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Abstract

The erosion behavior of solid beryllium surfaces exposed to plasma bombardment at high temperature is investi-
gated. The experimentally measured erosion rate of surfaces exposed to energetic particle bombardment at elevated
temperature exceeds that predicted by a summation of the physical sputtering rate and the thermodynamic sublimation
rate. A model based on the creation of surface adatoms, due to energetic projectile bombardment of surfaces, and their
subsequent sublimation is used to explain the enhanced erosion. Molecular dynamics (MD) simulations of beryllium
confirm that the experimentally measured evaporation energy (~2 eV) is consistent with the binding energy of adatoms.
Of critical importance in this model is the creation rate of adatoms during the surface bombardment. The experimental
dependence of the increased erosion on the incident particle flux, particle species and incident particle energy is pre-

sented and discussed in relation to the adatom model.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Experiments in PISCES-B [1] at UC San Diego, in
collaboration with EFDA, are investigating the plasma
interaction behavior of beryllium targets as the temper-
ature of the sample approaches its melting temperature.
The behavior of beryllium surfaces as a plasma facing
material will be critical in determining the actual perfor-
mance of next step experimental device designs, such as
ITER [2] and FIRE [3]. Of a more global nature, the
plasma interaction behavior of surfaces exposed at ele-
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vated temperatures is fundamental to many branches
of technology and surface science.

The generally accepted picture of erosion from a
chemically inert surface is one of physical sputtering
dominating the erosion rate at lower temperature, until
the thermodynamic loss of particles (sublimation from
solids and evaporation from liquids) eventually equals
and finally exceeds the sputtering rate. Physical sputter-
ing is believed to be independent of the temperature of
the surface and thermal sublimation is believed to be
independent of the flux of incident energetic particles.
However, experimental evidence from a variety of mate-
rials [4-8] has shown an enhancement in the erosion rate
at elevated temperature. We have proposed an erosion
mechanism which depends on both the incident particle
flux, as well as the surface temperature [9]. We believe
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that the erosion mechanism is a fundamental and uni-
versal property of materials exposed to energetic particle
bombardment at elevated temperature.

2. Model description

Our model of adatom production and subsequent
sublimation has been described in detail elsewhere [9],
we will briefly summarize the key points of the model
to elucidate the improvements to the model that we re-
port on here.

A surface adatom is an atom that acquires sufficient
energy during the slowing of an incident energetic parti-
cle to become liberated from its lattice location near the
surface of a material. The liberated atom, however, does
not acquire sufficient energy to be sputtered from the
surface and, therefore, creates a surface vacancy and a
dislocated atom on the surface itself. As shown in both
published MD simulations [10] and our own MD simu-
lations, a certain amount of the created surface adatoms
(due to particle bombardment, not condensation)
recombine quickly with the surface. Some adatoms gen-
erated during such bombardment, however, do not
recombine quickly into the surface vacancy they leave
behind. Once they are mobile on the surface and leave
the vicinity of their associated vacancy, the energy with
which they are bound to the surface is reduced. An ada-
tom will diffuse across the surface until it encounters a
recombination site (i.e. surface vacancy or other lattice
imperfection) or at elevated temperatures, until it subli-
mates from the surface. Since adatoms are less strongly
bound to the surface they will sublimate at lower surface
temperatures than the surface atoms.

The time rate of change of the areal density of ada-
toms, dn,g/dt, can be written as

e A (1)

where the creation rate of adatoms is the adatom yield,
Y.q, times the incident energetic particle flux, Ji, and
the loss rates of adatoms are from recombination with
surface sites, ., and from sublimation, #g,y,. In equi-
librium this means that the surface density of adatoms,
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The total atom loss rate, J,, from a surface bom-
barded by energetic particles is written:

Jout = Yszin + nad/tsub + n()/l(), (3)

where Y, is the physical sputtering yield and no/t, is the
standard thermodynamic sublimation rate from the

material. Eq (3) can be rewritten as
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The time constant associated with sublimation of an
adatom, f,;, = constant * exp(E,q/T) and that associated
with recombination, t.. = constant * exp(Ep/T). Here
E,q is the binding energy of an adatom to the surface
and Ep is the activation energy for surface diffusion to
a recombination site. Eq. (4) can then be rewritten in
the form, where E.qz = E.q — Ep:
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In our previous work [9], the assumption was made
that recombination of surface adatoms dominated their
sublimation (i.e. Aexp(E./T) > 1), leading to:
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However, Eq. (6) is not strictly correct and does not
take into account the possibility of sublimating a large
fraction, or possibly even all, the adatoms created. The
difference between Eqs. (5) and (6) is exhibited in
Fig. 1. In order to clearly see the distinctions between
the two equations the thermodynamic sublimation term
has been omitted from the plot of both equations. Both
equations accurately depict the experimental data over
its temperature range, but at higher temperature the rate
of sublimation of adatoms is restricted to their creation
rate in Eq. (5), whereas Eq. (6) allows the sublimation
rate of adatoms to increase indefinitely.
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Fig. 1. Comparison between the adatom model dominated by
surface recombination and this model which includes the
limiting effect of substantial sublimation/evaporation of ada-
toms from the surface before recombination.
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3. Comparison to experiments

Fig. 2 plots each of the three terms in Eq. (5) along
with the experimental data obtained during deuterium
plasma bombardment of a Be sample biased to —50 V.
The ion flux measured during these experiments was
4% 10'8 jons/cm?s. The unknowns present in the adatom
term of Eq. (5) were allowed to vary to obtain a best fit
of the data. The values of those quantities used here are;
Eg~2eV, A=2x10"" and Y,4/Yps = 50. It is encour-
aging to note that the best fit to the data still occurs at
an adatom binding energy that agrees with the measured
value and with MD simulations of a Be surface [9]. The
numerical values of these terms are quite similar to those
used previously in [9]; Eqx~2¢eV, 4 =1x10"" and Y,4/
Yps = 20. The primary difference being the adatom crea-
tion yield. However, a value of 50 for Y,q4/Y,s at 50 eV
bombarding energy is in better agreement with MD cal-
culations [10]. As is evident in Fig. 2 the inclusion of the
adatom term produces an increase in the erosion rate
over a finite temperature range. At sufficiently high tem-
perature, the erosion rate asymptotically approaches the
thermodynamic sublimation rate from the material.

The observation of enhanced erosion is observed
over a variety of experimental conditions. Fig. 3 shows
the erosion rate from Be samples exposed to a series of
incident ion energies. Also shown in the figure are the
associated fits to the data using Eq. (5). Only at the ex-
tremely low energy of 25 eV does the model appear to
deviate from the data. However, at these low energies
the threshold value for adatom creation is being ap-
proached and the adatom yield may change signifi-
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Fig. 2. Each of the three terms in Eq. (5) are plotted separately,
along with the comparison of their sum to the experimental
data collected during a —50 V bias run.
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Fig. 3. Comparison of three different bias voltages during
deuterium plasma bombardment of Be samples with the model
predictions for each case.

cantly. No attempt was made to obtain a better fit to
the data with different values of E.y, A and Y,q/Yps.

It should be noted that in the discussion above all
three terms, Eeq, 4 and Y,4/ Y, are treated as variables
to justify the model. In reality, however, the effective
binding energy can be calculated from an MD simula-
tion [9] and the ratio of the adatom to sputtering yield
(which depends strongly on the incident ion energy) is
predicted from MD simulations [10]. The variable 4 is
the only unknown that is evaluated by fitting to the
experimental data at a single surface temperature.

The rate of release of adatoms, and hence the signif-
icance of this term in Eq. (5), is also dependent on the
incident energetic particle flux, Ji,. The model can be
exercised by keeping all parameters fixed and varying
only the incident particle flux. Fig. 4 shows the magni-
tude of the adatom erosion effect over several orders
of incident flux. The adatom erosion effect becomes
more pronounced at higher levels of incident particle
flux. Also indicated in the figure are typical values of
particle flux in the PISCES-B device and in ion beam
facilities. Because of the low flux values achievable in
ion beam facilities, thermodynamic sublimation will
tend to dominate the erosion rate before the adatom
terms becomes significant.

Another drawback to observing adatom erosion in
ion beam devices is the fact that they tend to operate
at higher incident energies. Fig. 5 shows the same flux
scan using Eq. (5), but assuming an incident ion energy
of 3keV D*. The adatom yield at higher energies is
smaller due to a decrease in the interaction of the inci-
dent particles with the surface of the material. Fig. 5 as-
sumes Y,q =4 at 3 keV [10]. The combination of these
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Fig. 4. Model predictions of 50 eV deuterium ion bombard-
ment of Be at different incident ion flux. Typical flux values of
PISCES-B and ion beam devices are indicated.
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Fig. 5. Model predictions of 3 keV deuterium ion bombard-
ment of Be at different incident ion flux. The smaller adatom
yield at higher energy leads to smaller magnitude effects.

effects may make this phenomenon challenging to ob-
serve during ion beam measurements [11].

This is not to say, however, that adatom erosion can-
not be observed in ion beam facilities. Since no temper-
ature dependent erosion measurements of Be are
available from ion beam facilities, we can exercise our
model on enhanced erosion of lithium data from ion
beams available in the literature [12]. Fig. 6 shows this
comparison. Values of E.y=1¢eV, 4 =1x 1077 are used
in the model calculation, which compare well to values
obtained previously from PISCES-B (E.;=1.1eV and
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Fig. 6. Comparison of model to ion beam erosion measure-
ments of lithium [12].

A=1x107°[9]), especially considering the four orders
of magnitude difference in ion flux between the two facil-
ities. An increase in the ratio Y,q/Yps (by a factor of 3
above the value associated with 700 eV bombardment
at normal incidence [10]) has also been included in the
model to take account the 45° incidence angle in [IAX.
In order to observe enhanced adatom erosion in ion
beam devices, it is necessary to maximize the ion flux
in the beam, and at the same time maximize the ratio
of Y,a/Yps (i.e. operate using low energies). In addition,
we speculate that by moving toward grazing incidence
and thereby increasing the interaction with the surface
layers, it may be possible to maximize the creation rate
of adatoms even at larger incident particle energies.

4. Summary

The model for adatom evaporation has been modi-
fied to account for the condition where adatom sublima-
tion dominates over adatom recombination into the
surface. As the number of adatoms sublimating ap-
proaches the number created, the enhanced erosion sat-
urates. This saturation phenomenon, if observed
experimentally, may prove the validity of the model.
The dependence of the adatom model on variations of
experimental parameters has been described.
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