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ABSTRACT

Dilute binary alloys have been diecussed pre-
viously as a means of producing self-sustaining
coatings for fusion applications. The antici-
pated advantdges of such coatings are described
in a companion paper. Issues addressed in
this paper concern exparimental observation of
the formation of a low—-Z coating by solute seg-
regation in a Cu-Li alloy, maintenance of the
coating in a gputtering environmunt, and a com—
parison of the calculated net erosion for W, Mo,
and Cu-Li whe- used as either the divertor plate
or the bottom limiter for INTOR.

Auger electron spectroscopy has been used to
monitor the surface composition of an alloy
congisting of 3.0 at.¥ L1 in Cu while sputtering
with 1-3 keV Art or Het at a flux of 1012 -
101% en™2 gec™? (corresponding to a gross ero~
sion rate of several mm/yr) at temperatures up
to 430°C. It 1s found that the alloy 1s capable
of reproducibly maintaining a complete lichium
overlayer. The time-dependent thickness of the
overlayer depends strongly on the mass and
energy spectrum of the incident particle flux,
It has bteen experimentally demonstrated that a
slignificant fraction of the sputtered lithium is
in the form Li%* and is returned to the surface
by an eleccric field such as the aheath poten-
tial at the limiter, or a tangential magnetic
field such &g the toroidal field at the first
wall; consequently, the overlayer lifetime 1is
essentially unlimited.
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alloy cnmponent is significently reduced if chat
component is excluded from the uppermogt atozmic
layer. It is predicted that the self-sputtering
behavior of Cu-~li when used as 2 limiter or
divertor plate will compare very favorably with
that of tungeten.

Calculations using the REDEP code bear out this
expectation. At low plasaa edge tezperatures
(< 50 eV), the net ercaion (erosion ainus rede-
position) due to D,T,He and self-sputtering 1is
nearly zero, while the gross eroesion 1is less
than that of Mo. For edge temperatures > 50 eV,
W, and M are unusable due to self-sputtering.
It 1s calculated that in the intermediatc edge
temperature regime (50-200 eV), a limiter amade
of copper with & lithium costing 1.5 monolayers
thick would show net growth or erosion of < 3 en
per year. Consequently, Cu-Li alloy may be the
only material suitable for use with intemediate
plasma edge temperatures.

INTRODUCTION

The use of low-Z plasma gide materials pro-
vides a potentially effective means of reducing
plasaa contamination arising from the erosion of
first wall and limiter surfaces by light ion ie-
pact, and of suppressing potentially disastrous
effects of runaway self-sputtering of limicers
and divertora. However, for reactor use, the
thermal and mechanical properties of mwst low-2
naterisls require that they be used as a coating
or cladding on an actively cooled substrate.
Cooling requirements and the need for cthermal

The TRIM computer code has been used to calcu- shock resistance dictate that the coating be
late the sputtering yield for pure metals and thin. Gross erosion and redeposition rates on
the partial sputtering yields of binary alloy the order of 100-1000 cam/yr, however, dictate
conponents for varicus ssgumed solute concentra- the use of thick coatings for mechanical stabil-
tion profiles. It is found that even with very ity and adequate operating life.
1low-Z coatings, the majority of the sputtered

atoms originate in the uppermoat atomic layer The concept of using very thin self-
and that the partial eputtering yield of an sustaining coatings as a means of meeting these
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requirements has been described prevlously.l'“

In brief, the concept utilizes the radiation
eavironment and elevated temperature of a fusion
device as a means of promoting the segregation
of the minority component of a dilute ailoy to
the surface. The segregated material, by the
manner in which it is formed, does not accumu~
late to very great thickness, but ig¢ continu-
ously replenighed as surface msterial is lost.
Only atoms originau%g in the first 1-2 atomic
layers are sputtered. Cousequcntly, & low-Z
coating only l-2 monclayers chick is sufficient
to greatly reduce the erosion of the high-Z
alloy component. By choosing the alloy in such
a way as Uo guarantee that the low-Z component
sputters primarily as a secondary ion, the -loss
of surface material can be alnimized eince
secondary lons arxe trapped at the surfsce by the
sheath |mtenl:1.|1l 2 st limiter and divertor sur
faces, and by the toroidal magnetic field at the
first wall.

It has been predicteds and experimentally
observed that lith!.ul segregates very strongly
in copper alloys®’® and forms a stable overlsyer
in a sputtering enviromment. The effects of
Gibbsian segregation, preferantial sputtering,
radiation~-induced segregation, radiation—
enhanced diffusion, and cascade wmixing on the
near-surface lithim concentration profile have
been calculated and ic ie predicted thar the
gtability of the surface layer depends strongly
on the sample temperature and on the mags and
energy distribution of the profectile particles.

For 1-3 kev Ar' boobardmont, it hag been
detemmined by Auger specctroscopy that it 1s
pogsible to maincain a stable lithium overlayer
while sputtering. The required temperature {s,
houever, hig_“y flux dependent. At & flux of
7x101! Ar* cm? gec™ , & temperature of 140°C is
sufficient to maintain the lithium overlayer.
At a flux of 4x10'2 Ar* ca™2 get ~1  the lithium
surface is rapidly depleted at 140°C but can be
wmaincained ac 230°c.” A: an At flux of 2xl0be
cm ¢ sec ', it is possible to maintain the lith~
{iun overlayer at temperatures > 300°C.

If, however, an electric field is applied
to the saople to simulate the effect of the
sheath potential, it is possible zo waintain the
overlayer at significantly lower temperatursa az
a resule of Li¥ trapping. FPor high Elux2 light
ion bombardment, preliminary axperinen:a indi-~
cate that ‘when lithium secandary ions are elec~
trostatically trapped, a lithium overlayer suf-~
ficient to significantly inhibit the erosion of
copper can be wmaintained for at least several
hours_under 100 eV He' boambardment at a flux of
1x1017 ca™ sec”t.

It is the purpose of the present peper to
exsaine the thickness of the lithiux overlayer
foraed during 1light 1cn boabardment gnd rto
obtain a measure of the charge states of the
sputtered lithium atome. The tesults are coz-
pared with previcus data for Ar* bombardment and
interpreted in terms of zhe expected behavior of
a Cu-li alloy limiter for INIOR, based on the
use of the TRIM cowputer code to predict the
sputtering properties and the REDEP code to
model the erosion and redeposition behavior.

EXPERIMENTAL

The Cu-Li samples were prepsred fn two
steps, the first of which haz deen described
elsewhere,” and results in the formation of a
high lithium concentration alloy. The second
step ccnsists of arc melting this matcrisl with
sdditional copper to produce the desired lithiuz
concentration. Typically, lictle or no lithium
is lost during the repested arc melting steps
used to insure uniformity. More recently,
larger samples have bDeen produced by hesting
copper-lithium ingots to 1100°C for one~half
hour, also with negligible iithiua loss.

Once prepared, the material is rolled or
cut inte a disk of the desired diameter ard
mounted in a UHV surface enaiysis system, also
described elsewhere.

RESULTS

The 1ifthimm surface concentraticn of a
Cu~3 at.T Li easmple w=s deterainad by the ratio
of the peak~peak heights of the Li(KLL) and
Cu(MNN) Auger lines. This racio 1is shown in
Fig. 1 as a function of elapsed time. The
sanple vas subjected tc a con:inuau- 3 kxev He'
bowbardment st a flux of 1.1x10!% ca? gec”l.
Inicially, the saxple was at room temperature.
At the time indicszted by the arrow, the saaple
heater was turned on and the agaple temperature
rose to 290°C in about 15 minutes. The surface
lithius concentration rose more slowly, reaching
a pesk after abour 40 minutes and then decreas-
ing to a level near the original value.

This behavicr i{s 1o asrked conirast to the
previously reported resuits for Ar* bombardment
but is qualitatively consistent with the expec—
tatioa that for a wolid slloy the steady state
surface concenttation is determined by the pre-
ferential sputtering condition:

culigg! = ¢ syrigys,* m

vhere C,, Cz are the bulk concentrations of the
alloy conponnnu. CAl. G, are the fizar layer



aton fractions of A and B; and S,* and S* are
the effective sputtering ylelds of species A and
B. If a fraction 87, of species A is sputtered
as a secondary ion, then in the presence of an
external electric or magnetic field,

5,% = (1-18,")5, (2

where Y 1is the efficiency with which 1ons are
trapped by the field and S; is the sputtering
yield for species A in the a*’oy. If A and B
differ greatly in mass, as is the case for cop-
per and lithium, S, snd may be significantly
different from the yield expected for pure elz-
ments. In the obsence of any externsl fields,
the steady state surface lithium concentracion
predicted by Eq. 1 1is ~8%, whiie che second
layer lithiun concentration is expected to be
auch lower.S If as a result of radiation-
induced segregation, the subsurface lithium
increases as calculated to a level sufficient to
cause precipitation of a Cu-Li compound, then
Eq- 1 «<ould not correctly predict the first
layer 1lithium concentration. It has been
pointed our previously® that there is experi-
mental evidence guggeeting the formation of a
subsurface compound. The Cu(MAN) 920 eV Auger
line was chosen for analysis rather than the
61 eV Cu{LMM) line because it is not s sensi-
tive to chemical effects.

However, the mean free path for the Cu(MiN)
Auger electron is 10 A, compared with 4 A for
the Li(KLL)} electron. In order to interpret the
Auger date in terms cf surface lithium concen-
tration, it is necessary to specify the shape of
the lithium concentration profile. We have
interpreted the data of Pig. 1 in terms of two
assumed concentration profiles, using elemental
sensitivity values obtained from standard
tables. In the surface layer model, the 1lith-
ivm 13 assumed to be present as an overlayer of
specified thickness on top of & pure copper sub~
gtrate. In the uniform concentration model, the
lithiwm 1s assumed to be distributed uniformmly
throughcut the Auger sampling depth. The steady
etate lithium concentration represented by the
data of Pig. 1 corresponds to 20X 1f interpreted
on the basis of the uniform concentration aodel,
or to 0.6 monolayers in the overlayer model.
The dashed line represents the L1i(KLL)/Cu(MNN)
Auger signal ratio for one monolayer of lithium
on a copper substrate. In either model, the
surface lithium concentration s significantly
greater than specified by Eq. 1.

The ratio of the lithium secondary ion sig-
nal to the intensity of the lithiua Auger line
represents a meszsure of the relative lithiun
secondary ion fraction, B“ +, The ratio {is
plotted ia Pig. 2 versus the surfacs lithius

concentration obtained from the Auger deta in
terus of the overlayer model., X-ray diffraetion
data for Cu-Li by Klemn and Volavsex!" iadicete
that lithium urdergocs charge exchange with the
copper and is precent in & partly ionized
state. As the lithiun concentration increases,
it 1s expected‘ that the repulsive dipole-
dipole intersaction will result in depclarizaticn
of the lithium, with e consequent decresse in
the 1lithiwz secondary fon fraction, in accord
with the dats ehown in Fig. 2. The absolute
aagnitude of the, lithius secondary ion yield is
aot known and B is nomalized to unity at
low surface lithium concentration.

When a 45 V blas is applied to the sample,
a strong lithiuwm Auger line 1is still geen, but
cthe steeply rizing background of secoadary elec
trons makes quantitstive anelysis of the Acuger
data difficult. The bilas results io the trap-
ping of about 972 of the secondary ions. The
remaining 32 which eccape because of {rregulari-
ties in the electric field geczerry are suffi-
cient to permit surface anslysis by secondary
ion magss apectroscopy (SIHS). The SIMS data
qualitatively follow the Auger data £in that an
increase or decrease in the lithiw signal ob-
tained by one technique i3 matched by a similar
regponse In the signal obtained by the other
technique.

The L1*/Cu™ racio is shown as a fumcelon of
eiapsed time in Fig. 3. "The two curves repre-
scnt the SIMS data with (A) and withour (@)
spplied bias. The samples were initislly ac
room tewperature, and the sample heacer was
turned on at tise indicated by the arrows. The
ulti{mate temperature wa: 290°C. The data are
scaled to match at the peak.

In the absence of an external electric
field, the 1lIthium SIMS data exhibit the saxe
behavior as the Auger signel, rising to a peak
as the sample is hested and then dropping to 2
sceady-state value. When a bias Is .pplied to
the gample and the sample is heated, the SIMS
signal rises sharply and again drops. However,
this drop in aignal is very slight, followed by
2 alow increase in the Li¥ yield. This gradual
increase in the Ll"' yield is not reversible by
cooling and appears to be 6assoc1ar.ed with a
gurface phase transformation. This behgvior is
similar to that previously reported for Ar box
bardment and is attribuced to the formation of a
subsurface reglon of high lithium conceéntraticn
and esubsequent change of phase. The principal
difference between He' and Ar® bombardament is
that it tskee longer for the phase change to
occur, probably as the result of the greater
damage depth for light icn impact.



TMPLICATIONS

Many of the key parameters affecting the
sputtering properties of a Cu~li alloy in a
divertor or limiter application depend on the
acount and depth distribution of the cagregated
lithiun. If the 1lithium resides primarily on
the surface, a thicker overlayer results in
reduced copper erosion, as shown in Pig. 2 of
Ref. 11, although chere 1s 1lictle benefit
expected for lithium layers thicker than two
monolayers. The calculated copper ercsion rate
is redvzed by more than one order of magnitude
for a lithium thickness of only 1.25
monolayers. As the thickness increases,
however, it is expected that the number of atoms
comprising a umonolayer will decrease and rhat
the lithiuwn secondary ion Eraction will also
decrease, in accord with the experimental
results of Pig. 2. Consequently, lithim will
be lost at a greater rate. A determination of
the steady—state lithiuv= surface concentration
and absolute 1lithium secondary ion yield under
various boabardment conditions is necessary for
a definitive calculation of the performance of
Cu-Li alloy in a fusion reactor environment.
This informastion will be provided by an experi-
aent under development in our laboratory.” It
has been determined by preliminary weigh: loss
measurezents , < however, that enough lithium can
be retained at the surface to substantially
reduce the sample erosion relative to that of
pure coppar, even for 100 eV He* fluxes in
excess of [x10°7 cm™@ gec”l.

Cslculations besed on & racge of parameters
consistent with experismental resulce azd theo—
retical expectations have been wmzde using the
computer code TRIM to calculate the copper and
lithiom sputtering yields for variocus lithium
concentration valuer and depth profiles. The
REDEF code has been used to calculate the gross
and net erosion {erosion miasus redeposicion)
rates for a wmodel material consisting of 1.5
monolayers of lithiue on a copper substrate,
asguming a Li~ fraction of 0.9, in accord with
thermal evaporation dats.!® The copper selé-
sputtering yield as calculated by TRIM for &
pure copper surface is ~5xr higher than for the
Cu-Li model system.?! Similar results hold for

the light ion sputtering behavior.!® Ar normal
incidence tke cthreshold for runavay self-
sputtering of pure copper is 340 eV; for cthe

aodel Cu-Li system, _his value 1s 3400 ev.%s!!

The calculated sputtering yields provide
input for the REDEP code.} The results are
presented in P{z. 4 for a design baged on the
INTOR limiter for a plasme edge temperature of
100 eV.  The gross erosion (redeposition not
included) for 1light ion and eelf-sputtering
combined 1is in the range 10-20 ca/yr, well helow
the comparable values for 1low-Z wmaterials.
Tungeten 1ie completely unussble et this edge
temperaturc due to self-sputtering. When
redeposition 1s ccasidered, there is alaost no
anet change in limiter thickoess. At locwer edge
temperatures (20-50 eV) appropriate for divertor
applications, the copper-lithium system still
performs well and repreaents one of the few
alternatives to tungsten {Table 1).

Tsble 1. INTOR Divercor REDI? Anslysis

Crous Sputtering Total Gress Mgt Irssise
Plases Edge Race at Divertor Spucceriag Rate Rats 3k
lets Temparature Caster Due to at Diverter Diverter
Costing (Ax Separatrin) Dr + %o Canter Center
Mstarisl (a¥) cafyr aafyr o/yr
saryllim 20 2 “ 14.0
30 3 L] 1.1
A0 36 (g 3.4
e 2 824 st
Tirantum 20 134 284 a3
% 190 58 -036
40 223 2130 L
Malybdseum 0 172 2 ~0
% L “0
1] n 142 “0
Tungszen 0 2.0? o 0
0 0.40 1.1 -~
40 0.5 3.1 ~0
43 1.3 3.7 -~
2 ]
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The maximum calculated plesma edge temper—
eture for which Cu=Li can be uzed as a liafter
material depends on the &ctusl value of £ , 48
ghown in Fig. 5. The calculated performance 13
c1ear1¥ superfor to that of tungsten provided
that 87, > 0.6.

SUMMARY

It has been experimentally demonstrated
that dilute alloys of 1lithium 1n copper are
capable of producing a self-austa2ining low-2
coating during both wmedium-Z end low2 ion
bombardment, =slthough there are qualitative
diffarences in the time evolution and poasibly
in the steady-state coating thickness. Prelim—
inary measuremencs of the steady atate thickness
and secondary lon fraction of the low—Z alloy
companent have been nade for 3 keV He' sputter
ing, but more precise values are needed.

Representative values of the layer thick-
ness and licthive secondary ion fraction have
been used to calculate the ercaion and redepo-
sition properties of copper-lithium alloy used
as a limiter or dJivertor for INTOR, and it is
calculated chat Cu~Li alloy siould have the low
sputtering rates for light ion impact which are
characteristic of high-Z materiala but ghould be
usable at significantly higher plasma edge tem
peratures than tungsten.
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