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Abstract

The erosion of liquid-metals from low-energy particle bombardment atrtidence has been measured for a combination
of species and target materials in the ion-surface interaction experiment (11AX) at the University of lllinois Urbana-Champaign.
Measurements include bombardment of liquid Li, Sn—Li and Sn by Bi", He*, and Li" particles at energies from 100 to
1000eV and temperatures from 20 to 420 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.

The Flowing Liquid Retention Experiment (FLIRE) measured particle transport by flowing liquid films when exposed to
energetic particles. Measurements of retention coefficient were performed for helium ions implanted by an ion beam into
flowing liquid lithium at 230°C in the FLIRE facility. A linear dependence of the retention coefficient with implanted particle
energy is found, given by the expressigF (5.3 £ 0.2) x 10-3keV-1. The ion flux level did not have an effect for the flux
level used in this work£10" cm~2 s71) and square root dependence with velocity is also observed, which is in agreement with
existing particle transport models.
© 2004 Published by Elsevier B.V.
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1. Introduction
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as plasma-facing components (PFCs) in fusion devices: gen ions in free surface flowing liquids, in particular:
surface erosion (sputtering and evaporation) and par- liquid lithium. This section will focus only on helium
ticle retention in flowing systems (e.g., helium or hy- retention work done at the University of Illinois since
drogen retention in free surface flowing liquid lithium).  no other facility is currently working in this area.

The first part of this manuscript will summarize work

in the ion-surface interaction experiment (IIAX) de-

signed to measure sputtering and evaporation from 2. Liquid-metal erosion measurements in the
liquid-metals under a variety of conditions. Work on ion-surface interaction experiment (IIAX)

liquid-metal sputtering measurements in other devices

is rather scarce and limitdd—5]. Most of the recent The 1IAX measures the absolute, angular resolved
work on liquid-metal sputtering has been carried out at and self-sputtering yields of many particle/target com-
the PISCES-B linear plasma device at the University of binations Fig. 1). Complete details of the experimental
San Diego at California and is included in a separate pa- system and its components can be found in earlier pa-
perin this issue. The second part of this manuscript will pers[6-11]. This section gives a brief description of
summarize work in the flowing liquid surface retention the major components and systems followed by results
experiment (FLIRE). FLIRE is designed to study the of sputtering measurements from lithium, tin—lithium
retention and transport of implanted helium and hydro- and tin, all in the liquid state.
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Fig. 1. The ion-surface interaction experiment (IIAX). The experimental device is shown with two differentially pumped chambers. On the
right, the ion gun chamber and on the left, the main chamber where the lithium target sample is located. The inset diagram shows the position
of the QCO with respect to the lithium target. The distance between the lithium target and the @@@iangle of ejected flug, the radius

of the crystalR and the length from the edge of QCM to center of crystal, is desigriated
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2.1. Experimental setup of lIAX A small high-temperature UHV substrate heater
heats the sample past its melting point (180, 320, and
A Colutron ion source creates and accelerates 232°C for Li, Sn—Li, and Sn, respectively). Upon melt-
gaseous or metal ions onto a 0.03%liquid-metal ing, a thin oxide layer forms on the exposed lithium or

target. Gaseous ions are obtained by means of electron4in—lithium surface, which is scraped off by an in situ
impact ionization while the lithium metal ions are arm rotated in front of the target. A tantalum evapora-
obtained by thermionic emission from a LiCl pow- tive shield is placed on the sample to reduce the evap-
der. The bombarding ions are mass-selected throughorative flux component during erosion of the sample.
an E x B filter and decelerated near the target by a Fig. 1shows the tantalum shield with the liquid-metal
five-element, cylindrical, electrostatic lens system. Foil sitting on a backing plate facing the heater. The plane
samples 0.075cm thick with an area of 1%are in- of the target and shield is parallel to the plane of the
serted in the main chamber under an argon atmosphere QCM crystal as shown. The evaporative shield hole
The target insertion for non-reactive materials such as is about 1.5 mm in diameter, slightly larger than the
Sn—Li and Sn are performed at atmospheric pressure,0.1 cm beam spot size. A He—Ne laser is used prior to
but lithium targets require a pressurized system with chamber evacuation to align the ion-beam path with the
continuous purging to prevent reaction with any ambi- 0.15cm shield hol¢7]. In addition, alignment is also
ent water vapor. The target can be rotated to provide evident from the signal of collected material measured
variation in the angle of incidence. A 45ncidence by the deposition quartz crystal oscillator (QCO) sig-
was selected based on the average angle of incidence aifying the sputtering of lithium. The signal measured
sheath-accelerated, gyrating particle makes where thecorresponds only to lithium or tin sputtering since the
magnetic field lines cross the divertor plates at oblique sputtering yield of tantalum by light particles at these

incident angle$12—-14]

A quartz crystal microbalance dual crystal unit
(QCM-DCU) is rotated in front of the target, as shown
on the inset oFig. 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

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-

section. A plasma cup provides plasma cleaning of the cated. For temperatures between 200 and°@Quse

target, removing any oxides or otherimpurities from the
surface. This method also allows for deuterium treat-
ment (implantation) within the top surface of the liquid-
metal, simulating plasma-facing wall conditions within
a fusion reactor. For tin—lithium, the segregated lithium
layer (~10 to 40A) does not show any significant up-
take of deuterium, probably due to the low solubility
level of D in tin. Deuterium retention in Sn—Li, how-
ever, requires further investigation and is beyond the
scope of this work. Deuterium treatment of 0.8 Sn—Li
and its effect on lithium sputtering have been studied
in IIAX and are treated in more detail in the literature

of both thermocouples is appropriate. Another type-
K thermocouple is positioned on the in situ mechan-
ical arm, which removes the liquid-metal slag upon
melting. This also serves as a third method to mea-
sure the liquid-metal temperature. The thermocouples
at all three locations measured temperatures within
20-30% of each other. For example, one of the tem-
peratures measured by the type-K thermocouple on
the evaporative shield was 210, while the temper-
ature measured on the side near the evaporative shield
was 170°C and from the type-K on the in situ me-
chanical arm, 190C. Despite all these measurements,

[8]. Although experiments have been carried out on the error still exists from the uncertainty of the tempera-
effect of D-treatment on the erosion of the segregated ture measurement on the surface of the liquid-metal

lithium layer in liquid tin—lithium, much more work is
needed to fully comprehend whether liquid tin—lithium
could trap a significant amount of deuterium in the lig-
uid state.

sample since heat transfer will occur from the sur-
face of the liquid-metal to the stainless steel arm or
tantalum shield. Therefore, error bars of the order of
20-30% are included in the temperature values or are
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assumed if not indicated in the figures throughout this coefficient from 25% to 85%. For sputtered tin atoms,
document. no carbon layers are used, since, sputtered tin atoms
The partial pressures of gas species within the sys- stick better to gold.
tem are monitored with a quadrupole gas analyzer. Typ- A background trace monitors the evaporative flux
ical total base pressures before the ion beam chamber isusing both crystals for a period of 15-24 h when the
opened to the main system range front4.6 10~° Pa. QCM is situated in front of the target. One crystal
An incident ion flux of the order of Tdions/(cn? s) collects the evaporative flux, while the other remains
can be achieved with an average beam spot diame-a reference without deposition. For evaporation mea-
ter of 0.1 cm, resulting in current densities of the or- surements, the sticking coefficient of thermally emit-
der of 20uA/cm?. During the course of a one-h ex- ted lithium and tin atoms is estimated to obtain the
posure, the total dose to the target is of the order measured evaporative flux or partial pressure from the

of 1016 ions. liquid-metal surfacerig. 3shows a schematic for evap-
oration results of liquid lithium as a function of temper-
2.2. Quartz crystal microbalance dual control unit ature. Error due to the estimate of collection angle as

well as sticking coefficient can lead to uncertainties of
The QCM-DCU consists of two gold-coated quartz near 40-50%. For lithium, estimating the evaporation,
AT-cut crystals, in thermal contact, with a fundamental is important since its magnitude is equal to or larger
frequency of the order of 6 MHZ={g. 2). One sensor  than that of the sputtered flux in 1AX; however, both
acts as the deposition crystal, the other as a referencemolecular dynamic modelinfLl5] and direct experi-
crystal. Since the sticking coefficient is 25% for sput- mentation[16] show that the sticking coefficient for
tered lithium atoms on the gold-covered QCO crystal, thermal and hyperthermal-energy lithium atoms is sig-
athin carbon layer is evaporated ex situ on both the de- nificantly less than those with energies typical of sput-
position and reference crystals increasing the sticking tered particles, resulting in a clear distinction between

Fig. 2. The quartz crystal microbalance—dual crystal unit (QCM-DCU) diagnostic system in IIAX. (1) shows the two crystals in thermal contact;
(2) shows the liquid-metal target embedded under (3) the evaporative tungsten shield; (4) is the boron nitride holder and inside of the holder is
the UHV heater; (5) shows the hollow cathode plasma cup for sample exposure to a low-temperature plasma.
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107" 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-
o IIAX QCM Li evaporation data ance is used to set up the analytical expression for the
Li vapor pressure curve absolute sputtering yield. The mass deposited on the
crystal, which corresponds to the mass loss from the
lithium sample Mgy due to both evaporation and phys-
Target Temperature (K) ical sputtering is shown to be

Li vapor pressure (Pa)

450 500 550 600 650 700 750

Fig. 3. Lithium vapor pressure data with calculated curves at tem- DSQCM Y2mimo fi
peratures between 200 and 4@ The data accounts for sticking My =

of evaporated thermal atoms onto the quartz gold-covered crystal Na
estimated with molecular dynamics calculations.

(1)

whereD is the total ion dose. The sticking coefficient,
RCM s estimated using VFTRIM-3D, and is defined
as 1- R?CM, WhereR?CM corresponds to the reflec-
tion coefficient for sputtered specig®off the QCM

crystal surfaceYis the total (ions + neutrals) sputtering

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-

I han th red tin flux. O . . .
tude less than the sputtered tin flu yield in sputtered particles per iof®. is the fraction of

Deposition of the sputtered and evaporative fluxes . R :
are measured by a decrease in frequency as mass is co the normalized distribution of sputtered particles sub-

lected on the crystal while the beam is on and aligned ;e;gef E%Jhle 8thr:1|\a/|t ggs;alr,]?ri]%lrs tiéag[r?rf:zggcﬂgof
onto the liquid-metal sample. After the target receives sr tter.ed S e.c'es The m;sssof i 'd—lmetal—o I'de de-
the proper dose, the beam is turned off, and both crys- pu Pecies. 1qui X

tals are kept running until the change in frequency due p;)SItled ondlt\Te.Q'CA:M d%po,smon CbrySt?_l':n“MO (md
to the evaporative flux alone is obtained again. Sam- g/mol), andNx is Avogadro’s number. The mass de-

ple traces of the frequency differencsf, of the dual posited onthe QCM crystal as measured by the Leybold

QCO unit against time plotted with ion current on the Inficon XTC/2 monitor is defined as

sample are included in Allain’s Ph.D. the$&. The Af

frequency variation of the deposition crystal correlates MqQcm = TMcrystal (2)
withthe mass loss of the sample as shown quantitatively

in the next section. X-ray photoelectron spectroscopy \yhereaf is the frequency change measured from the
(XPS) measurements show that the material depositedyay frequency difference between the deposition and
on the QCO is lithium oxide due to the high reactivity  reference crystal dathcystais the mass of the crystal
of lithium with oxygen on the crystal. Moreover, for — given by the manufacturer, afi the initial frequency

tin sputtering, Auger measurements show that SnO is f the QCM crystal. Thévigcu term incorporates the

the material deposited on the QCM cry<tr]. mass loss due to sputtering from reflected incident par-
ticle neutrals from the liquid-metal surface. The reflec-

2.3. Analysis of liquid-metal sputtering tion coefficient of incident ionsR; (j is the species

measurements type), the sputtering coefficient of energetic neutrals

impinging on the QCM crystal surfacE?CM, and the
Analysis of the absolute lithium-sputtering yield fraction of the normalized distribution of reflected par-
from both liquid lithium and liquid tin—lithium and the ticles subtended by the QCMB;, are factored into the
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mass variation of the QCM in this manner: 0.20 - . - — -
s D+ on liquid Li data at 200 "C
Af cM e o D+ on solid Li data
Maocm = — Merysta(1 + RjY]Q 2;). ) f
f = 0.15f g
£
A mass balance between the mass loss from the liquid- & %
metal sample and the mass gained on the QCM depo- US). 3 010k |
sition crystal results in the expression for the absolute g %
sputtering yield: 235 %
= T o005} 1
1 Af QCM ®© .
— _ Y . = All surfaces are deuterium treated
Y= sz SQCMQm Li,0 Mcrysta(l + RJ YJ 9/)' |2 Data is taken at 45-degree incidence
(4) OOO L 1 L L 1
o _ _ 0 200 400 600 800 1000
For the self-sputtering (lithium) case, this expression Incident Particle Energy (eV)
becomes
1 Af Fig. 4. D' bombardment of D-saturated liquid and solid lithium
Ysel-sputtering= —Meystar (5) at 45 incidence compared to VFTRIM-3D simulation data. Total

Df;SQMQm o f

This expression differs frorkq. (4)because reflected
incident lithium atoms are considered part of the self- fractionresults are consistent with predictions made for

sputtered signal for the purpose of quantifying lithium Li—Al and Li-Cu systems by Krauss and Gruf9].
flux from the surface. For the case of tin sputtering the secondary ion sputter-
Eq. (5)does not include the partial sputtering yield ing fraction is rather low; only values up to 10% have
of tin, for the case of 0.8 Sn—Li sputtering, for two rea- been measured under a variety of incident particte,(D
sons. First, the sputtering threshold for pure tin is high, He") energies and liquid tin temperatufds].
near 200-300 eV due to its relatively high elemental
surface binding energy. At 45ncidence, the sputter-  2.4. Measurements of liquid lithium sputtering just
ing yield of Sn is as high as 0.10-0.15 Sn atoms/ion above the melting point
at energies of 500-1000 eV, according to simulations
using TRIM-SP for D and He bombardment. Second, Fig. 4shows the total lithium sputtering yield mea-
if the beam-facing surface is a mixture of Sn and Li sured at energies between 200 and 1000eV for D
atoms, the amount of Sn sputtering calculated above bombardment of D-treated liquid and D-treated solid
would lead to sufficient Sn measured on the on the lithium at 45 incidence[7,9]. The maximum lithium
QCM deposition crystal for detection by XPS. The sputtered is found near the 400-500-eV range for lig-
XPS measurements show that 99.6% of the mass de-uid lithium and 200 eV for solid lithiumFig. 5shows
posited on the QCM crystal is oxidized lithium. This experimental data for self-sputtering at energies be-
confirms measurements by Bastasz of tin—lithium in tween 200 and 1000eV for both liquid and solid
liquid phase, where lithium atoms segregate to the sur- lithium. The self-sputtering yield reaches a maximum
face[18]. Thus, the surface sputtered is mostly lithium near 700 eV for both liquid and solid lithiunkig. 6
particles. shows the D-treated liquid and solid lithium sputtering
In addition, measurements in lIAX of the fraction of  yield for He" bombardment of D-treated liquid and
sputtered atoms which emerge as ions from solid 0.8 solid lithium for energies between 200 and 1000 eV.
Sn—Li and liquid 0.8 Sn-Li compared to pure liquid A maximum yield from helium bombardment is noted
lithium indicate that the beam-facing surface during near 500 eV for both liquid and solid lithium. The frac-
bombardment is pure UB,10] once the sample is in  tion of Li atoms sputtered in the ionic state from liquid-
the liquid state. The sputtered atom ion fraction of lig- phase lithium is 0.6%- 0.1 compared to 0.5%& 0.1 for
uid 0.8 Sn—Li is 65%, and is on average equal to pure solid-phase lithium for 700-eV Hebombardmen{7].
liquid lithium. In the solid-phase 0.8 Sn-Li values of All sputtering yields for liquid lithium are slightly
10% are obtained. These high secondary ion sputteredlarger than lithium sputtering yields in the solid state.

lithium sputtering yield includes both ions and neutrals.
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Fig. 5. Lithium self-sputtering for liquid and solid lithium at 45 Fig. 7. Experimental data of i, D+ and He" bombardment of
incidence with surfaces treated with deuterium. Total lithium sput- liquid-phase tin—lithium sputtering at #8ncidence. Total lithium

tering yield includes both ions and neutrals. sputtering yield includes both ions and neutrals.

In both cases, the low lithium-sputtering yield is di- section to higher energies. The effect of deuterium
rectly related to the treatment of the surface by deu- treatment varies from the solid to the liquid phase. Ex-
terium atoms. In the case of the solid phase, preferential perimental data show that for solid lithium the sput-
sputtering mechanisms dominate the physical sputter- tering yield of Li atoms is significantly decreased by
ing yield. In the case of lithium in the liquid phase, the deuterium treatment of the surfaf&20]. In contrast,
relative bonding between atoms dominates the absolutealthough the solubility of deuterium in liquid-phase
sputtering of Li atom$7,9,10] lithium is high, D atoms readily migrate to the bulk due
Deuterium bombardment exhibits different maxima to the high diffusivity and strong concentration gradi-
for experimental data points, depending on the surface ent. Thus, as the temperature is raised beyond the melt-
state of the lithium sample. This suggests an enrich- ing point, the effect of deuterium treatment on reducing
ment of deuterium atoms in the bulk of liquid lithium lithium sputtering diminishes. Although the effect of
that shifts the maximum of the nuclear stopping cross- deuterium treatment in solid lithium near the melting
pointisimportant, attemperatures beyond 250—<3D0

0.30 — this effect is negligible—ion-bombardment-induced
LS :Z’; on !?,ﬁi,“&‘d";‘; at200°C mechanisms take effect and lead to enhanced erosion
2 0.25L i of liquid lithium as demonstrated by atomistic simula-
> . tions[21]. This phenomenon has also been measured
22 o2} . in IIAX for 0.8 Sn—Li and Sn in the liquid statgi6]
% % o5 r and will only be briefly discussed in this review.
5 § 0 10'_ | 2.5. Measurements of liquid tin—lithium sputtering
=3 just above the melting point
© 0.05F+ Al surfaces are deuterium saturated 4
2 I Data taken at 45-degree incidence Fig. 7 shows experimental data for the absolute
0.00 . . . L . sputtering yield of Li at energies between 200 and
200 400 600 800 1000 1000 eV for DF, Het and Li™ bombardment of liquid
Incident Particle Energy (eV) tin—lithium at 45 incidence. The maximum Li sput-

. . . o . tered for deuterium bombardment is found near 400 eV,
Fig. 6. He" sputtering of solid and liquid lithium near the melting- imilar t liquid lithi Its di d l
point (180°C) at 45 incidence. Total lithium sputtering yield in- similar to _pure Iquid frithium _resu S discussed earlier
cludes both ions and neutrals. [9]. Experimental data for helium bombardment results
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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 O, He* and Lit 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 Lt 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
atoms as explained earlier. In addition, since the sol-
ubility of deuterium in liquid tin—lithium is relatively
low [22], its contribution to decreasing the absolute
sputtering yield of Li is also very low.

As in the sputtering of pure liquid lithium, the ion
fraction of sputtered atoms is important. Patrticles that
sputter as ions will quickly return to the surface in a fu-
sion device due to the plasma sheath and near-parallel
magnetic field. For the case of liquid tin—lithium, the
ion fraction was measured to be 65% compared to
<10% for solid tin—lithium. This relatively large ion
fraction coincides with that measured in pure liquid
lithium [7,9]. This provides further evidence that Li
atoms segregate to the surface of liquid tin—lithium,
forming a thin layer of lithium atoms; therefore, the
surface of liquid tin—lithium will behave in a similar
way to the surface of pure liquid lithium with respect
to the ion-induced secondary sputtered ion fraction.
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2.6. lon-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 tHD*, He™ and
LiT) and incident particle energies (100-1000eV)
[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 patrticular set of data is the deuterium-ion bom-
bardment of D-treated liquid lithium. The results for
300-1000eV O bombardment of D-treated liquid
lithium at temperatures between 200 and 4@0at
45° incidence are shown ifrig. 8 The data show
an enhanced lithium-sputtering yield that begins near
300°C. As discussed earlier, the lithium sputtering

1.0 T T T T T
2 . 300ev DT onligLi
S 08F o 500eV 1
2= v 700eV
s 0
82 gl * 1000ev |
32 0
» g
£ ®
5804t % .
£ 3
=d
5 o2} 8 1
o e

00 1 1 1 1 1

200 250 300 350 400 450

Liquid Lithium Target Temperature (°C)

Fig. 8. Liquid lithium sputtering from D bombardment at 45nci-
dence plotted vs. target temperature for a variety of incident particle
energies. Dotted line shows the maximum total (ions + neutrals)
lithium sputtering yield of 0.13& 0.056 at room temperature with
incident particle energy. Total lithium sputtering yield includes both
ions and neutrals.
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Fig. 9. He" on liquid lithium results for 300-1000 eV bombard- ] ] ) ] L
ment at 45 incidence for temperatures 200—42D plotted with Fig. 10. Experimental results for the sputtering yield of liquid tin
the Bohdansky—Sigmund—Yamamura model of linear cascade the- Compared to solid tin due to helium ion bombardment; data are pa-

ory. Total lithium sputtering yield includes both ions and neutrals, ~ r@meterized 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
yield cor_npon_ent is obtained by _SL_IbtraCtlon_ of l:he line shows the total (ions + neutrals) tin sputtering yield of 0.306
evaporation signal from the total lithium erosion sig- 0.048 at room temperature with Henergy of 700 eV.

nal (sputtering + evaporation); therefore, only ion-

bombardment-induced effects are responsible for the 5 clear temperature dependence of the sputtering yield
measured lithium erosion enhancement. of liquid tin due to helium ion bombardment, similar to
Fig. 9 shows results for 300-1000eV Hebom- experiments with liquid lithium and liquid tin—lithium
bardment at 45 incidence for temperatures be- giscussed earlier. Similar results were found for deu-
tween 200 and 42QC. This data is plotted with the  terjum bombardmerft.7]; however, the magnitude of
Bohdansky-Sigmund—Yamamuramodelforlinear cas- the tin sputtering yield from the liquid state compared
cade theony7]. The data clearly show the nonlinear g the solid state of tin is lower if the solid tin surface is
nature of liquid lithium erosion as the temperature is ap oxide. This is because tin is one of only a few met-
increased, similar to bombardment with Din addi- 415 whose oxides have a higher sputtering yield than
tion, the sputtering yield maximum tends to shift to- the pure metaJ23]. Moreover, when an oxidized tin

ward lower energies, indicating thation-bombardment- sample is melted, oxygen is effectively desorbed from
induced surface mechanisms are responsible for the en+he tin sample. After the surface resolidifies, the tin is

hancement. To determine ifthe enhancement occurs forpearly free of oxygen in the solid state, and its sputter-

other liquid-metals, tin was chosen due to its low melt- jng yield islessthan an oxidized surface of solid-state
ing point and, more importantly, due to its low vapor  tin Once in the liquid state and after increasing the tem-
pressure, which, at 20Q, is about six-orders of mag-  perature, enhanced erosion of liquid tin is measured for
nitude less than for lithiurfL 7]. Thus, any contribution  poth deuterium and helium bombardmga].

due to thermal evaporation is not measurable with the  The temperature-dependence of the sputtering yield

instruments used. of liquid tin due to low-energy, light-ion bombardment
behaves similarly to that of liquid lithium and liquid
2.7. Measurements of liquid tin sputtering tin—lithium. Similar measurements of enhanced ero-

sion for low vapor pressure metal were found for gal-
Another candidate PFC liquid-metal is tin, which lium in PISCES-B[3]. Although the temperature de-
melts at 232C. Fig. 10shows results for Sn sputtering  pendence is not as strong as that found in liquid lithium
from helium bombardment at various incident parti- in lIAX [16] or with a deuterium plasma in PISCES-B
cle energies and sample temperatures. The data show25,26], where the sputtering yield increased by about
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anorder of magnitude over a similar temperature range, 2.5 T T . .
the temperature enhancement of liquid tin’s sputtering ><l__> b - He' on Li lines guide the eye
yield is significant and measurable. Thus, liquid-metal ‘o~ 20} He* on Sn _
sputtering measurements from a number of experimen-g -2 | . .
tal facilities indicate that enhanced erosion levels are ﬁa 3 151 we He on0388n-Li ]
expected as the temperature of the irradiated sample is®? g
increased. 2 §
125 2 1.0+ .
2.8. Temperature-dependent sputtering gg T
mechanisms == 05 ® .
3 ik
o -
The physical explanation of the temperature en- - ooL—— s \
hancement of sputtering yields of liquid-metals is not 0 100 200 300 400 500
yet complete; however, a model by Allain and Ruzic Target Temperature (°C)

has been developd@1] and helps explain tempera-
ture enhancement measurements of quuid lithium. The Fig. 11. Comparison of the total sputtering yields of solid and liquid-

. . . state Li, Sn and 0.8 Sn—Li bombarded by 700 eV, ifsident He"
Allain—Ruzic model suggests that the main factors that plotted vs. target temperature. For reference the melting points of

change as a feS_U"[ of increasing the .target.tempera—uy Sn and 0.8 Sn—Li are: 180, 232, and 381 respectively. Total
ture are the bonding nature of atoms with their nearest liquid-metal sputtering yield includes both ions and neutrals.

neighbor and the change in the spatial distribution of

deposited energy. Multi-body attractive forces at the 2.9. Comparisons of sputtering among candidate
surface are weakened with increasing temperature dueliquid-metal PFC materials

to the mobility of near-surface atoms. Ordinary sput-

tering is initiated by linear collision cascades, in which A comparison between the liquid-metals studied
all the atoms hit atoms at rest. However, we find thatin further elucidates the behavior of the physical sput-
liquid lithium the physical model of a cascade in which tering yield of liquid-metals and ion-bombardment-
all the atoms strike other atoms in motion is consistent induced mechanisms. In this case, Li, Sn and 0.8 Sn—Li
with the enhanced sputtering lithium yields we mea- in the solid and liquid states are compar&dy. 11
sure at low incident particle energies, across a very shows the sputtering yield of lithium from Li and 0.8
narrow temperature range (e.g., 200—40). Further- Sn-Li and the tin sputtering yield from Sn bombarded
more, incident particles deposit an increasing fraction by He™ at 700 eV and 45incidence. One common as-
of their energy in the near surface region at low en- pectamong all the liquid-metals studied is that the total
ergies and in multi-body collisions. Further detail and sputtering yield does not vary much between the solid
investigation is necessary to verify the Allain—Ruzic and liquid states at temperatures close to the metal’s
model. For example, the sputter depth is only a few melting point. In the case of lithium, the lithium sput-
monolayers from the liquid surface. The spatial resolu- tering yield is 0.145+ 0.051 in the solid state (2%°)

tion of the liquid—vapor interface for liquid-metals has and is 0.169+ 0.059 in the liquid state at 20 is,
been characterized by a stratified layer due to the elec-which is 20°C higher than lithium’s melting point. As
tronic properties at the surface of a conducting liquid. discussed earlier, any oxide on the tin sample will lead
How this stratified layer affects reflection and sputter- to a larger tin yield than in its pristine state. Thus, for
ing of low-energy, incident charged particles and how a pristine tin sample, the sputtering yield is 0.1-86

it is connected with the temperature-dependent erosion0.032 in the solid state at 2& and is 0.25H- 0.075
results discussed here are beyond the scope of the pain the liquid-state at 305C for data taken in 11AX.
per and require further study. In addition, continued The melting point for tin is 220C. In the case of the
work with atomistic simulations will assess whether tin—lithium alloy (0.8 Sn-Li); the lithium sputtering
these mechanisms can explain enhanced erosion meayield is 0.110+ 0.033 at 25C, and for liquid 0.8
sured in other liquid-metals, such as tin, gallium and Sn-Liat 335 C, the lithium sputtering yield is 0.158
tin—lithium. 0.045 with the melting point of the alloy being close to
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330°C. Data taken in the PISCES-B device with liquid 3. Patrticle retention measurements of flowing
gallium also showed similar behavior under deuterium liquid lithium in FLIRE
ion bombardment. The invariant behavior of the sput-

tering yield across the liquid-metal melting pointis also In addition to erosion characteristics, another criti-
noted for bombardment with other species, namely: D  cal property of any liquid-metal used in a fusion ma-
and Li™. chine environment is its retention of helium and hydro-

As the temperature is increased beyond the melting gen particles. The flowing liquid retention experiment
point of the metal, the enhancement of liquid-metal (FLIRE) was designed and built to measure these and
erosion is noted; however, its increase with temper- other properties of a free-surface-flowing liquid. Mea-
ature seems to vary from metal to metal. For exam- surementsin FLIRE presented in this paper focus onthe
ple, lithium sputtering from liquid lithium increases helium retention properties of flowing liquid lithium.
more slowly with temperature than the lithium sput-
tering yield from liquid 0.8 Sn—Li. Liquid tin has a  3.1. Experimental description of FLIRE
slower sputtering yield enhancement with temperature
than either tin—lithium or lithium; however, further data FLIRE consists primarily of two vacuum chambers,
is needed for 0.8 Sn—Li and Sn samples at higher tem-the upper chamber and the lower chamber, intercon-
peratures to determine this conclusively. How lithium nected by a small aperture and independently pumped.
in the alloy behaves differently, with respect to ero- Fig. 12 shows a diagram of the FLIRE experiments
sion, than a pure liquid lithium surface is under cur- showing the location of the upper and lower cham-
rent investigation. In addition, further work by Allain  bers. To drive the flow, a third chamber, called lower
currently investigates threshold sputtering regimes for reservoir, is filled with molten lithium and pressur-
liquid lithium sputtering, ion flux dependence of liquid  ized with argon gas. Lithium transfer lines connect the
lithium sputtering and its functional dependence with lower reservoir to the upper chamber through a pneu-

temperature. matic valve. When the pneumatic valve is opened the
- \ — | ion gun systaml CTI-8 cryo pump
Osaka TG2003 TMP , B | g’ ) —
‘I.‘ ", ':“
Seiko Seiki STP 300‘ J DIDL_& } - [Uu}ia
upper vacuum chamber
bottom vacuum |
chamber
uppar reservoir LM transfer linas
chamber
manual m |
LM valve X ——{:’Hil
[— ]
lower V
S ‘
Chamber Toetoox L .
= — Extarnal melt chamber

= automatic LM valve

Fig. 12. Updated block diagram of the FLIRE main components showing the newly installed TDS chamber.
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Fig. 13. Cross section of the ramp assembly inside the FLIRE upper o ' ' : ' |
chamber. The rectangular hole at the bottom is 30 mm, soW = o 1.5x10 flow starts ms
10mm. The distance from beam strike point to the point of exit is 5
10.6cm. t
; N - o 1.0x10°1 .
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 © 5.0x10"4 L
the initial driving pressure; typical driving pressures 003 \/\/V\
are~150 Torr, resulting in flow speeds 50 cm/s. Be- T \AMW\/\A/\AMNW
cause the upper chamber-s50 cm higher than the 0.0 . . ; ;
lower reservoir, a minimum pressure-e¥0 Torr is re- 0 20 40 60 80 100
quired to raise the lithium up to the level of the upper (b) Time (s)
chamber.

In the upper chamber, the liquid lithium can flow Fig. 14. (a) Idealized pressure evolution curve in the FLIRE lower

in one or two separate streams along two rectangular chamber, assuming constant}pumping s_peed and constant relea_se rate
. from the metal. (b) Actual helium trace in the lower chamber during

open c_hanr_mels, as Shownmg' 13 The streams reach a FLIRE run. The average flow velocity was 25 m/s, and the energy
the exit orifice and flow into the lower chamber (N0t to  of the ions was 1500 eV. Flow start and end points are marked in the
be confused with the lower reservoir) through an exit figure by vertical lines.
channel. When the stream flows through the exit orifice,
the liquid-metal forms a vacuum seal between the upper the small exit channel to reach the lower chamber. Once
chamber and the lower chamber. After the flow stops, the lithium flow reaches the exit channel, the pressure
the seal remains due to the small amount of lithium in the lower chamber decreases and the pressure in the
held in the exit channel by surface tension. The vacuum upper chamber increases because the gas flow is only
seal was confirmed by observing the pressure in eachin the upper chamber, but both chambers are pumped
chamber before (starting with a clear exit channel) and independently. This test confirms that a liquid lithium
after lithium flow with gas fed into the upper chamber. seal forms between the two chambers. Even after the
Fig. 14shows the Argon pressures in the upper cham- flow stops, the seal remains because of the high surface
ber and lower chamber before and during lithium flow, tension of liquid lithium. This liquid-seal separation of
starting with an initially clear exit channel. Initially, the  the two chambers allows the measurement of the re-
pressures in the two chambers are high (50~° Torr lease rate of the implanted gas in the lower chamber
in the upper chamber ands3 10~ Torr in the lower without interference from the background gas that is
chamber) because there is no seal in the exit channel.necessary to operate the ion gun in the upper chamber
The upper-chamber pressure is higher than the lower (~2 x 107° Torr).
chamber pressure in the no-seal condition because Ar  As shown inFig. 13 one of the streams is exposed to
gasis fed into the upper chamber and must pass throughan ion gun located approximately 10 cm from the exit
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channel. The ion gun injects helium into the lithium 10* . .
flow with energies between 500 and 4 keV and is ca-

: © 000000005%000000000
pable of currents between 1 anddA. The implanted o
helium diffuses in and out of the flow stream as the = 10%k © Upper Chamber |
lithium travels down the channel until the flow reaches g = Bottom Chamber
the exit orifice. During this time, most of the helium @ SEEEEREEES®
diffuses out of the lithium stream and is released into E 10k _
the upper chamber. When the flow reaches the exit ori- 2
fice, it pours into the second (lower) chamber, where a % .
magnetic sector residual gas analyzer (MS-RGA) mon- <€ 4471
. . . .. . LN N L Lk
itors the helium partial pressure as the remaining im- u
planted hehum is release into the lower chamber. Th|s 700 720 740 760
RGA was calibrated to an all-metal Bayard—Alpert mi- Time (s)

croion gauge, and the pressure signals are corrected by
a known factor (five for the case of helium) to account Fig. 15. Demonstration of seal formation between the FLIRE upper
for gauge calibration. and lower chamber. Liquid Li flow startedtat 730 s. Once the flow

A turbo pump attached to the lower chamber main- starts, the Ar signal in the lower chamber drops drastically.
tains a base vacuum ef10~° to 10-8 Torr when re- _ o S
tention measurements are not in progress; however, to3-2- Retention of Helium in flowing liquid lithium
increase the sensitivity of the helium partial pressure i i )
(retention) measurement, the pumping rate in the lower  FLIRE directly measures the desorption rate of im-
chamber is reduced by partially closing a gate valve be- planted hel|um_ in the lower chamber. Ifthe release_ rate
tween the lower chamber and its turbo pump. If the fromthe metal |§constant, and the pumping spgedlnthe
pumping speed was not reduced, the helium would lower chamt_)er is kept cons?ant, then the partial pres-
be pumped out before the MS-RGA could accumu- SUre of.the implanted species reac'hes a steady-state
late a significant signal. A decreased pumping speed |€vel- Given the steady-state pressiiie Torr and the
in the lower chamber results in a higher base pressurePUmping speedin cm’/s, and assuming that the gas
of ~10-6 Torr during the measurement. Because the particles reach thermal equilibrium with the chamber
only source of helium in the lower chamber is des- Walls at room temperature (2@), the release rate in
orption from the lithium, the helium partial pressure the lower chambeq can be calculated in particles per
measurement from the MS-RGA is insensitive to the Se€cond as:
total background gas pressure in the cha_mber._ Beforeq — (3.3 x 10'®atoms Torr cn?) PS (6)
each measurement, the background helium signal is
measured over a period of one minute so that it can Fig. 15a) shows an idealized pressure evolution graph
be subtracted from the measurement when the data areepresenting a constant release rate from the metal. In
analyzed. Fig. 15b), an actual trace obtained in FLIRE by bom-

Several subsystems work together in FLIRE to ob- barding a Li flow with a He beam is shown. Although
tain an adequate measure of the release rate in thethere is some scatter in the pressure trace, the shape of
lower chamber, which yields information about parti- the curve, a flat plateau that then decays, matches the
cle retention. A very detailed description of these sub- idealized pressure evolution.
systems, such as the thermal desorption spectroscopy Throttling the pump valve to decrease the pumping
(TDS) system, can be found elsewhf&e]. The TDS speed in the lower chamber is necessary for achiev-
chamber shares the MS-RGA capability with the lower ing a measurable signal of the very small quantity
chamber, and can ramp up the temperature at a fixedof the implanted species released from the flow. A
rate to correlate desorption rate with temperature. The quantitative measurement of the retention requires a
use of the TDS chamber to study hydrogen retention known pump rate. The pressure decay rate provides
and long-term helium and hydrogen trapping is cur- an effective means of measuring the pumping speed in
rently underway. the FLIRE lower chambeFig. 16 shows the pressure
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Fig. 16. (a) Pumping curves for Set A. Time constant for the pressure
exponential decayf/ is 17+ 2 and 21+ 1 s resulting in pumping
speeds of 0.42 0.06 /s for Set A. (b) Pumping curves for Set B.
Time constant for the pressure exponential devdg (s 17+ 2 and

21 + 1s, resulting in pumping speeds of 0.%30.02 /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 spee, for a given valve open-
ing can be calculated from the decay const&iy,
whereV is the available volume in the chambBpcig

is the base pressure in the chamber with no leakRand

is the initial pressure from the controlled leak.

P(t) = Pockg+ Po e SV (7)
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Fig. 17. Retention coefficient as a function of energy for different
injection currents (1.3A for Set A and 1.8.A for Set B).

For the cases iRig. 16 the pumping speeds were 0.42
+ 0.061/s for data set A and 0.38 0.021/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 coeffickentas
calculated as the ratio of the release rate in the lower
chamberq to the injection rate by irradiation in the
upper chambejr

R=-. (8)
J

Values ofR for different injection currents (1,2A
for Set Aand 1.&A for SetB) are presented ifig. 17.
Pumping speed values for the calculation of retention
were obtained from the pumping curvesHig. 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

The pumping speed is measured after each run becausef interest in designing advanced liquid divertors. As

the pump valve cannot be positioned precisely enough

will be discussed in the data analysis section, helium

to achieve the same pumping speed between each batchetention should scale with the square root of the flow

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.

velocity for the condition present in FLIRE. To verify
this scaling in the FLIRE experiment, retention as a
function of energy was measured with lithium flow on
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Fig. 18. Steady-state pressure in measurementchamber as afunctionThe boundary conditions are the foIIowmg.

of ion energy fqr experi_ments with single and double fIOV\{. Single C(x =0, y) =0,

flow speed is twice that in the double flow case, and slapesiffer

by a factor of approximately/2. Clx=00,y)=0,

C(y=0,x)=0,

both ramps and_hthlum flow on only one ramp. The G(x, ) = %S(x —18().

flow rate in the single-ramp case was twice that of the

flow-rate in the two-ramp case, and the ion-beam cur-  In Egs. (9) and (1Q)v is the flow speedC the con-

rent was the same in both cases. By decreasing to on|ycentrati0n of helium in the lithiumD is the diffusion

one flow channel with twice the flow rate, the total mass coefficient for helium in lithiumG the helium source

flow rate of the lithium was held constant between the rate density due to implantatiop s the total injection

two measurements, while other experimental variables rate into the flowr the mean implantation rangé/the

that could interfere with the measurement, such as in- Width of the rampx the distance into the depth of the

creased pooling near the flow exit, were held constant. flow andy is the distance along the ramp. The origin is
Fig. 18shows the helium pressure in the measure- located where the center of the ion beam intercepts the

ment chamber during the single and double flow runs. surface of the liquid. Using the analytical solution of

Because the injected ion current was the same in boththe PDE, the rate at which particles flow into the lower

cases, the steady-state pressure is directly proportionalchamberg, can be written af28,29}

to retention. Applying a linear fit to these data yields a Dy ~1/2

slope of (2.2£ 0.1) x 10" atoms/(seV) for the single 4 — g erf [<4y20> ] — perivo, (11)

flow case and (1.4 0.1) x 10*3atoms/(s eV) for the ur

double flow case. The ratio of slopes is then+.6.1,

which is close to the expected value of the square root

(10)

whered is a dimensionless parameter given by

f the velocity ratio, 1.414. 2 2
of the velocity ratio, 0= vr _ r =7D’ (12)
4Dyo 4Dy R
Extrapolation of FLIRE retention data to other sys- R = z = erf(p). (13)

tems requires a model to determine the appropriate

scaling of FLIRE data to the expected conditions in This result is consistent with expressions found in
a different system. To this end, the experimental data the literature for similar model[80-32] In the above
was compared to a simple analytical model. The model relations,y, is the distance along the ramp to the exit
is “simple” due to the inert and insoluble nature of he- channelfg is the residence time of the flow in the im-
lium in lithium and the assumptions used to find an plantation chamber ant} is the diffusion time. Ex-
analytical solution. The assumptions of the model are pressions different froriq. (13)can be obtained if the
the following: implantation source term is modified in the model to
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allow for realistic particle implantation depth profiles,
and/or spatial flux distribution along the travel path of
the flow.
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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

Because retention is defined as the release rate di-increased due to the high diffusivity of implanted D

vided by the injection rateHg. (13) indicates that the
retention coefficient should be independent of the ion
injection rate¢, 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, forx <« 1. (14)

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

E

Nk
This dependence was confirmed from the experi-

mental data shown iRigs. 17 and 18From these re-

tention results, the value éfas a function of energy is
given by:

R (15)

0= (2.26 x 10 °keV ) E2. (16)

This means that if the transit time in the reactor

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 lig-
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 420C 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 [ISSIF 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
showed lithium sputtering yields larger than pure lig-

and liquid temperature are on the same order, the re-uid lithium. In addition, the secondary sputtered ion
tention value can be extrapolated to higher energies, fraction was close to 65—70% indicating that 0.8 Sn—Li
since the edge temperature is expected to increase formay be an attractive plasma-facing component for fu-

low-recycling walls.

4. Summary of ion-beam sputtering yield
measurements from liquid-metals in I1AX

One key feature in liquid-metal sputtering measure-
ments in [IAX is that there is little difference between
sputtering from a solid and liquid at temperatures just
above the melting temperature of the liquid-metal. This
behavior is also noted in results from PISCES-B. This

ture high-heat flux fusion devices. The desirable low Z
and highion fraction of the sputtered flux is present due
to the Li segregating to the surface. However, the dis-
advantages of a Li surface — high evaporation rate, low
boiling point, and high tritium retention — are absent.
In turn, studies with liquid-phase tin showed lawe
tin sputtering yield than oxidized tin in the solid state.
This was due to the unique behavior of tin-oxide sput-
tering more than its pure metal state. Moreover, just
above the melting point of tin the sputtering yield did
not change from oxygen-free tin in the solid state.

implies that simply a change in phase does not lead to This result was consistent with measurements for liquid

a measurable difference in sputtering.
Studies of lithium in the solid state with surface

lithium and liquid tin—lithium.
As the temperature was increased for all liquid-

treatment using deuterium plasmas led to an averagemetals studied in IIAX and those in PISCES-B, a non-

40-60% decrease in lithium sputtering compared to
results from a pure lithium targt,8,20,33] This re-
sult was also found for lithium in the liquid-state just
above its melting point. The preferential sputtering of
implanted D atoms from the lithium surface dilutes the

linear rise in sputtering was measured. In the case of
IIAX liquid-metal data, the rate of nonlinear erosion
with temperature was relatively lower than measure-
ments in PISCES-B, although one should take caution
in comparison between the sets of data since the setup
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of the two experiments are quite different. IIAX uses an tween the retention coefficieRtand the dimensionless
ion-beam source at oblique incidence with an average parameter.
flux of 10 ions/(cnt s), whilst PISCES-B is a linear Current experiments are addressing the long-term
plasma source of flux near ®ions/(cn? s) with bom- retention of helium and the absorption and transport
barding ions at normalincidence. Continued studies are of hydrogen isotopes using both prompt release and
determining the physical mechanisms responsible for TDS measurements. Once the flowing liquid lithium
the measured enhancement and difference/similaritiescampaign is completed, experiments with liquid gal-
between experiments in IIAX and PISCES-B. 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
5. Summary of particle retention operating temperature as lithium.
measurements in FLIRE
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