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I t has bean suggested that dilute alkali-metal alloys
at surfaces facing a Tokamak plasma night be used to
provide a self-sustaining low-Z alkali-metal surface
whic* would shield the structural component of the
alloy frora erosion. At the same time, the alkali-metal
ovsr'ayer could be expected to primarily sputter as
secondary ions, which are returned to the wall and
li- i i ter without entering the plasma. In order to
achieve this goal, a number of conditions which may
be mutually exclusive must be met. Several of these
condtions are analyzed, providing Information on the
feasibility and expected limits of performance for
rJilure alloys of Li in Al , S I , and Cu.

INTRODUCTION

Previous studies1 have concluded that atoms sputtered
frora the f i rst wall and limiter surfaces of a Tokamak
as secondary ions will most likely be redeposited with-
out entering the plasma, after travelling no more than
a fsw hundred microns from the sputtering site. The
probability that the secondary ion will reach the edge
of t ie plasna depends on the velocity of the sputtered
particle and on the magnetic f ie ld, sheath potential,
pl=s~a density, and geometry of the plasma device.
Using parameters for FED and STARFIRE, this probability
is typically lO* to 10s times smaller than for a neu-
tral impurity atom.

Secondary in fractions in excess of 95S have been re-
ported for sputtered alkali metal atoms, but the
condition of the surface required for such high ion
fractions is not well understood. Experiments on alkali
metal films2 Indicate that alkal' metal atoms in a one
morel aver film on a non-alkali metal substrate sputter
pri-ari ly as ions, but i f the film Is more than one
monolayer thick the alkali metal sputters primarily as
neo-rai atoms. The monolayer of alkali metal also has
hirhsr surface binding energy and lower vapor pressure
an; sputtering yield than does the bulk a;kali metal.
Secondary Ion Mass Spectroscopy (SIMS) experiments
indicate that in the presence of an alkali metal over-
layer, sputtered substrate atoms have a high probabil-
i ty of emerging as negative secondary ions.' I f they
originate at the f i rst wall, they will s t i l l be re-
turned by the magnetic f ie ld, but negative secondary
ions originating at the limiter would tend to be
pulled into the plasma by the sheath potential.

In order to be practical, the alkali metal monolayer
must be self-sustaining. One means proposed for pro-
ducing a self-sustaining, high secondary ion yield
mons'.aysr in a plasma device to use a dilute alkali
metal-bearing alloy, depending on the evelated wall
ter.serature to promote surface segregation of the
alkali metal. The profile of composition ys_ depth
resulting in a maximum secondary Ion to neutral ratio
would be one In which the f i rst layer consisted mostly
of alkali metal while the second layer consisted
primarily of substrate atoms.

Litrnuro forms the widest range of binary alloys, many
cf which are chemically stable. In fact, the addition
of lithium is a common means of Improving the mechanical
properties of aluminum for use in airframe manufacture.

To the extent that not s l l of the alkali metal is
excluded from the plasma, i t Is preferable to use an
overlayer with as low an atomic number as possible.
The obvious choice on this basis is again lithium,
although the other alkali metals may have properties
such as a higher secondary ion fraction which could
result in better overall performance In a reactor
environment.

In this paper, we will investigate the depth profiles
for Al-Li, Si -Li , and Cu-Li alloys expected to result
from Gibbsian segregation, and compare them with the
desired monolayer configuration. Other effects which
are potentially quite significant in a Tokamak en-
vironment such as radiation enhanced diffusion,
radiation-induced segregation and preferential
sputtering are Ignored at present but will be address-
ed in the future. The rates of these processes
relative to the total sputtering yield may substant-
ial ly alter the alkali metal depth distribution.

In order to take advantage of the low atomic number of
lithium, i t is necessary that very l i t t l e of the sub-
strate metal be sputtered and that the bulk of the
sputtered atoms originate in the lithium monolayer.
The TRIM computer code' has been used to determine the
shielding expected to result from a lithium monolayer.

Segregation

For an ideal solution alloy (zero heat of mixing),
segregation occurs only in the f i rst monolayer while
for a non-ideal solution alloy the f i rs t several atomic
layers nay have composition differing from that of the
bulk. In particular, the second layer may be either
enriched or depleted in solute concentration. We have
calculated equilibrium depth profiles for the solute
In a number of binary alloys using the four layer
regular solution model of Williams and Nason.s

For alloys such as Au-Ni (Fig. 1) the departure from
an ideal solution may be rather extreme, resulting In
second layer concentrations of the segregating species
4-5 times that of the bulk. The alkali metal alloys,
and 1n particular Al-Li (Fig. 2) and S1-L1 (Fig. 3)
depart from the Ideal In the opposite direction, pro-
ducing segregation profiles in which the second layer
concentration of Li is significantly less than the
bulk concentration. The degree of f i rs t layer seg-
regation depends on the heat of mixing, the heat of
segregation and the temperature of the alloy as shown
In Figs. 4,5, and 6.

In the William;, and Nason model, which does not include
lattice strain effects, LI appears to segregate quite
strongly In Si . When the strain effects, which are
usually of minor importance, are taken into account6'7
I t is predicted that even stronger segregation of Li
will occur In copper.7

The temperature profiles of the f i rs t layer Li concen-
tration In S i , Cu and Al show that In the temperature
range expected for'the f i rs t wall of a fusion reactor
a f i rst layer concentration close to 1002 can be
attained with a bulk Li concentration which may be as
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Figure 1: Segregation profile according to the
Williams and Nason model for an alloy consisting of
10% Au 1n N1 at 773 K. The Au concentration of the
f i rs t layer is 96.62. The Au concentration in t.hp
second layer 1s 44.2".
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Figure 2: Segregation profile for an alloy consisting
of 5% Li In Al at 773 K. The f i r s t layer LI concen-
tration 1s 93.9%. The second layer Li concentration
Is 1.7%.

low as a few hundred PPM and In a l l cases much lower
than the bulk solubility l imit at that temperature.

The highest LI f i r s t layer concentration occurs at low
temperature. However i t should be noted that the data
presented here represents equilibrium concentrations:
The time required to reach equilibrium has not been
considered nor has the effect of the rates of competing
processes. For some binary alloys, however, the time
required to reach equilibrium at 700-900 K is very
short. '

Adsorption of a gas such as hydrogen or oxygen modifies
the heat of segregation5 and may markedly alter the
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Figure 3: Segregation profile for an alloy consisting
of IS Li 1n Si at 773 K. The first layer Li concen-
tration is 99.82. The second layer Li concentration
is 0.2%.

segregation profile. In some cases such as that of
Cu in Au, the effect is to suppress segregation. For
Li 1n Si, Al (Fig. 7) and Cu, the opposite occurs. Of
the three, Li segregates the most weakly in aluminum.
At 773 K an Al alloy containing 1 PPM Li is expected
to have a first layer Li concentration of 0.25!. The
absorption of hydrogen is predicted to Increase the
first layer Li concentration to 99.9993S. Similar
results are obtained for Li in Cu end Si.

Sputtering

The depth of origin of atoms sputtered from a single
component Al or Cu target under deuteron bombardment
has been calculated using the TRIM computer code. The
results for deuterons ranging In energy from TOO to
2500 eV Incident on Cu are shown in Fig. 8. The
sputtered atoms originate primarily In the first two
A, and almost completely In the first 3 A, regardless
of the projectile energy. Incident energies less than
100 eV are also of Interest and the associated depths
of origin have been calculated but are not shown here
because It Is felt that the assumption of the Moliere
potential with the zero surface binding energy used in
the calculation becomes questionable st very low
energies. However the calculation shows, and physical
Intuition dictates that at low kinetic energies
sputtering from the second atomic layer is even less
likely than at high energies.

A version of TRIM has been developed which Is suitable
for multi-layer, multi-element targets, and has been
applied to Cu and Al substrates with monolayer lithium
coverages. The results for Cu are shown in Fig. 9.
Adsorbate-surface charge transfer Increases the
effective heat of sublimation relative to that of the
bulk alkali metal by 0.8 eV in the case of potassium
on a molybdenum substrate. Since the effective heat of
sublimation for Li on Cu Is not known, we have
arbitrarily used the heat of sublimation for pure LI
and one higher value (2.67 eV) in the calculation.
The lithium partial sputtering yield is close to that
of bare copper but as expected, it decreases as the
effective heat of sublimation increases.



LI

see 688 700
TEMP DEC K

800 988

0 39

P 80

8.78

0.68

e 59

8 48

e.38

e.2e

e.ie

-

-

-

LI-SI

* LI C0HO9.
0 LI CGNOe.
• LI C0HC«e.

- X LI CONOO.

—

1

B •» a

eeeeie
eeeiee
eeieee
eiaeee

i i

\

\

i

N

V
\

see 780 888
Figura i: First layer LI concentration for 7 different
alloys of LI In Al as a function of temperature. The
bulk LI concentrations are: 10 PPM(*). 50 PPH(O),
100 PPM(+), 500 PPH(X), .005(*), .01(0), .05(+).
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Figure 6: First layer Li concentration for 4 different
alloys of Li in Si as a function of temperature.

see

Figure 5: First layer Li concentration for 8 different
alloys of Li in Cu as a function of temperature. The
bulk Li concentrations are 10 PPM(*), 50 PPH(O),
100 PPM[+), 500 PPM(X), .001(*), .005(0), .0l(+), .05(X).

The copper erosion is reduced by a factor of three at
high Incident deuteron energies, and by a factor of ten
at low incident energies, regardless of the Li heat of
sublimation. Because of the reduced copper Influx, be-
cause of the low atomic number of the principal sput-
tered inpurity (lithium), and because a substantial
amount of the sputtered lithium will be in the form of
secondary ions which will be returned to the wall, the
effective Z of the plasma should be reduced.

The reduction in the copper sputtering is not as great
as night be expected on the basis of Fig. 8 since the
stopping power of deuterons In L1 Is much less than
that of deuterons in Cu. The addition of anotbsr
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Figure 7: Segregation profile for an alloy consisting
of 10 PPM LI in Al at 773 K with and without a hydrogen
overlayer. The first layer Li concentrations are
1.000000 and 0.022, respectively.

surface layer would therefore be useful 1n further
suppressing Cu erosion. However, a second layer of
L1 will not occur as the result of Gibbsian segre-
gation and even 1f It did occur, the second layer
would not have the high secondary ion yield of the
monolayer. However, it should be noted that L1 Is a
much better hydrogen getter than is copper. Whether
or not a stable hydrogen layer will form In a Tokamak
environment depends on several factors which are
difficult to evaluate at present. The effect of hy-
drogen adsorption on the Li secondary ion yield Is
also unknown. However, as shown in Fig. 9, the add-
ition of a hydrogen overlayer results in an additional
reduction 1n the Cu sputtering yield of up to a factor
of thirty at 100 eV.



SUMMARY

Figure fl: Depth of origin histogram for D incident on
Cu as calculated by TRIM. NH is the number of incident
deuterons followed. The partial sputtering yield per
Angstrom is found by dividing the ordinate by NH.
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Gibbsian segregation in dilute Li-bearing alloys of Cu,
Si and Al is expected to produce a nearly 100% lithium
overlayer for very small bulk lithium concentrations.
The second layer Li concentration, however, is expected
to be below that of the bulk, producing a depth profile
very similar to that of an adsorbed Li monolayer. This
adsorbed monoiayer is the configuration desired to
maximize the ratio of secondary ion/neutral sputtered
Li. Hydrogen adsorption increases the effective seg-
regation energy, making it possible to achieve the
mono'ayer with even lower bulk Li concentration.

A lithium monolayer on Al or Cu is expected to reduce
the substrate sputtering by about a factor of ten at
low energies while a hydrogen layer on top of the lith-
ium is expected to provide a total reduction in the
substrate sputtering by a factor of about 300. The
lithium sputtering yield is comparable with that of un-
protected copper but because of the low atomic number
and because much of the sputtered Li will be in the form
of secondary ions which will be returned without enter-
ing the plasma, a significant reduction in the plasma
Zeff arising from light ion sputtering is to be ex-
pected.

There are still a number of potentially significant
effects which remain to be evaluated before a definitive
assessment of the effectiveness of the proposed means
of plasma impurity reduction can be made. These
questions are currently being pursued along both exper-
imental and theoretical lines at our laboratory.
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Figure 9: Partial sputtering yields of Li and Cu for a
target consisting of a monolayer of Li on a Cu substrate
under bombardment by deuterons with kinetic energy E .
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