33]. This re-
ult was also found for lithium in the liquid-state ju
bove its melting point. The preferential sputtering

mplanted D atoms from the lithium surface dilutes
o the Li segregating to the surface. However, the
dvantages of a Li surface – high evaporation rate
oiling point, and high tritium retention – are abse

In turn, studies with liquid-phase tin showed lowr
in sputtering yield than oxidized tin in the solid sta
his was due to the unique behavior of tin-oxide s

ering more than its pure metal state. Moreover,
bove the melting point of tin the sputtering yield
ot change from oxygen-free tin in the solid st
his result was consistent with measurements for li

ithium and liquid tin–lithium.
As the temperature was increased for all liqu

etals studied in IIAX and those in PISCES-B, a n
inear rise in sputtering was measured. In the cas
IAX liquid-metal data, the rate of nonlinear eros
ith temperature was relatively lower than meas
ents in PISCES-B, although one should take cau

n comparison between the sets of data since the
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of the two experiments are quite different. IIAX uses an
ion-beam source at oblique incidence with an average
flux of 1014 ions/(cm2 s), whilst PISCES-B is a linear
plasma source of flux near 1018 ions/(cm2 s) with bom-
barding ions at normal incidence. Continued studies are
determining the physical mechanisms responsible for
the measured enhancement and difference/similarities
between experiments in IIAX and PISCES-B.

5. Summary of particle retention
measurements in FLIRE

Studies of retention of implanted He+ ions in free-
surface flowing liquid lithium have been completed in
FLIRE. Measurement of particle retention is accom-
plished by implanting particles in a flowing lithium
stream in the FLIRE upper chamber and measuring par-
ticle release in the lower chamber. The lower chamber is
vacuum isolated from the upper chamber by the flowing
lithium stream. Knowing the implantation rate and lo-
cation, along with the lower-chamber pump speed and
helium/hydrogen partial pressure, allows the calcula-
tion of the retention coefficient for bombarding helium
or hydrogen ions.

Measurements of helium retention were performed
as a function of incident particle energy and flow ve-
locity to corroborate the qualitative behavior of the re-
tention coefficient. As expected, retention is indepen-
dent of incident particle flux, since the release mea-
s por-
t lin-
e eV
p
t lso
i flow
s Use
o en-
t this
d im-
p ime
o di-
t ose
e del
p ort of
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e be-

tween the retention coefficientRand the dimensionless
parameter.

Current experiments are addressing the long-term
retention of helium and the absorption and transport
of hydrogen isotopes using both prompt release and
TDS measurements. Once the flowing liquid lithium
campaign is completed, experiments with liquid gal-
lium or tin will commence. Gallium and tin offer the
experimental advantage of easier handling (few corro-
sion issues), and gallium does not require as high an
operating temperature as lithium.

Acknowledgements

The authors would like to thank the talented and
valuable work of our undergraduates involved in the
last three years of liquid-metal work at the Univer-
sity of Illinois at Urbana-Champaign: Matt Hendricks,
Mark Boaz, Leslie Manohar, Marya Lazebnik, Sarfraz
Taj, Daniel Rokusek, Ernesto Vargas-Lopez, Gabriel
Burt, Jason Tillery, Donna Carpenter, Wayne Lytle and
Ian Treviranus. Also, graduate students: Darren Al-
man, Martin Neumann, Rajiv Ranjan and Jeffrey E.
Norman. Valuable comments and discussions from:
A. Hassanein, J. N. Brooks, P. Sigmund, R. Bastasz,
R. Doerner, D. Whyte, S. Mirnov, I. Konkashbaev, S.
Krasheninnikov and M. Baldwin are acknowledged.
This work was supported by the U.S. Department of En-
ergy ALPS (Advanced Limiter/divertor Plasma-facing
S

R

H.

ev.

cher,
.
.C.
ucl.

yte,

a-

a-
ured adjusts to the increase in ion current in a pro
ional fashion. The retention coefficient increases
arly from 0.25% for 500 eV particles to 2% for 4 k
articles when the flow velocity is 44± 7 cm/s and

he path traveled by the film is 10 cm. Retention a
ncreases in proportion to the square root of the
peed, as predicted by the simple diffusion model.
f this model, combined with the experimental ret

ion measurements, allow for the extrapolation of
ata to other operation regimes, such as particles
lanted with higher energy or different residence t
f the flow in the reactor, provided all other con

ions (i.e., temperature and flux) are similar to th
ncountered in FLIRE. Even though the simple mo
resented here is adequate to describe the transp
articles implanted by a beam source, more com
odels would be needed if other irradiation conditi

xist, in order to obtain an appropriate relationship
urfaces) Grant # DE-FG02-99ER54515.

eferences

[1] M.F. Dumke, T.A. Tombrello, R.A. Weller, R.M. Housley, E.
Cirlin, Surf. Sci. 124 (1983) 407.

[2] T.B. Lill, W.F. Callaway, M.J. Pellin, D.M. Gruen, Phys. R
Lett. 73 (12) (1994) 1719.

[3] R.W. Conn, R.P. Doerner, F.C. Sze, S. Luckhardt, A. Liebs
R. Seraydarian, D.G. Whyte, Nucl. Fusion 42 (2002) 1060

[4] R.P. Doerner, M.J. Baldwin, R.W. Conn, A.A. Grossman, S
Luckhardt, R. Seraydarian, G.R. Tynan, D.G. Whyte, J. N
Mater. 290–293 (2001) 166.

[5] R.P. Doerner, M.J. Baldwin, S.I. Krasheninnikov, D.G. Wh
J. Nucl. Mater. 313–316 (2003) 385.

[6] J.P. Allain, Master Thesis, University of Illinois-Urban
Champaign, 2000.

[7] J.P. Allain, D.N. Ruzic, Nucl. Fusion 42 (2002) 202.
[8] J.P. Allain, Ph.D. Thesis, University of Illinois-Urban

Champaign, 2001.



110 J.P. Allain et al. / Fusion Engineering and Design 72 (2004) 93–110

[9] J.P. Allain, D.N. Ruzic, M.R. Hendricks, J. Nucl. Mater.
290–293 (2001) 180.

[10] J.P. Allain, D.N. Ruzic, M.R. Hendricks, J. Nucl. Mater.
290–293 (2001) 33.

[11] P.C. Smith, D.N. Ruzic, Nucl. Fusion 38 (5) (1998) 673.
[12] A.B. Dewald, A.W. Bailey, J.N. Brooks, Phys. Fluids 30 (1)

(1987) 267.
[13] J.N. Brooks, Phys. Fluids B-Plasma Phys. 2 (8) (1990) 1858.
[14] P.C. Stangeby, The Plasma Boundary of Magnetic Fusion De-

vices, Institute of Physics Publishing, Bristol, 2000.
[15] J.P. Allain, D.A. Alman, Z. Insepov, J.N. Brooks, L.E. Gonzalez,

J. Nucl. Mater. (2003), submitted for publication.
[16] J. P. Allain, M. D. Coventry, D.N. Ruzic, J. Appl. Phys. (2003),

submitted for publication.
[17] M.D. Coventry, J.P. Allain, D.N. Ruzic, J. Nucl. Mater. 313–316

(2003) 640.
[18] R. Bastasz, W. Eckstein, J. Nucl. Mater. 290–293 (2001) 19.
[19] A.R. Krauss, D.M. Gruen, J. Nucl. Mater. 85 & 86 (1979) 1179.
[20] J.P. Allain, D.N. Ruzic, in: A. Hassanein (Ed.), NATO Science

Series: Hydrogen and Helium Recycling at Plasma Facing Ma-
terials, vol. 54, Kluwer Academic Publishers, Dordrecht, 2002,
p. 73.

[21] J.P. Allain, D.N. Ruzic, M.D. Coventry, D.A. Alman, M. Nieto,
Phys. Rev. Lett., (2003), submitted for publication.

[22] M.A. Abdou, R.F. Mattas, APEX Interim Report, UCLA-FNT-
1072, 1999.

[23] R. Kelly, N.Q. Lam, Radiat. Effects 19 (1) (1973) 39.
[24] M.D. Coventry, J.P. Allain, D.N. Ruzic, J. Nucl. Mater. (2003),

submitted for publication.
[25] M.J. Baldwin, R.P. Doerner, S.C. Luckhardt, R. Seraydarian,

D.G. Whyte, R.W. Conn, Fusion Eng. Des. 61–62 (2002) 231.
[26] M.J. Baldwin, R.P. Doerner, R. Causey, S.C. Luckhardt, R.W.

Conn, J. Nucl. Mater. 306 (2002) 15.
[27] J.P. Allain, M. Nieto, M.D. Coventry, M.J. Neumann, E. Vargas-

Lopez, D.N. Ruzic, Fusion Eng. Des. 61–62 (2002) 245.
[28] M. Nieto, J.P. Allain, M.D. Coventry, E. Vargas-Lopez, D.N.

Ruzic, J. Nucl. Mater. 313–316 (2003) 646.
[29] M. Nieto, D.N. Ruzic, J.P. Allain, Fusion Sci. Technol. 44 (1)

(2003) 232.
[30] C. Liao, M.S. Kazimi, J.E. Meyer, Fus. Technol. 23 (1993)

208.
[31] A. Hassanein, J. Nucl. Mater 302 (2002) 41.
[32] A. Hassanein, I. Konkashbaev, J. Nucl. Mater 273 (1999) 326.
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