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ABSTRACT

Dilute binary a l loys have been discussed pre-
viously as a means of producing s e l f - s u s t a i n i n g
coatings for fusion appl icat ions . The a n t i c i -
pated advantages of such coatings are described
in a companion paper ." Issues addressed In
this paper concern experimental observation of
the formation of a lov-Z coating by so lute seg-
regation In a Cu-Li a l l oy , maintenance of the
coating in a sputtering environment, and a com-
parison of the calculated net erosion for V, Ho,
and Cu-Ll whe- used as e i ther the dlvertor plate
or the bottom llmiter for INTOR.

Auger e lectron spectroscopy has been used to
monitor the surface composition of an a l loy
cons is t ing of 3 .0 a t . I LI in Cu while sputtering
with 1-3 keV Ar+ or He* at a flux of 10 1 2 -
lO'1* cm"2 sec"1 (corresponding to a gross ero-
s ion rate of several mn/yr) at temperatures up
to 430°C. It i s found that the al loy i s capable
of reproduclbly maintaining a complete lithium
overlayer. The time-dependent thickness of the
overlayer depends strongly on the aass and
energy spectrum of the incident part ic le f lux.
I t has keen experimentally demonstrated that a
s ign i f i cant fraction of the sputtered lithium la
In the form Li end Is returned to the surface
by an e l e c t r i c f i e ld such as the sheath poten-
t i a l a t the l lmtter , or a tangential magnetic
f i e l d such aa the toroidal f i e l d at the f i r s t
wall; consequently, the overlayer l i f e t l a e la
essentially unlimited.

The TRIM computer code has been used to calcu-
late the sputtering yield for pure metals and
the partial sputtering yields of binary alloy
components for various aasuaed solute concentra-
tion profiles. It Is found that even with very
lov-Z coatings, the majority of the sputtered
atoms originate in the uppermost atonic layer
and that the partial sputtering yield of an

alloy component is significantly reduced if that
component Is excluded froa the uppermost atomic
layer. It i s predicted that the self-sputtering
behavior of Cu-ld when used as a 1 loiter or
divertor plate v l l l compare very favorably with
that of tungsten.

Calculations using the REDEP code bear out this
expectation. At low plasaa edge temperatures
(< SO eV), the net erosion (erosion alnus re de-
position) due to D,T,He and self-sputtering i s
nearly zero, while the gross erosion is less
than that of Mo. For edge temperatures > SO eV,
W, and Ho are unusable due to self-sputtering.
It Is calculated that in the Intermediate edge
temperature regime (50-200 eV), a l loiter made
of copper with a lithium coating 1.5 aonolayers
thick would show net growth or erosion of < 3 ea
per year. Consequently, Cu-Li alloy may be Che
only material suitable for use with intermediate
plasaa edge temperatures.

INTRODUCTION

The use of low—Z plasaa side materials pro-
vides a potentially effective neans of reducing
plasaa contamination arising from Che erosion of
first wsll and l lolter surfaces by light Ion Im-
pact, and of suppressing potentially disastrous
effects of runaway self-sputtering of llmiters
and divertors. However, for reactor use, the
theroal and mechanical properties of aost Lov-Z
materials require that they be used as a coating
or cladding on an actively cooled substrate-
Cooling requirements and the need for thermal
shock resistance dictate that the costing be
chin. Gross erosion and redepssltion rates on
the order of 100-1000 cm/yr, however, dictate
the use of thick coatings for mechanical stabil-
ity and adequate operating l i fe .

The concept of using very thin self-
sustaining coatings as a means of meeting these
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requlrenencs has been described previously.1"11

In brief, Che concept utilizes the radiation
environment and elevated cempencur^ of a fusion
device as a means of promoting the segregation
of the minority component of a dilute alloy to
Che surface. The segregated material, by the
manner in which i t is formed, does cot accumu-
late co very great thickness, but Is continu-
ously replenished as surface Material i s lost.
Only atoms originating in the first 1-2 atomic
layers are sputtered. • Consequently, £ lov-Z
coating only 1-2 nonoleyers chick i s sufficient
to greatly reduce the erosion of Che high-Z
alloy component. By choosing the alloy In such
a way as Co guarantee chat the lcw-Z component
sputters primarily as a secondary ion, the -loss
of surface nacerial can be minimized since
secondary ions are trapped at Che surface by Che
sheath potential1 • at 11mlter and dlvereor sur-
faces, and by the toroidal magnetic field «t the
first vail.

It has been predicted5 and experimentally
observed chat llthlux segregates very strongly
in copper alloys'* >5 and terms a s Cable overlayer
in a sputtering environment. The effects of
Glbbslan segregation, preferential sputtering,
radiation-induced segregation, radiation-
enhanced diffusion, and cascade oixlng on the
near-surface lithivn concentration profile have
been calculaced,9 and ic la predicted that the
stability of the surface layer depends strongly
on Che saaple temperature and on the mass and
energy distribution of Che projectile particles.

For 1-3 keV Ar+ boabardcanc, lc has been
determined by Auger spectroscopy that i t i s
possible co aaincaln a scable lithiua overlayer
while sputtering. The required temperature Is ,
however, highly flux dependent. At a flux of
7x1011 Ar CB"^ oec"1, a temperature of lAO'C la
sufficient to maintain ths lithiua overlayer.5

At a flux of 4x1012 Ar+ cm"2 sec"1, the lithium
surface is rapidly depleted at 140*C but can be
naincained ac 230*C." At an Ar flux of 2xlO11*
cm"2 sec"1, lc is possible Co oainCaln Che lich-
lum overlayer aC temperatures > 300'C.

If, however, an electric field is applied
to the soople co simulate the effect of the
sheach potential, i t i s possible to maintain the
overlayer at significantly lower temperatures as
a result of Li trapping. For high flux, light
ion bombardment, preliminary experiments1* indi-
cate thac 'when lichium secondary loos are elec-
croscatlcally trapped, a lithium overlsyer suf-
ficient to significantly inhibit the erosion of
copper can be aalncalned for at least several
hours under 100 eV He+ bombardment at a flux of

Ic i s the purpose of Che present paper eo
exulne the thickness of the U.Chiua overlayer
formed during light len boabardmenc and co
obcaln a measure of Che charge teat*, of the
spuctered lithium atoms. The results are com-
pared with previous data for Ar bombardment: and
interpreted In cerms of the expected behavior of
• Cu-U alloy lialcer for IHT08, based on the
use of the TRIM computer code co predict the
sputtering properties and the REBBP code to
model the erosion and redeposltion behavior.

EXPZEIKEHTAL

The Cu-Ll samples were prepared in cvo
s t e p s , the f i r s t of which has been described
elsewhere,1* and r e s u l t s in the formation of a
high l i thium concentration a l l o y . The second
•c«p c o n s i s t s of arc melt ing t h i s material with
addit ional copper CO produce Che des ired l i t h i u a
concentration. Typ ica l ly , l i t t l e or no lichium
i s l o s t during the repeated arc melting s teps
used to insure uniformity. More recent ly ,
larger sample* h*vt been produced by heat ing
copper-lithium Ingots to 1100'C for one-half
hour, also with negl ig ible i l t h l v a l o s s .

Once prepared, the material i s rolled or
cut into a disk of the desired diameter and
mounted in a DHV surface analysis system, also
described elsewhere.1*

RESULTS

The lithium surface concentration of a
Cu-3 at.Z Li sample ws« determined by the ratio
of the peak-peak heights of the Ll(KLL) and
CuCKKN) Auger l ine s . This ratio I s shown in
Fig . 1 <s a function of elapied time. The
saaple was subjected tc « continuous 3 keV Re
bombardment at a flux of 1. lxlO1* cm"2 tec" 1 .
I n i t i a l l y , the sasple was at room temperature-
Ac the MIES indicated by Che arrow, the sample
heater w s turned on and the sample temperature
rose co 290*C in about 15 minutes. The surface
lithium concentration rase more slowly, reaching
a peak after about 40 minutes and then decreas-
ing to a level near the original value.

in uriced contrast to Che
7

hours und
lxlO1 7 cm

This behavior _._.
previously reported results for Ar boabardcienc'
but Is qual itat ively consistent with che expec-
tation that for a so l id allay the steady scare
surface concentration i s determined by che pre-
ferential sputtering condition;

where CA, Cg are the bulk concentrations of the
alloy- coaponttnts; CA

l , Cg l , are che f i r s t layer



atoo fractions of A *nd B; and S.* and Sg* are
the effective sputtering yields of species A and
8. If a fraction B +

A of (pccles A is sputtered
as a secondary Ion, then in the presence of an
external electric or «gneclc field,

(2)

where Y Is the efficiency with which Ions are
trapped by the field and SA i s the sputtering
yield for species A in the «"oy. If A and B
differ greatly in mass, as Is the case for cop-
per and lithium, SA and S^ may be significantly
different from the yield expected for pure el=-
aents. In the absence of any external fields,
the steady state surface lithium concentration
predicted by Eq. 1 Is -81, while the second
layer llthiua concentration Is expected to be
much lover.5 If as a result of radiation-
Induced segregation, the subsurface llthlun
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 lithium concentration. It has been
pointed ou*- previously6 that there Is experi-
mental evidence suggesting the formation of a
subsurface canpound. The CuCffifN) 920 eV Auger
line was chosen for analysis rather than the
61 eV Cu(LKM) line because i t Is not &R sensi-
tive to cheolcal effects.

However, the nean free path for the Cu(HNN)
Auger electron Is 10 A, compared with 4 A for
the li(KLL) electron. la order to Interpret the
Auger dace in terns cf surface lithium concen-
tration, i t is necessary to specify the shape of
the lithltjn concentration profile. We have
Interpreted the data of Fig. 1 In terms of two
assumed concentration profiles, using eleaental
sensitivity values obtained froa standard
tables.1 3 In the surface layer nodel, the l i th-
ium 1Q assuroed co be present as an overlayer of
specified thickness on top of a pure copper sub-
strate. In the uniform concentration nodel, the
llthiua is assumed to be distributed uniformly
throughout the Auger sampling depth. The steady
state lithium concentration represented by the
data of Fig. 1 corresponds to 20Z If interpreted
on the basis of the uniform concentration model,
or to 0.6 monolayers in the overlayer oodel.
The dashed line represents the Ll(KLL)/Cu(JfflN)
Auger signal ratio for one nonolayer of llthiua
on a copper substrate. In either nodel, the
surface lithium concentration Is significantly
greater than specified by Eq. 1.

The ratio of the llthiua secondary ion sig-
nal to the intensity of the lithium Aoger line
represents a ne&sure of the relative lithium
secondary ion fraction, S«i * The ratio is
plotted in Pig. 2 versus the aurfaca llthlua

concentration obtained froa the Auger data In
tents of the overlayer sodel. X-ray diffraction
data for Cu-Li by Klean and Volavsek1"* indicate
that lithium undergoes charge axch«nge with the
copper and la precent in a partly Ionized
state. An the lithiua concentration Increases,
It Is expected15 that the repulsive dipole-
dtpole Interaction will result in depolarization
of the lithium, with a consequent decrease ir.
the llthluv secondary ion fraction, In accord
with the data shown in Fig. 2. The absolute
magnitude of tlie^lithium secondary ion yield Is
noc known and B r e j Is noraallzed to unity at
low surface lithium concentration.

Uhen a 45 y bias i s applied to the sample,
a strong lithium Auger line Is s t i l l aeen, but
the steeply rising background of secondary elec-
trons makes quantitative analysis of the Auger
data difficult. The bias results in the trap-
ping of about 97Z of the secondary ions. The
remaining 3» which escape because of irregulari-
ties In the electric field gecsetry are suffi-
cient to permit surface analysis by secondary
ion mass spectroscopy (SIHS). Hie SIMS data
qualitatively follow the Auger data in that an
increase or decrease In the llthlua signal ob-
tained by one technique is matched by a similar
response In the signal obtained by the other
technique.

Thr Li+/CuT ratio is shown as a function of
elapsed time In Fig. 3. The two curves repre-
sent the SIMS data with (A) and without ( • )
applied bias. The samples were initially at
room temperature, and the sample heater was
turned on at tiee indicated by the arrows. The
ultimate temperature wat 290*C. Tne data are
seeled to match at the peak.

In the absence of an external electric
field, the llthiua STHS data exhibit the saae
behavior as the Auger signal, rising to a peak
as the sample is hested and then dropping to a
steady-state value. When a bias is applied to
the sample and the sample Is heated, the SIMS
signal rises sharply and again drops. However,
this drop In signal Is very slight, followed by
a alow Increase in the Li+ yield. This gradual
increase in the Li+ yield is not reversible by
cooling and appears to be associated with a
surface phase transformation. This behavior Is
similar to that previously reported for Ar+ boar
bardment and la attributed co the formation of a
subsurface region of high lithium concentration
and subsequent change of phase. The principal
difference between He and Ar bombardment is
that 1C takec' longer for the phase change to
occur, probably as the result of the greater
damage depth for light ion impact.



IMPLICATIONS

Many of the key parameters af fect ing the
sputtering properties of a Cu-Li a l loy In a
divertor or l lmlter application depend cm the
accmnc and depth distribution of the r«gregsted
l l th lun . If the lithium resides primarily on
the surface, a thicker overlayer resu l t s In
reduced copper erosion, as shown In P ig . 2 of
Ref. 11, although there Is l i t t l e benefit
expected for lithium layers thicker than two
monolayers. The calculated copper erosion race
Is reduced by more than one order of magnitude
for a l i t h l u a thickness of only 1.25
monolayers. As the thickness increases ,
however, i t Is expected that the number of atoms
comprising a monolayer w i l l decrease and that
the l l th luo secondary Ion fraction w i l l a l s o
decrease, In accord v l t h the experimental
results of Fig. 2. Consequently, lithium w i l l
be los t at a greater rate. A determination of
che steady-state l i th i tR surface concentration
and absolute lithium secondary ion yie ld under
various bombardment conditions Is necessary for
a def in i t ive calculat ion of the performance of
Cu-Ll a l loy In a fusion reactor environment.
This information wi l l be provided by an experi-
ment under development In our laboratory.' I t
has been determined by preliminary "eight loss
measurements , 1 2 however, that enough l l t h l t n can
be retained at the surface to substant ia l ly
reduce the saople erosion re lat ive to that of
pure copper, even for 100 eV He* fluxes In
excess of 1x10*' cm sec"**.

Calculations beted on a range of parameters
consistent with experimental resu l t s asd theo-
re t i ca l expectations have been s ide using the
computer code TRW to calculate the copper and
lithium sputtering y ie lds for various lithium
concentration value; and depth pro f i l e s . The
REDEP code has been used co calculate the gzosa
and net erosion (erosion c lcus redeposlclon)
rates for * model material consist ing of 1.5
monolayers of lithium on a copper substrate,
assuming a U fraction of 0 .9 , In accord with
thermal evaporation d a t a . 1 6 The copper s e l f -
sputtering y ie ld as calculated by TRIM for a
pure copper surface I s ~5x higher than for tiie
Cu-Ll model system.1 1 S in l lar resul ts hold for
Che l ight Ion sputtering behavior. 1 0 At norcal
Incidence the threshold for runaway se l f -
sputtering of pure copper Is 3(0 eV; for Che
model Cu-Ll system, :Ms value i s 3400 eV. 9 <"

The calculated sputtering y ie lds provide
input for the EESEF cod?.' The results are
presented In Fig. 4 for a design based or. the
INTOR l l a d t e r for a plasma edge temperature of
100 eV. The gross erosion (redeposltlon not
included) for l ight loo and se l f - sput ter ing
combined i s In the range 10-20 ca/yr , well helov
the comparable values for low-Z materials .
Tungsten I s completely unusable at this edge
temperature due to se l f - sput ter ing . When
redeposltion Is considered, there I s alnost no
net change In l lmlter thickness . At lever edge
temperatures (20-50 eV) appropriate for divertor
applicat ions, the copper-llthlum system s t i l l
performs Nell and represents one of the few
alternat ives to tungsten (Table 1 ) .
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The maximum calculated plasna edge temper-
ature for which Cu-Li can be used aa a H a l t e r
material depends on Che actual value of t n . aa
shown in Fig . 5. The calculated perfomance la
c l ear ly superior to that of tungsten provided

at B L 1 > 0 .6 .that
L1

SUMMARY

It has been experimentally demonstrated
that d i l u t e a l l o y s of l i thium i n copper are
capable of producing a s e l f - s u s t a i n i n g low-Z
coating during both medtum-Z and lov-Z ion
bombardment, although there are q u a l i t a t i v e
di f ferences In the t i ae evolut ion and possibly
i n the s t eady-s ta te coating thickness . Prelim-
inary measurements of the steady atate thickness
and secondary Ion fract ion of the low-Z a l loy
component have been aade for 3 keV He+ sput t er -
Ing, but more precise values are needed.

Representative values of the layer th ick-
ness and l i thium secondary ion frac t ion have
been used to ca lculate the erosion and rede po-
s i t i o n properties of copper—lithlun a l loy used
as a 1 l o i t e r or diver tor for IHTOR, and I t I s
calculated chat Cu-Ll a l l oy siiould have the low
sputter ing rates for l i g h t ion Impact which are
c h a r a c t e r i s t i c of hlgh-Z materials but should be
usable s t s i g n i f i c a n t l y higher plasma edge tem-
peratures than tungsten.
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