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Abstract

Boron-doped graphite specimens (~15 at.% B) exposed to simultaneous O*/H™ irradiation were found to have
higher methane yields than when exposed to H' ions alone. This finding is opposite to the case of pure graphite where
simultaneous O* /H" irradiation leads to a decrease in methane yield when compared to the H*-only case. It appears
that the mechanism leading to CH, yield reduction for B-doped graphites is partially nullified by the presence of oxygen
ions. Possible mechanisms are proposed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oxygen is often one of the main intrinsic impurities
in the plasma of current fusion devices with carbon first
walls. Therefore, the synergistic reactions of oxygen-
containing ions and the hydrogenic fuel with carbon
materials play an important role in the complex process
of plasma wall interaction. Carbon erosion due to sep-
arate bombardment by H" and O has been studied
extensively, but only limited data exist currently on the
effect of exposing carbon-based materials simulta-
neously to energetic oxygen and hydrogen [1-4]. Our
previous investigation of the temperature dependence of
chemical erosion yields has demonstrated the formation
of water molecules during simultaneous H* and O
bombardment of graphite [3]. In addition, small reduc-
tions for both the CO and CO, yields during
H*-O" — C reactions as compared to O" — C cases,
and reductions in CH, yields during H'-O" — C re-
actions as compared to H" — C, were observed [3].
Further details of the mechanisms of the interaction
between the oxygen ions and hydrogen ions in the car-
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bon system were revealed by varying the energy (i.e., the
implantation depth) and the flux ratio (®o/®y) of the
two ion beams [4].

It was found that ion range has a negligible effect on
the H,O yield, as well as on the reduction of CO, CO,
and CH, formations during O'—H" — C reactions, as
compared to O — C or H" — C reactions [4]. The
independence of H,O yield (and the resulting CO and
CO, yield reduction) on the energy separation was
thought to be caused by the ability of hydrogen to freely
travel on internal surfaces in the modified implantation
zone to react with the immobile trapped oxygen [4].
Methane reduction was explained by a separate phe-
nomenon: methane molecule break-up due to energetic
oxygen bombardment as they make their way out of
graphite [4-6]. The relative changes of CO, CO,, and
CH, yields, as well as H,O production, however, do
depend on the ®o/®Py flux ratio. The reductions of
CO/O" and CO,/O" yields during H" and O" co-
bombardment are the highest for ‘small’ flux ratios
(®o/Py); the corresponding water yield (H,O/O7") is
also the highest for ‘small’ flux ratios [4]. This was ex-
plained by the relative abundance of hydrogen concen-
tration for the formation of water in the small flux ratio
cases [4]. On the other hand, the reductions of CH,/H"
yields during H* and O" co-bombardment, as compared
to H" — C reactions, are the highest for ‘large’ @o /Py
flux ratios. This was explained by the high concentration
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of energetic oxygen ions breaking up more methane
molecules.

Doped graphite provides an interesting opportunity
to further examine the mechanisms of the synergistic
effect in the O'—-H" — C interaction described above.
From the previous studies with doped graphites under
hydrogen ion irradiation, it was observed that hydro-
carbon yields could be reduced by the presence of do-
pants [7]. In particular, boron-doping can lead to CH,
yield reductions by as much as a factor of 5. Other
studies have shown a similar dramatic reduction in
chemical erosion yields through boron-doping of
graphite; see [8—13]. The precise mechanism for this re-
sistance to erosion is still largely unknown. It was sug-
gested [7] that boron somehow enhances the
recombination of mobile hydrogen atoms, which in turn
lowers the CHy yields through reduction of the available
hydrogen supply. Alternatively, the presence of boron
impurities in the graphite crystallite may alter the
chemistry of hydrocarbon precursor formation. It has
been suggested [2] that, with the presence of boron do-
pants, irradiation with energetic hydrogen leads to an
increase of the sp3-hybridization states of the C atoms,
resulting in reduced chemical erosion and a shift in the
erosion maximum to lower temperatures (as is evident in
[7-13]). As will become evident in the discussion below,
the present results on methane formation during O*-H"*
irradiation of B-doped graphite cannot be fully ex-
plained by this theory.

The objective of the present study is to investigate what
happens during simultaneous O"~H* bombardment of
B-doped carbon (i.e., O*-H" — C/B). Boron-doped
graphite may reveal further clues about mechanisms
leading to synergistic effects in the O"~H* — C reaction
system. In turn, the O*~-H" — C/B reaction system may
provide information leading to the understanding of the
CH, yield reduction mechanism due to boron in the
H™ — C/B system.

2. Experimental setup

The erosion of graphite has been studied under
conditions of simultaneous bombardment by O; and
H{ ions, using an independently controlled high-flux,
low-energy, mass-analyzed dual-beam ion accelerator
system [14]. The hydrogen ions are produced from a
pure hydrogen gas by a duoplasmatron ion source with
a hot filament cathode coated with a barium-containing
compound. The oxygen ions are produced from a 10%-
oxygen/90%-helium gas mixture by a modified duo-
plasmatron ion source fitted with a stainless steel hollow
cathode. From previous studies of methane formation
from graphite under energetic H" and Hy irradiation,
the H7 molecular ions were found to behave effectively
as three hydrogen atoms with one-third of the H ion

energy [15]. Thus, it is assumed that the incident O; and
H; molecular ions break up immediately into atoms
upon impact with the specimen, and act independently
within the graphite. Here, we use H" and O* to desig-
nate incident particles even though not all of the atoms
in the incident molecular ions are charged. The two
beams impact on the specimen at 21° to the normal, with
42° beam separation.

For the present study, the beam energies were in the
ranges 0.7-3 keV/H' and 5 keV/O", with the energy
ratio (Eo/Eyn) being in the range 1.6-7.1. The approxi-
mate depth profiles of both O* and H" beams, based on
the energies used, were calculated using the TRVMC
program [16] assuming a graphite target doped with 15
at.% boron with a density of ~2000 kg/m?; see Fig. 1.
The calculated profiles are similar to the pure graphite
case [4]. Hydrogen beam fluxes were in the range
0.6-3.1 x 10" H*/m? s, while the oxygen beam flux was
fixed at ~3 x 10" O /m? s. The flux ratio (®o/®y) was
in the range ~10-50%. The beam spots, slightly elliptical
in shape due to off-normal incidence, were ~5 mm (for
H") and ~3 mm (for O") in diameter. This allowed
complete overlapping of the O" beam spot by the H"
beam on the specimen. In essence, the experimental
procedures for the flux/energy dependence study of pure
graphite described in [4] were followed here for B-doped
specimens.

Two types of boron-doped carbon specimens were
used, both were cut into 25 x 10 x 0.5 mm? strips. The
first specimen was cut from a block of doped graphite
prepared by Ceramics Kingston Ceramique (CKC),
manufactured from finely ground graphite (10-45 um)
mixed with an organic binder with boron added as B
metal particulates of ~um size. The specimen contains
about 20 at.% B in the bulk (depth > 1 pm), and about
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Fig. 1. Implantation depth profiles for H" and O" in graphite
calculated by the TRVMC [16] program for graphite doped
with 15 at.% boron, assuming a density of ~2000 kg/m3. We
note that implantation profiles in 14 and 15 at.% doped carbon
are essentially the same; hence we only show the 15 at.% B case.
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14 at.% B on the surface (depth <1 pum). It has a
measured density of 1970 kg/m?3. This is the same ma-
terial that was designated as CKC-B20-base in the ex-
periment described in [7]. For consistency with previous
papers, we have retained the CKC-B20 designation even
though the relevant B concentration for our study is the
near-surface concentration of ~14 at.% B. The second
specimen (USB15) was a fine-grain (~0.01 um) boron-
doped graphite manufactured by NII Grafit USSR with
a density of ~2000 kg/m? and a uniform distribution of
15 at.% boron [11].

The target chamber in which the specimen was
housed was baked for at least 24 h at ~500 K before the
experiments. The specimen was annealed to >1200 K
prior to the experiments. Reaction products were mea-
sured by quadrapole mass spectrometry (QMS) in both
residual gas analysis (RGA) and line-of-sight (LOS)
modes, after steady-state CH4 production was attained.
Although it would be interesting to study the evolution
of the surface concentrations of B, O, and C, such
transient measurements were not performed. A com-
puter-controlled data acquisition system was used to
collect the QMS data. The absolute erosion yield of
methane was obtained by using commercially produced
calibrated leaks with an absolute error of 20%.

3. Results and discussions

As with the O"—~H" — C interaction, no re-emission
of O or O, was observed in the LOS detection mode for
both the O* — C/B and O"-H" — C/B irradiation of
the CKC-B20 and USBI15 specimens. However, some
decrease of water yield (H,O/O") was observed for the
O*-H" — C/B reactions when compared to the
O"-H" — C reactions; the water results will be pre-
sented elsewhere [17]. The single most obvious difference
between the O"-H" — C and O"-H" — C/B cases is
the CH, yield during simultaneous O™ and H* impact.
Fig. 2 shows the raw trace of a typical experimental run
in the RGA mode (at ~800 K) for both the
O'-H" — C (pyrolytic graphite) [4] and O'-H"
— C/B (CKC-B20) experiments. We can see immedi-
ately that, compared to H" only irradiation, CHy yields
are higher during simultaneous O" and H* irradiation,
while for the O"'—-H" — C case the CH, yields are lower
during simultaneous O and H' irradiation. Similar
results were observed for O*-H* — C/B irradiation of
the USB1S specimen.

We note that the B,O, formed from the above-
mentioned combination of B and O during simultaneous
O" and H' irradiation of boron-containing graphite
(also observed by XPS in TEXTOR [21]) may be slowly
removed by energetic H" when the oxygen is no longer
in the system, i.e., after the O" is turned off. This re-
moval of B,O, molecules is largely due to physical
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Fig. 2. CH4; QMS (mass 15) signal trace in the RGA detection
mode at 800 K for (a) O*-H" — C (pyrolytic graphite) with
beam ranges overlapping (Eo =5 keV, Ey = 0.7 keV, &g ~
31 x 10% O /m?s, &y ~1x10° HY /m?s, ®g/Py ~ 0.3)
[4], and (b) O*-H" — C/B (CKC-B20) with beam ranges
separated (Eo = 5 keV, Ey =3 keV, &g ~ 3 x 10" 0" /m? s,
&y ~3 x 10" HY /m?> s, ®o/Py ~ 0.1). Time ‘zero’ corre-
sponds to the turn-on of the O beam (not shown in this
figure).

sputtering below 1200 K, as observed in the studies of
the O — B,C system [22,23]. The presence of B,O, and
its removal by H' are likely to be the cause of the
transient behaviour seen in Fig. 2(b), where the CHy
yield decreases very slowly after the O beam is turned
off. Although no attempt was made here to study the
production of B,O, species, future studies shall include
the monitoring of BO to examine the relationship of its
yield to the synergistic effects in the O*-H" — C/B
system.

To illustrate the effect of B on methane formation,
CH, yields from both the O"™—-H" — C and O™-H"
C/B cases are plotted in Fig. 3 as a function of the beam
flux ratio @o/®y for two ion range separation cases: (a)
beam ranges are completely overlapping (Ry/Ro ~ 1),
and (b) beam ranges are completely separated
(Ru/Ro ~ 6). In the separated case, the O implant is
nearer to the front surface; see Fig. 1. Note that as
suggested in [4], CH; molecules are broken up by the
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Fig. 3. CH, yields of both O*-H* — C and O"-H" — C/B
irradiations as a function of beam flux ratio ®o/®y for two ion
range separation cases: (a) beams are completely overlapping
(Eo =5 keV, Ey = 0.7 keV, Ry/Ro = 1.2), and (b) beams are
completely separated (Eo =5 keV, Ey =3 keV, Ry/Ro ~ 6).
The oxygen flux @ is fixed at ~3 x 10" O /m? s, while the
hydrogen flux @y varies from 0.6-3.1 x 10" H* /m? s. Results
for both CKC-B20 and USBI15 are plotted for O"-H* — C/B.
Error bars indicate the relative error of the yield differences
between the single- and dual-beam cases. The absolute error of
the measurement, ~20%, is not included in the error bars.

incident O™ ions, which causes the CH, yield reduction
during simultaneous O" and HT irradiation in the
O"-H' — C case. Since this is a purely physical effect
(depending entirely on the energy and cross-section of
the collisions between O" and CH4 molecules), this
‘methane break-up’ effect must still be present in the
O*-H" — C/B case. For the beam-overlapping case for
the CKC-B20 specimen in Fig. 3(a), CHy yields show an
increase during simultaneous O" and H' irradiation,
but the increase just barely offsets the CH,4 yield decrease
due to O*-induced methane break-up. By comparison,
for both the overlapping and separated cases of USB-15
and the separated case of CKC-B20, the methane break-
up effect is more than compensated for by whatever is
causing the yield increase. We note the general trend of
higher methane increase for the beam-separated case.
This can be explained by noting that higher methane
reduction in the O*-H" — C system is expected for the
beam-overlapping case due to the interference of O to

the formation of methane precursors, in addition to the
O"-induced methane break-up [24]. Thus, the resulting
CH, increase in the O*-H" — C/B system is expected
to be relatively less for the beam-overlapping case,
consistent with the observed results.

Let us now examine the underlying mechanism that
produces the marked difference between the
O*-H" — C and O"-H" — C/B irradiation cases.
First, let us consider the H* — C/B case. We propose
the hypothesis that the mobile hydrogen can be trapped
at internal surfaces, where an abstraction reaction with
another mobile hydrogen atom may form H, and release
it into the internal channel [2]. The production of H,
would then depend on the population of these trapping
sites and the chemistry of the carbon bonds at these
sites. The presence of boron on the internal surfaces may
increase the number of traps for mobile hydrogen and
may also change the chemistry of the bonds at these
trapping sites, which could lead to an enhancement of
hydrogen recombination and ultimately to the reduction
of the CH, yield.

With this in mind, it is interesting to observe that the
presence of oxygen ions in the O"-H* — C/B case
seems to reduce the CHy yield suppression effect of bo-
ron, causing the CHy yield to increase during simulta-
neous O and H' irradiation, compared to H'-only
impact. This increase is large enough that, in some cases,
it more than compensates for the methane break-up ef-
fect due to energetic O" impact. The CH; precursor
reduction theory of boron-induced methane yield re-
duction [2] does not clearly lead to this effect. Oxygen
does not travel beyond the implantation range [4], and
methane is produced at the end of the H" ion range
[2,18]. Therefore, O* should not be able to affect the
production of CHj; precursors in the deeper hydrogen
range. All these observations point to the behaviour of
the mobile hydrogen on the internal surfaces as the
primary cause for the CHy yield suppression in boron-
doped graphite.

How does the incident oxygen affect the hydrogen
recombination at the end of the H' ion range? If we
assume that the modification of the internal surfaces, by
the presence of boron, enhances the hydrogen recom-
bination by creating more inner surface recombination
sites (this leads to the reduction of methane yield in
boron-doped graphite under H"-only irradiation), then
it is reasonable to postulate that the presence of oxygen
combining with boron on the inner surfaces might “fill’
these sites, thus nullifying the enhancement of hydrogen
recombination.

The reduced hydrogen recombination, due to the
combined presence of B and O, would lead to an in-
crease of the mobile hydrogen supply — distributed
uniformly [18] — throughout the H*/O" implantation
zone. The increase of the observed methane yield for
O*-H" — C/B irradiation might thus be coupled to the
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mobile hydrogen supply, with the implication that the
mobile hydrogen partakes in the formation of CHj.
The inclusion of mobile hydrogen in the methane mol-
ecule formation, however, is consistent with the previous
results obtained for HT-D™ co-bombardment of pure
graphite where small amounts of mixed-isotope methane
were detected for depthwise separated H"-D" implants
and seem to increase by as much as a factor of 4 until
saturation is reached [19,20].

4. Summary

We have investigated the synergistic interaction oc-
curring during simultaneous H* and O™ irradiation of
boron-doped graphite. Similar to our previous studies of
pure graphite, we have investigated the effect of varying
the ion range ratio and flux ratio of the two impacting ion
species. The results indicate that the addition of O" to the
H" — C/B irradiation case increases the CH, yield, op-
posite to what we found for pure graphite. The suppres-
sion of the CH, yield due to the presence of boron in the
H"-only irradiation case is reduced by the addition of O™
The resulting CHy yield increase more than compensates
for the CHy yield reduction due to the O'-induced
methane break-up effect. We postulate that the combined
presence of oxygen and boron on the inner surfaces of
graphite leads to a reduction of hydrogen recombination,
and in turn, to an increase in CH4 production.
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