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Response of beryllium to deuterium plasma bombardment
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Abstract

Experiments have been conducted in the PISCES-B device to investigate the erosion and deuterium retention
characteristics of beryllium. The impurity fractions of both carbon and oxygen in a deuterium plasma have been re-
duced to 0.2% for carbon and 0.2% or less for oxygen. Under these conditions, the measured sputtering yield of the
beryllium samples agrees with beryllium-oxide sputtering. The clean plasma conditions allow for investigation of the
surface morphology of the samples under various exposure conditions. During high-temperature exposure the surface
develops a porous structure, unlike the smooth surface resulting from low-temperature exposures. The hydrogen iso-
tope retention characteristics of beryllium are measured under conditions which simulate the ITER first wall and baffle
plasma interaction regions. The beryllium samples develop a saturated surface layer under these high-flux bombard-
ment conditions. Thermal desorption spectroscopy (TDS) is used to measure the release temperature of the retained
deuterium. The TMAP4 code is used to model the deuterium release from the beryllium. © 1998 Elsevier Science B.V.

All rights reserved.

1. Introduction

The response of beryllium materials, when exposed to
ITER-like plasma heat and particle flux, has been in-
vestigated in the PISCES-B [1] linear plasma simulation
device. Both the material erosion and hydrogen isotope
retention characteristics of beryllium have been mea-
sured under conditions which simulate the ITER [2] first
wall (surface temperature =200°C, ion flux=1 x 107!
m~2 s7!', ion bombardment energy=100 €V) and
divertor baffle (surface temperature=500°C, ion
flux=1x 102 m~2 s~!, ion bombardment energy = 100
eV) plasma interaction regions. Plasma exposures have
been varied from 30 min up to 8 h to study any fluence
dependent effects which may occur during the operation
of ITER.

The PISCES devices [3] operate on the principle of a
reflex arc plasma source. Electrons emitted from a hot
LaBg cathode ionize a prefill neutral gas (1073-107*
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Torr) which is leaked into the vacuum chamber. In these
experiments, the fill gas used is deuterium in order to
differentiate retained plasma ions from any background
hydrogen present in the samples. The background vac-
uum pressure, with the LaB source hot, is around 107’
Torr and is predominantly CO originating from the hot
source. The deuterium prefill pressure is adjusted to
control the plasma ion flux to the sample. For all mea-
surements discussed here, the plasma density is in the
range between 10'7 and 10" m~. The electron temper-
atures vary between 20 and 35 eV and are adjusted to
obtain the desired ion flux to each sample. The sample
exposure temperature can be controlled, within certain
limits determined by the ion flux, by adjusting the
cooling flow rate to the sample. The ion bombarding
energy is set to 100 eV by applying a negative bias to the
sample.

2. Sputtering yield

The sputtering yield of beryllium measured in an ion
beam device is observed to be temperature dependent
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[4]. The measured sputtering yield increased at elevated
temperatures and was explained as resulting from be-
ryllium diffusion through a surface beryllium-oxide
layer. In previous work on PISCES-B, the sputtering
yield of beryllium was also observed to be temperature
dependent [5], however the dependence was the oppo-
site. At low sample exposure temperature (<250°C), the
sputtering yield was measured to be close to that of
beryllium-oxide. At higher exposure temperatures, the
sputtering yield was affected by intrinsic impurities
within the plasma. The trace (=1% carbon and ~1%
oxygen) impurities in the plasma were believed to de-
posit on the samples surface. Because of the elevated
surface temperature, the impurities diffuse into the bulk
material to form a mixed material surface layer. This
mixed material layer reduced the sputtering yield of
beryllium, both because it diluted the concentration of
beryllium at the surface and because molecules with
higher binding energy at the surface (i.e. beryllium-oxide
and beryllium-carbide) could form.

In this work, the impurity concentration in the deu-
terium plasma has been reduced to about 0.2%, or less,
for carbon and oxygen. The impurity concentration is
measured both before and during the plasma discharge
by way of a specially designed, high-pressure quadru-
pole residual gas analyzer (RGA). The RGA is shielded
from the influence of the plasma confining magnetic
fields by a mu-metal housing. As a check of the accuracy
of the RGA measurement, a spectroscopic diagnostic
was used to measure the intensity of the impurity line
radiation emitted from the plasma during operation. By
also spectroscopically measuring the deuterium atom
line emission from the plasma, the plasma impurity ion
concentration could be calculated [6]. The two tech-
niques agree within the accuracy of the measurements.
These measurements indicate that carbon is the domi-
nant impurity in the PISCES-B deuterium plasma at
0.2% and the level of oxygen impurity is below the 0.2%
limit of detection for oxygen of the spectroscopic system.
This purity is better than that typically found in the
edges of existing tokamaks [7,8].

The sputtering yield of the beryllium is measured by a
weight loss method. Each sample is weighed before and
after plasma exposure on a microbalance which has an
accuracy of £0.05 mg. Typical weight losses from these
plasma exposures range from 0.5 to 10 mg. Any error
introduced by the formation of an oxide layer on the
samples during the weighing process in atmosphere
would be less than 0.01 mg. Since there is no evidence of
impurity deposition on the surface of the samples at
these levels of plasma purity (surface diagnostics detect
beryllium and beryllium-oxide) and since the ionization
mean-free path [9,10] for sputtered beryllium atoms
(>10cm) is calculated to be much longer than the plasma
column radius (3 cm), this method can be used to di-
rectly measure the sputtering yield. The plasma ion flux

to the sample is established to closely replicate condi-
tions expected at the first wall (I'=1-2 x 10> m~2 s71)
and at the divertor baffle (I'=1-2 x 102 m~2 s7!) of
ITER. The flux to the sample is measured by a recip-
rocating Langmuir probe located approximately 2 cm in
front of the sample surface. The probe measurements
also ensure that the plasma conditions across the entire
face of the sample are uniform.

The ion flux to the sample consists of both atomic
(D) and molecular (D5 and D7) ions. Previous mea-
surements [3] under similar plasma conditions indicate
an ion species mix (D*:Dj:D7) of (80:15:5). Sputtering
by a molecular ion, such as Dj, can be treated as
equivalent to bombardment by two atomic ions, each of
which has half the energy of the incident molecular ion
[11]. Using this approach, the effect of bombardment by
molecular ions in the PISCES plasma is calculated to be
such that the measured sputtering yield underestimates
the actual sputtering yield by only 10%.

The material used in these investigations was S-65C
press-sintered beryllium supplied by Brush Wellman. All
samples were annealed to 650°C prior to plasma expo-
sure. Samples were exposed at temperatures ranging
from room temperature up to 650°C. Additionally, at
surface temperatures of both 200°C and 500°C, a series
of samples were exposed for varying times (between 0.5
and 8 h) to determine if any time dependent effects were
occuring (such as a change in sputtering after the re-
moval of the native oxide layer present on all beryllium
samples before plasma exposure). Finally, several plas-
ma sprayed beryllium samples (>95% density, supplied
by Los Alamos National Laboratory) were included in
the study to determine if surfaces repaired in ITER using
this technique might exhibit different lifetimes from the
original beryllium tiles.

The results of all these erosion measurements are
presented in Fig. 1. Also included in the figure are
TRIM-95 [12] sputtering calculations (assuming 100%
D" ion bombardment) for both pure beryllium (surface
binding energy = 3.38 ¢V) and beryllium oxide (surface
binding energy = 6.1 eV) [13]. All the data are observed
to agree with the expected sputtering yield of beryllium
oxide to within the error of the measurements. The
cluster of data points at both 200°C and 500°C contain
fluence variations of over an order of magnitude with no
appreciable change in the erosion rate. Certainly, at
higher plasma impurity concentrations the sputtering
yield measured in this manner would be expected to
decrease [5].

The measured sputtering yield agreeing with that of
BeO is somewhat surprising. Each beryllium sample is
initially inserted into the plasma with the beryllium-ox-
ide surface because of its prior exposure to atmosphere.
TRIM-95 calculations indicate that both the beryllium
and the oxygen sputter from a beryllium-oxide surface
with a yield of about 0.007 from 100 eV incident deu-
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Fig. 1. Sputtering yield measurements of beryllium show no temperature dependence and agree with the computed sputtering yield of
beryllium oxide. The data points at 200°C and 500°C contain fluence variations of over an order of magnitude with little change of the

erosion rate.

terium ions. The arrival rate of oxygen at the sample
surface is ~0.002I" (the plasma oxygen impurity con-
centration) for these experiments. It would, therefore, be
expected to remove the oxide layer after a short time
(<30 s) under these plasma bombardment conditions
and then to measure the sputtering yield of a pure be-
ryllium surface.

It should be noted that ion beam data [14] have
shown good agreement between the sputtering yield of
both beryllium and beryllium-oxide materials with the-
oretical calculations. On the other hand, recent sput-
tering yields inferred from beryllium codeposition
measurements [15] were found to be 0.006, under plasma
bombardment conditions which should have produced
interactions with a pure beryllium surface. Similarly,
interpretation of results from JET [16,17] have also had
to assume BeO sputtering yields instead of those of pure
Be in regions of intense plasma bombardment.

3. Surface characterization

An important aspect of plasma-surface interactions is
the alteration of the surface morphology due to plasma
bombardment. These experiments began with polished
beryllium surfaces exposed to the plasma. Morphology
changes under various exposure conditions were, there-
fore, easily discernible. Fig. 2 shows scanning electron
microscope (SEM) pictures of the surface of a sample

which was exposed to plasma under first low surface
temperature conditions and then again exposed under
high surface temperature conditions. By changing the
sample holder cap between exposures it was possible to
obtain regions of the sample which were unexposed to
plasma (Area 3), exposed to plasma only at low tem-
perature (Area 2) and exposed to plasma at low and
subsequently high temperatures (Area 1). Little differ-
ence is seen between the unexposed surface and the
surface exposed at low temperature. Both surfaces re-
main smooth and remain clean of any contamination.
The surface exposed at low temperature (flue-
nce =5.2 X 102 m~2) shows little impact of plasma ex-
posure, beyond the smooth surface typical of an eroded
surface. Surface sputtering during the high flux plasma
ion bombardment may be responsible for the absence of
surface blistering which has been observed in previous
ion beam bombardment experiments [18]. At low tem-
perature the surfaces are similar to those observed in
earlier experiments on PISCES-B [5]. The surface ex-
posed at high temperature shows a much different
structure.

The surface exposed at high temperature (flue-
nce=2.7 x 10% m~2) has a three-dimensional structure.
Large, up to micron-sized, voids can be seen in the
surface of the beryllium. Similar surface morphology is
seen on samples exposed only at high temperatures, so
the prior bombardment at low temperature is not im-
portant in the formation of this surface. In earlier ex-
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Area 1 - High-temperature
exposure (500°C)

firea 2 - Low-temperature
exposure (280°C)

Area 3 - Surface hidden from
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Fig. 2. A single sample was exposed to different plasma conditions (Area 1 — high-temperature exposure, Area 2 — low-temperature
exposure, Area 3 — no plasma exposure) to highlight changes in surface morphology. High temperature sample exposure leads to a
porous structure with the formation of damage well beyond the implantation zone.

periments [5], at high temperature and higher plasma
impurity content, the formation of a three-dimensional
surface resulting from impurity deposition on the sample
was seen. The impurity deposition tended to cover any
other effects caused by plasma bombardment. Now, with
cleaner plasma conditions the impact of plasma bom-
bardment can be more clearly observed.

The high-temperature exposed surfaces appear simi-
lar to measurements of surfaces exposed to deuterium
ion bombardment in ion beam devices [19-21]. The ex-
planation for the formation of ‘interconnected channels
forming extended labyrinths’ [21] is the larger vacancy
mobility at higher surface temperatures. Depth profiles
of the damage created in the ion beam devices showed a
damage profile much deeper than the implantation zone
of the ions during bombardment at elevated (450°C)

temperature and showed damage profiles peaking at the
implantation depth for low (room) temperature expo-
sures [22].

The sputtering threshold energy for deuterium ion
bombardment of a beryllium surface is estimated to be
about 15 eV. These experiments on PISCES-B indicate
that during low ion energy (100 eV) bombardment,
significant damage occurs, and at elevated temperature,
can agglomerate and extend well past the implantation
zone into the surface of the material. TRIM calculates
the implantation depth of 100 eV deuterium ions in
beryllium to be only 1-2 nm. The amount of surface
damage continues to increase as the total fluence to the
sample increases. Fig. 3 compares the same high-tem-
perature exposed surface shown in Fig. 2 to a surface
which was exposed at the same surface temperature and

Fig. 3. Surface damage increase with increasing fluence during high temperature sample exposure to plasma (a) ion flux = 1.5 x 10?

-2 o1

m~2s~!, ion energy = 100 eV, exposure duration = 30 min (b) ion flux = 1.5 x 102 m~2 s~!, ion energy = 100 eV, exposure duration = 6 h.
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plasma bombarding flux, but for a factor of 12 longer
time. As can be seen, all evidence of the original flat
surface has disappeared as many of the damage sites
appear to merge and interconnect. The voids in the
surface appear to be increasing in depth as well (al-
though it is not really possible to measure the depth of
these features using these SEM pictures). Several of the
high-temperatures exposed samples are being sectioned
to allow for edge viewing to get a quantitative measure
of the depth of the damage as a function of the fluence,
or the duration of the bombardment.

It is interesting to recall Fig. 1 which showed no
dependence of the sputtering yield as a function of
temperature. Apparently, the increased roughness and
porosity of the surface, which develops during high
sample temperature exposure to plasma does not sig-
nificantly alter the global erosion properties of the sur-
face.

4. Deuterium retention

The deuterium retention characteristics of beryllium
have also been investigated under ITER relevant con-
ditions during this work. A series of exposures (1/2, 1.7,
2 and 8 h) were conducted under 200°C conditions and
another series (1/2, 2 and 6 h) under 500°C conditions.
After exposure the samples were transported through
atmosphere to a thermal desorption apparatus. The
temperature of the samples was ramped up to 650°C

while recording the partial pressures of all the deuterium
containing molecules (D,, HD, D,0, HDO) which were
released. The released deuterium was recorded primarily
in the mass = 3 (=66% of the total) and mass =4 (~33%
of the total) peaks following the 500°C exposures and
roughly 50% as mass 3 and 50% as mass 4 following the
200°C exposures. The hydrogen (in the HD peaks) is
suspected to come primarily from within the outgassing
chamber rather than directly from the beryllium sam-
ples. The mass 19 and 20 peaks were less than 1% of
mass 3 and 4 peaks and were, therefore, ignored. The
system was calibrated with a deuterium standard leak.
The HD peak was assumed to have the same calibration
as the calibrated D, peak. Previous measurements have
shown that 650°C is sufficient to desorb all the retained
deuterium within beryllium [23].

The total deuterium retention in each case is plotted
in Fig. 4. Under both exposure conditions, the reten-
tion appears to have only a small dependence on in-
creasing exposure time, consistent with measurements
from other ion beam and plasma bombardment facili-
ties [24-26]. The retention properties of beryllium are
reduced under high-temperature bombardment condi-
tions. Modeling of the plasma interaction behavior of
beryllium [27] confirm the formation of high porosity
surfaces resulting in a ready release of implanted ions
back to the plasma. This high-porosity surface has been
shown in Fig. 2.

In addition to the total quantity of deuterium re-
leased from the sample [28], the temperature dependence
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Fig. 4. Deuterium retention in beryllium exhibits only a weak dependence on increasing fluence.
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of the experimental desorption spectra has been mod-
eled. TMAP4 [29] is used to model the release of deu-
terium from the exposed beryllium samples. Fig. 5
shows a comparison of a TMAP4 calculation to the
amount of deuterium desorbed from a beryllium sample
which was outgassed in the TDS system. The sample
which is modeled here was exposed, at 250°C for 20 min,
to a flux of 5 x 10?! ions m~2 s~! [30].

The transport of deuterium in the beryllium sample,
during both the implantation and desorption phases of
the experiment, was modeled using TMAP4. The im-
plantation calculation used a sample temperature of
250°C and a source term of 5 x 10* m~2 s~! for 1200 s
which is significantly less than the flux of incident deu-
terium during the experiment. The reduction of the
source term is justified as an attempt to model a satu-
rated surface layer [28]. The source peaking factor was
supplied by the TRIM code. After 1200 s, the source
term was turned off, and the sample allowed to cool to
room temperature. Diffusion and solubility during this
part of the calculation were taken to be standard Ar-
rhenius expressions for beryllium determined by Abra-
mov [31] and Swansiger [32].

There are several ways to impose a saturated surface
layer in the calculations. The above method reduces the
incident flux such that the concentration at the end of
the implantation time (1200 s in this case) is equivalent
to the reported saturated surface layer concentration of
D/Be — 0.39 [33]. This method was chosen to allow dif-
fusion to act for the duration of the exposure. However,
the results were similar when the incident flux was kept
at the experimentally measured value, but the exposure

17

duration terminated once the concentration reached the
saturated level. Because of the imposition of the satu-
ration effect on the implantation phase of the calcula-
tion, the results were found to be insensitive to the actual
values of the diffusion coefficient used during the im-
plantation calculations.

The desorption calculation was then performed as a
TMAP4 restart run with linear temperature ramp from
room temperature to 650°C in 2000 s to correspond to
the experimental thermal desorption ramp. The resulting
TMAP4 surface fluxes were then compared with the
calibrated experimentally determined desorption fluxes.
The best fit to this data was obtained with a diffusion
coefficient given by

D (m*s7') = 8.0e”7 x exp(—9000/(T(°C) +273)) (1)

which has a prefactor that is two orders of magnitude
larger than the Abramov value, and an activation energy
which is a factor of 2.1 larger than that used by Abra-
mov. Including this saturation effect and varying the
diffusivity away from the Abramov value during the
desorption calculation allowed good agreement in both
the shape of the desorption curve and its absolute
magnitude. The necessity of increasing the diffusion
coefficient during the desorption calculation is consistent
with enhanced diffusion resulting from surface damage
induced by the plasma ion bombardment.

These modeling results did not appear to be sensitive
to the solubility or pressure. Use of the Abramov dif-
fusion during the desorption phase of the calculation
persistently yielded a desorption flux that peaked at a
temperature considerably lower than that observed ex-
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Fig. 5. Comparison of the deuterium desorption spectra during thermal desorption spectroscopy from a beryllium sample exposed in

PISCES-B to calculations using the TMAP4 computer code.
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perimentally. The inclusion of trapping in the calcula-
tion at various concentrations was explored, but found
to be responsible for additional peaks in the desorbed
flux were not observed experimentally, and was taken
out to obtain the best fit to the experimental data. The
modeling we report suggests that the diffusivity is much
more important than the solubility for understanding
these experiments.

5. Conclusions

The interactions of a relatively clean (0.2% carbon
and <0.2% oxygen impurity concentrations) deuterium
plasma with beryllium surfaces has been studied in PI-
SCES-B. The sputtering yield is equal to the value ex-
pected from sputtering of a beryllium-oxide surface and
is independent of sample exposure temperature. The
magnitude of the sputtering yield is rather surprising.
Sputtering yields of clean beryllium surfaces, measured
in ion beam devices, are typically larger, but other
plasma devices record similar reductions. It is possible
that surface conditions are acting to reduce the sput-
tering yields, but it is also possible that the atomic
physics that goes into the calculations of mean-free
paths may need to be reexamined.

The change in the surface morphology of the exposed
beryllium samples is strongly dependent on the exposure
temperature. During high-temperature exposures
(500°C), the surface develops porosity well beyond the
implantation depth of the bombarding ions. This surface
porosity may play a role in enhancing the transport of
implanted deuterium atoms to the surface for subse-
quent recombination and desorption. The deuterium
retention properties of the beryllium samples, under
ITER conditions, appears to quickly saturate at a level
that decreases with increasing exposure temperature.
The agreement between the experimental results and the
modeling of the deuterium desorption spectra from the
implanted beryllium samples improves when the diffu-
sion coefficient is increased, which is consistent with the
effects of the surface damage.
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