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Codeposition of deuterium with BeO at elevated temperatures
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Abstract

The wapping of energetic deuterium codeposited with BeO has been measwed on a silicon collector probe in the
temperature range from room temperature te 800 K. Deuterium codeposits with BeO ak room temperature at a ratio of 0.36.
At elevated temperatures the amount of codeposited deuterium decreases. At 573 K the ratio D/BeO is 0.17 and decreases
to0 0.07 at 773 K. The thermal release of deuterium codeposited at room temperature begins at 400 K. At temperatures above

800 K all deuterium is released.

1. Introduction

Beryllium, carbon and tungsten are curremtly antici-
pated as plasma facing materials for the International
Thermonuclear Experimental Reactor (ITER). The plasma
facing materials are subject to erosion, deposition and
implantation by bombardment with ions or energetic neu-
trals from the plasma [i]. There are erosion dominated
areas, such as the plasma facing parts of the vessel walls
[2-5] and the divertor plates i the region of the plasma
strike point [6]. The eroded material is redeposited at some
other areas of the machine. Such deposition dominated
areas are fouud in all thermonuclear fusion experiments
[7-10).

A great concern is the ability of these redeposited
layess to trap jarge amountis of hydrogen isotopes includ-
ing tritium by codeposition [11,12]. Codeposited layers
grow about linearly with the discharge time. Several kg of
tritium are anticipated to be codeposited with carbon in
ITER [12].

The phenomenon of codeposition has been largely in-
vestigated and is bly und d for the buildup of
hydrogen rich carbon layers [13-15]. The hydrogen con-
centration of these plasma deposited layers depends on the
ion energy and the target temperature. At room tempera-
ture and ion energies above about 100 eV the ratio of
hydrogen to carbon is about 0.4 [16].

In a previous paper we have investigated the codeposi-
tion of energetic deuterium with carbon, beryllium and

g at room temp [17]. We observed codeposi-
tion both with carbon and BeO at a ratio of 0.41 D-
atoms /C-atom and 0.38 D-atoms /Be-atoms, respectively.
No codepositicn of deuterium with tungsten was observed
at room temperature. In this paper the measurements with
Be are extended to higher temperatures up to about 800 K.
The results obtained at el d temy are compared
with results from thermal desorption spectroscopy (TDS)
of layers codeposited at room temperature.

2. Experimental

The experimental setup for the codeposition experi-
ments was described easlier in fuoll detail {17). The experi-
ments were performed at the high current ion source at the
Max-Planck-Institut fiir Plasmaphysik, Garching [18]. A
Be-target was bombarded with = mass analyzed beam of
4.5 keV D7 (1.5 keV per D atom) at normai incidence.
The target current was about 0.1 mA on a beam spot with
6 mm di . The of atoms ed by sp
ing was determined by the weight loss of the target
measured with a micro balance.

In order to measure the codeposition of deuterium with
sputtered beryllium a silicon collector with dimension
10 X 10 mm? was placed at an angle of about 160° and a
distance of about 15 mm from the target. Be-atoms sput-
tered from the target are deposited on the silicon collector.
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In addition, the silicon collector is bombarded with ener-
getic deuterium atoms backscattered from the target. The
maximum ~aergy of D backscatiered from Be at 160° is
621 eV and the mean energy is 286 eV. The particle
reflection coefficient of D backscattered from Be is 0.03
while the sputtering yield is about 0.02-0.04, resulting in a
simultaneous flux of D and Be at the collector with a flux
ratio of about 1.

The collector could be heated to a maximum tempera-
ture of about 800 K. The temperature of the collector was
measured with an infrared pyrometer. The error in the
temperature measurement was about +2¢ K.

TDS (thermal desorption spectroscopy) measurements
after the codeposition were performed in the same target
chamber with a linear heating ramp of 5 K/s. Mass 3
(HD) and mass 4 (D,) were detected with a quadrupole
mass spectrometer [18].

The vacuum in the chamber during the codeposition
experiments was 1 X 10”7 mbar, The residual gas was
mainly H,O and CO.

The layers deposited on the Si-collectors were trans-
ported through air to the analysis chamber and were
analyzed with MeV ion beam techniques. The analyzing
beam was collimated to 1 X 0.5 mm?. Several spots on
each coll were d. The amount of deposited
deuterium was determined with the DCHe, p)o nuclear
reaction at 790 keV. The absolute error in the measure-
ment of the amount of D is about 5%.

Deposited Be and O were detected with 1.65 MeV
proton backscattering at a scattering angle of 165°. The
cross-sections for backscattering of protons from Be and O
are enhanced compared to the Rutherford cross-section.
Deposited carbon was measured with proton backscatter-
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Fig. 1. Total amount of codeposited D versus the total amount of
Be for different irradiation fluences and three different tempera-
tures.

agreement with ion implantation experiments, where deu-
terium ions with keV energies are implanted into Be or
BeO. Behrisch et al. [19)] observed a saturation concentra-
tion of 0.34 D/Be when implanting 5 keV deuterium into
BeO at 143 K, and 0.25 D/Be if the implantation was
performed at room temperature.

The offset of the linear increase for the amount of Be
close to zero is due to the implantation of deuterium into
the silicon substrate at the beginning of the layer growth.
This is clearly visible in the deuterium depth profiles [17).
The amount of D trapped in the Si substrate is in the range
1-2 X 10" cm ™.

Due to the small growth rate of the codeposited layers
(about 1 monolayer in 120 s) the deposited layers contain
oxygen with a ratio O/Be = 1. In the limits of the uncer-

ing at 1.74 MeV at a scattering angle of 165°. The
cross-section at 1.74 MeV was calibrated against the weli-
known cross-section at 1.5 MeV. The absolute error in the
measurement of the amount of Bc and O is about 12% and
about 7% for C.

3. Results and discussion

Fig. | shows the total amount of retained deuterium on
the collectors versus the total amount of beryilium for
different irradiation fluences and temperatures of 293 K,
573 K and 773 K. The amount of D trapped with Be
increases linearly with the amount of deposited Be. The
slope of the linear increase gives the ratio of trapped
D/Be. At room temperature (293 K) the ratio D/Be is
about 0.36, which is in good agreement with our previous
measurements [17], where a ratio of 0.38 was obtained.

At elevated temperatures the amount of trapped deu-
terivm decreases. At 573 K the ratio D/Be is 0.17, which
is about one half of what is m d at room temperature.
At 773 K the ratio D/Be has decreased to 0.07.

The ratio of 0.36 D/Be at room temperature is in good

of the m ment, the Be forms stoichiometric
BeO. This is most likely due to reactions with water vapor
and CO from the residual gas. It is well known that Be
reacts rapidly with oxygen or oxygen bearing ccmpounds
such as H,O and CO threugh the reactions Be + H,0 =
BeO +H, and Be+CO=BeO+C. A saturated BeO
layer has been observed to form on clean beryllium sur-
faces for oxygen exposures of only 10 Langmuirs [20].
Under particle bombardment with hydrogen or helium
ions, the oxidation rate may even increase due to
radiztion-enhanced diffusion [21,22]. To prevent the code-
posited layer from oxidation under the given growth condi-
tions, a background pressure below 10~ mbar would be
necessary.

In addition also carbon is d d in the codeposited
loyer. The ratio C/Be was about 0.15. Also in fusion
experiments such as JET, where Be evaporation is regu-
larly applied for wall conditioning. the elements Be, C and
G aic always found in the surface layers of the vessel
walls with varying compositions [23,24.4].

The amount of H in the codeposited layers was about
1.5-2 X 10'® atoms/cm? in all analyses and did not in-
crease with increasing layer thickness. The presence of H
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Fig. 2. Ratio of rewained D/Be in the codeposited layers at
different temperatures. Solid line: TDS. layer deposited at room
temperature, heating ramp 5 K/s. The shaded area is the uncer-
tainty range of the TDS measurement. Dots: Layer deposited at
temperature.

is most likely due to adsorption of water from air during
the transport to the analysis chamber.

A comparison of the retained amount of D in a TDS
measurement with a linear heating ramp of 5 K/s of a
layer codeposited at room temperature with the retained
amount of D codeposited at the temperature is shown in
Fig. 2. The shaded area is the uncertainty of the TDS
measurement due to the uncertainty in the temperature
calibration. At 573 X the ratioc D/Be has decreased to
0.17, which is about half of the amount retained at room
temperature. Al 773 K nearly all deuterium is released
from the sample codeposited at room temperature, but
there is still deuterium trapped if the codeposition is
performed at this temperature.

The thermal release of trapped dewterium from the
fayer codeposited at room temperature is in good agree-
ment with TDS measurements of | keV deuterium ions
implanted into BeO [25]. Deuterium implanted into clean
Be with high fluences until saturation shows a different
behavior: the deuterium is released in two stages at about
450 K and a broad stage around 700 K [26,25,27]. The low
temperature stage at 450 K is not observed in ion implanta-
tion experiments with low fluences (H/Be <0.14 [28)])
and is associated with the formation of deuterium gas
bubbles and blistering [26,25.271 The high temperature
stage is due to thermal detrapping of deuterium from
damage sites. The activation energy for thermal detrapping
was measured to be between 1.7 eV and 2.3 eV [26,29,28).

The formation of gas bubbles and blisters is not ob-
served in ion implantation experiments of deuterium into
BeO. Behrisch et al. [15] implanted 5 keV and 7 keV D
into BeO until fluences of 3 X 10" cm™2 and observed no
blisters at —130°C and room temperature. The saturation
concentration was 0.24-0.34 D/BeQ. The TDS measure-
ments of Maller et ai. of 1 keV D implanted into BeO [25]
and our TDS measurements of the thermal release of D
from the codeposited layers (Fig. 2) do not show the low

temperature stage. This implies that deuterium does not
form gas bubbles in BeO but is bound at damage sites with
a spectrum of different activation energies. Chemical bind-
ing, such as the formation of the hydroxide Be(OD),,
seems unlikely because of the low amount of trapped
deuteriuvm and oxygen.

The results of the measurements are in agreement with
the mechanism of coimplantation proposed in Ref. [17].
The growing laye: is bombarded with reflected deuterium
atoms with energies up to several hundred eV. Energetic
deuterium atoms are implanted into the growing BeO layer
unti! saturation. This model explains why the properties of
the codeposited layer (ratio of D to BeOQ, thermal release)
arc similar to ion beam experiments where energetic deu-
terium jons are implanted into BeO.

4. Conclusions

The codeposition of D with BeO was investigated in
the temperature range between room temperature and 773
K. At room temperature, D codep with BeO at a ratio
of 0.36 D/BeO. Layers codeposited at elevated tempera-
tures show a lower ratio of D/BeO. At 573 K a ratio
D/BeO of 0.17 is measured, at 773 K the ratio is 0.07.
Layers codeposited at room temperature can be outgassed
by heating to 850 K. It is assumed that the deuterium is
trapped by coimplantation at damage sites with a spectrum
of different activation energies.

From the viewpoint of tritium inventory trapped in
codeposited layers in next step fusion experiments such as
ITER beryllium has only minor advantages compared o
carbon. If oxygen is present then BeO will be formed. The
D /C-ratio in codeposited deuterium /carbon layers is about
0.4-0.42 at room temperature. The desorption of deu-
terium from codeposited carbon layers starts around 700
K. Temperatures around 1200 K are necessary to remove
hydrogen from carbon [30]. The amount of tritium trapped
in codeposited BeO layers at room temperature is only
slightly lower than in codeposited carbon layers. At ele-
vated temperatures the amount of hydrogen trapped in
codeposited BeO layers is lower than in carbon layers;
however it is still high. Temperatures above 800 K are
necessary to release the codeposited D from the BeO layer.
Thesc temperatures are too high to be applicable in ITER.

Trapping of large amounts of tritium by
codeposition /coimpl ion at deposition dominated ar-
eas of the vessel walls of ITER may be unavoidable if
carbon based materials or beryllium are used as plasma
facing materials. The amount of tritium trapped by codepo-
sition may become critical [12]. Therefore applicable (in
respect to maximum temperature and time) and reliable
methods for tritium removal from beryllium and carbon
containing codeposited layers have to be developed.
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