ELSEVIER

Journal of Nuclear Materials 248 (1997) 19-26

journal of
niclear
materials

Section 2. Hydrogen isotope behavior in graphitic and ceramic materials
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Abstract

An investigation of carbon chemistry due to simultaneous H* and O™ impact of pyrolytic graphite is presented. As an
introduction, an overview is given of previous results related to the chemical erosion processes of graphite due to
single-species impact by hydrogen and oxygen. Some limited previous synergistic results of various multispecies impact
studies of graphite are also presented. In the present investigation, pyrolytic graphite (Union Carbide HPG99) was exposed
to 5 keV O" and 1 keV H", resulting in a 10-20% reduction of CO and CO, erosion yields (in comparison with the
O*-only case) for flux ratios of g+ / Py~ 6-27%. Maximum CO and CO, reduction was observed at ~ 800 K graphite
temperature. In addition, water production was observed with a maximum of ~ 0.15 H,0,/0" at ~ 800 K. Only a small
reduction (~ 5-10%) in the methane yield (CH,/H™*) was seen: © 1997 Elsevier Science B.V.

1. Introduction

Graphite is one of the prime candidates for use as a
first-wall material in future fusion devices. Its excellent
thermomechanical properties enable the material to with-
stand the high plasma heat loading inside fusion reactors,
and its low-Z reduces the effect of fuel dilution and plasma
cooling. Unfortunately, in addition to physical sputtering,
graphite shows regimes of enhanced erosion at elevated
temperatures: it can be eroded by radiation-enhanced subli-
mation (RES) and by chemical reactions due to hydrogen
and oxygen impact. While physical sputtering and RES
require a threshold energy for the incident ions (~ 20-30
eV for light ion impact), chemical erosion can occur with
low-energy ions or thermal atoms and cannot be avoided
by lowering the plasma temperature near the plasma-facing
material.

Chemical erosion in fusion reactors with carbon or
carbon-based materials results mainly from reactions be-
tween carbon and the hydrogenic fuel or the oxygen
plasma impurity, leading to the formation of hydrocarbons,
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carbon monoxide, and carbon dioxide. Water formation is
also possible in the complex C—O-H system. These pro-
cesses are further complicated by other multispecies im-
pact phenomena involving the addition of the C impurity
and He ash to the impacting species. Carbon atoms due to
physical sputtering or RES, or hydrocarbon molecules due
to chemical erosion, from the carbon-containing first-wall
may be ionized (and dissociated in the case of C H,
molecules) within the plasma and find their way back to
the wall. We note that some of the implanted particles will
be trapped and thus affect tritium inventory, fuel recycling,
and microstructure. Comprehensive recent reviews of these
topics are available: erosion [1,2]; hydrogen transport /te-
tention /re-emission [3,4]. In addition to the plasma parti-
cles, neutrons are also present in D-T burning reactors,
and via impact with materials, can lead to changes in
material characteristics, and consequently affect plasma—
materials interaction (PMI) behavior.

Most PMI phenomena have been extensively studied in
the laboratory for single species, and in some cases for
combined species impact. However, almost no data exist
currently on the effect of exposing graphite simuitaneously
to energetic oxygen and energetic hydrogen. With our
dual-beam accelerator facility we are in a unique position
to investigate such a reaction system, and the new results
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presented here are based on such a study. However, as a
prelude to the present work, we shall present a brief
overview of previous investigations of single-species H
and O impact on carbon as well as some multispecies
impact studies.

2. Overview of previous investigations
2.1. Chemical erosion of carbon due to hydrogen

The flux of hydrogenic plasma particles striking
plasma-facing components will primarily be in the form of
ions, charge-exchange neutrals, and Franck~Condon neu-
trals, with energies ranging from a few eV to keV’s. From
controlled laboratory experiments, a comprehensive
database exists for chemical erosion involving sub-eV
neutral hydrogen atoms, H?, (simulating the Franck—Con-
don neutrals) and energetic (> 100 eV) H* impacting on
various forms of graphite. The energy range between
sub-eV and ~ 100 eV has not been extensively investi-
gated in previous laboratory experiments using ion beams,
mainly because of beam flux limitations in this range.
However, recent developments with gaseous divertors in
tokamaks have led to the achievement of few-eV plasma-
edge temperatures, resulting in H impact energies as low
as ~ 10 eV. Consequently, plasma-materials interaction
studies have recently shifted emphasis to energies < 100
eV. The controlling reaction parameters are the energy and
flux of the impacting particles, and the temperature and
microstructure of the graphite specimens.

2.1.1. Chemical erosion due to thermal hydrogen atoms

Molecular hydrogen of thermal energy does not react
with graphite [5], but thermal H® impact on carbon materi-
als results in the formation of CH,;, CH, and a wide
spectrum of heavier hydrocarbons, with the latter dominat-
ing the total erosion yield [6-9]. The temperature depen-
dence of the steady-state hydrocarbon yield in the H’~C
reaction is characterized by a maximum occurring at about
550-600 K [9]. The maximum yields can vary by as much
as a factor of 2 for fine grain and poorly oriented pyrolytic
graphites [10], but the temperature at which the maximum
yield occurs (7;,) remains relatively constant, except for a
slight flux dependence [8]. At T,,, the measured absolute
methane yields are in the range 10™*-1073 CH,,/H°
[8,11], and the total carbon erosion is about 1073 to
5x1072 C/H [9].

2.1.2. Chemical erosion due to energetic hydrogen ions
When graphite is bombarded with energetic hydrogen
ions, the formation of an H-saturated amorphous near-
surface layer occurs, with a depth corresponding to the ion
range [12-15]. Essentially, the implanted hydrogen atoms
are trapped near the end of their trajectory. As the hydro-
gen concentration becomes saturated in the implantation

zone (reaching a value of 0.4 H/C at rooth temperature,
and decreasing with increasing irradiation temperature
[16-18]), re-emission of hydrogen and the formation of
volatile hydrocarbons are observed. For H* energies in the
range 100 eV-10 keV, the steady-state total hydrocarbon
production rates are more than an order of magnitude
larger than the thermal H®-C case, and the hydrocarbon
spectrum produced also differs from the HO irradiation
case. Unlike the H case where the chemical erosion is
dominated by heavy hydrocarbon, the H*-induced spec-
trum is dominated by methane, with only smaller amounts
of C,H, and C;H, molecules being observed. At T, the
contribution of the C, and C; groups to the total C erosion
is relatively small for high H* energies (roughly 15% at 1
keV), but becomes more significant at low energies
(roughly 45% at 100 V) [9,19].

The key fusion-relevant parameters associated with
chemical erosion of graphite due to H* impact are the
incident particle energy, flux and target temperature. The
effects of energy and temperature are shown in Fig. 1. For
energies > 300 eV, erosion yield maxima occur at about
750-850 K [5,9,19]. In the case of CH,, a maximum yield
of about 0.07 CH,/H™" is observed for H™ energies
between 300 eV and 1 keV; the total chemical erosion at
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Fig. 1. Temperature dependence of erosion yields of CH, and

C chem (Cophem = CH, yield plus heavy hydrocarbon yields) due to

H™ impact on graphite at various irradiation energies (10-200 eV
[21], and 300 eV~-1 keV [19]).
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T, including heavier hydrocarbons and methane, is ~ 0.1
C/H™. In the less-explored energy range of few eV to 200
eV, two significant observations are made [20-22]. First,
as the energy decreases, the yield maximum Y, for
methane formation decreases and the position of the maxi-
mum, ie., T, shifts to lower temperatures. Second, the
heavy hydrocarbon fraction of the total chemical erosion
yield increases with decreasing energy [21]. As far as
isotopic effects are concerned, for temperatures up to 800
K methane yields due to D* are higher than those due to
H™ by factors ranging from < 2 [21] to 5 [23]. The reason
for this wide variation is not evident.

The third key parameter which might affect hydrocar-
bon production is the incident H™ or D* flux. From a
compilation of erosion yields obtained in both ion-beam
experiments and plasma experiments in fusion devices
[24], for ~100 eV H" or D™ impact energies, due to the
scatter of the data, no clear flux dependence of the erosion
yield can be discerned.

Experiments aimed at identifying the mechanistics of
the hydrocarbon formation /release process came to the
conclusion that hydrocarbons are formed in the graphite at
the end of the incident-ion range [6,25-29]. As the de-
tached hydrocarbon molecule diffuses towards the front
surface of the material, it can undergo fragmentation due
to incident ions [30,31]. The fact that lower-energy inci-
dent ions lead to hydrocarbon formation in a shallow
surface layer (i.e., shorter range and hence shorter diffu-
sion length for the molecule and less probability of frag-
mentation) is consistent with the observation that lower-en-
ergy ions lead to relatively more heavy-hydrocarbon re-
lease.

2.2. Chemical erosion of carbon due to oxygen

Oxygen is often the main intrinsic impurity in the
plasmas of current fusion devices. Some results on the
interaction of oxygen with carbon materials have been
compiled in Refs. [2,5]. Molecular-beam experiments with
O, — graphite at temperatures above 1000 K have pro-
duced a maximum yield of about 2 to 5 X 107* CO /0, at
1300-1500 K and at least an order of magnitude smaller
CO, yield [32-34]. In comparison, the reactivity of atomic
oxygen is much higher (a factor of ~ 40 at 1400 K) than
that of O,, even at low temperatures {35-37]. Here we will
concentrate on ionic oxygen as it is more relevant to fusion
devices.

The interaction of energetic oxygen ions with graphite
leads to a complex process of implantation, trapping,
chemical reaction and re-emission, somewhat similar to the
H*— C interaction discussed above. Implanted oxygen
from bombarding O* ions is trapped or re-emitted in the
form of CO or CO,, as in the case of thermal oxygen [32].
No re-emitted O or O, has been found. For O energies
above 500 eV, the adsorption and complex formation rate
is near unity [32]. With increasing O fluence, the im-
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Fig. 2. Temperature dependence of the erosion yields of graphite
exposed to 1.5 keV O* [40,411.

planted oxygen is partly retained and the release of CO
and CO, increases steadily until the trapped oxygen con-
centration in the carbon reaches a saturation value of
~0.25 O/C at room temperature [38—40]; the saturation
level decreases with increasing carbon temperature, again
similar to the case of hydrogen ion impact. After saturation
is reached, all of the newly implanted oxygen ions react to
form CO or CO,. At room temperature, the CO molecules
released were found to have an energy distribution with
two components: about 60% of CO molecules are released
with a thermal energy distribution characteristic of the
target temperature, while the remaining 40% is released by
an activated process (molecular sputtering) and have ener-
gies in the 0.25 eV range [40,41].

Fig. 2 shows the temperature dependence of the various
erosion yields for graphite exposed to 1.5 keV O™ [40,41].
The CO formation yield, as well as the total chemical
erosion yield (C,,.,, in Fig. 2), show a slight temperature
dependence with a minimum at ~ 600 K. The yield for
CO,, however, has a maximum at roughly the same
temperature and vanishes for temperatures above 1400 K.
The total C erosion yield (sum of chemical erosion and
physical sputtering) is nearly temperature-independent and
has a value between 0.7 and unity for temperatures below
1000 K and incident O™ energies above 500 eV [32,42,43].
Above 1200 K the contribution from RES becomes impor-
tant. The energy dependence of the reaction yield for CO
and CO, was observed to be weak in the O energy range
of 50 eV to a few keV’s [32,44]. Below 50 eV, however, a
decreasing trend is observed [44].

2.3. Synergistic erosion of carbon due to multispecies
impact

In addition to the deuterium and tritium fuel and the
fusion reaction products (He and neutrons), the fusion edge
plasma that comes in contact with materials also contains
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impurities that are produced via PMI (e.g., C and O), and
may contain other gas species that are deliberately intro-
duced in the plasma in order to control the edge plasma
itself (e.g., Ar or Ne used in radiatively cooled gaseous
divertors). Here, we shall limit our discussion only to
simultaneous (as opposed to seguential) impact by various
combinations of two plasma species. From laboratory ion-
beam experiments, the temperature-dependence profiles of
hydrocarbon formation for (H* & H®) [45-47], (Ar" &
H°) [11), (C* & H°) [48] and (C* & H™*) [49,50] were
found to be similar to the H"-only case, with a maximum
production rate at about 750—800 K. Other results obtained
for nonreactive energetic (~ 1 keV) He™, Ne™ and Ar™,
in conjunction with low energy (< 100 eV) H, show
enhancements of the erosion yield, [50], indicating an
increase of the near-surface damage due to the addition of
energetic ions. Typically, the addition of energetic ions on
the order of a few percent of the H" (< 100 eV) flux
appears to be sufficient to increase the total chemical
erosion yield to ~0.1 C/H" (which is the maximum
yield produced by 300 eV-1 keV H™ ions alone).

In the case of (O™ & HP), in addition to hydrocarbon
formation, CO is also generated, and the reaction rate for
CO formation is near unity even at room temperature [51].
In a recent experiment with a mixed 5 keV D; and '*0O*
ion beam, water (D,0) molecules were also formed in
addition to methane, CO, and CO, [52]. The D,0O exhibits
the same temperature dependence as methane, reaching a
maximum at ~ 800 K. Other results, involving combined
energetic H* and thermal O, irradiation on graphite, show
that the production of CO and H,O does not affect the
yield and temperature dependence of hydrocarbon forma-
tion [53].

The reactivity of thermal O, on graphite is also en-
hanced by simultaneous Ar* and O, impact [32]. In
addition to the high-temperature branch for CO formation
observed for O, —» C impact (see Section 2.2 above), a
low temperature branch, near room temperature, exists for
both CO and CO,, the latter being about an order of
magnitude smaller. The associated temperature dependence
of the low-temperature branch is similar to the oxygen
surface concentration during O impact on graphite [32].

The object of the present investigation is to analyze the
reaction products formed during simultaneous bombard-
ment of graphite with independently controlled beams of
H™* and O™ ions. In contrast to most of the experiments
described above, where an enhancement in C-erosion was
observed, a synergistic reduction in C-erosion is expected
in the present case, due to the formation of water.

3. Current experiment
3.1. Apparatus

The erosion of graphite has been studied under condi-
tions of simultaneous bombardment by 10 keV O) (5

keV/0O"%) and 3 keV Hj (1 keV/H™) ions, using an
independently controlled high-flux, low-energy, mass-
analyzed dual-beam ion accelerator system [50]. From
previous studies of methane formation from graphite under
H™" and HY irradiation, the H molecular ion was found
to behave effectively as three H* ions with one-third of
the HY ion energy [45] Thus it is assumed that the
incident OF and H3 molecular ions break up immediately
into atoms upon impact with the specimen. The respective
ion energies were chosen to produce the maximum ion
fluxes and the maximum amount of implantation overlap.
The two beams intersected in the target chamber with a
42° angle of separation, and the target specimen was
normally placed at the point of intersection such that the
beams were 21° from the surface normal; see Fig. 3.
Fluxes were in the range 0.9-3 X 10" O*/m”s, and
0.9-2 X 10%° H*/m?s, with flux ratios being ¢q+/ by~
~ 6—27%. The beam spots, slightly elliptical in shape due
to the off-normal incidence, were ~ 5 mm (for H*) and
~ 4.5 mm (for O") in diameter. This allowed complete
overlapping of the O" beam spot by the H™ spot at the
focus. The specimen was a strip of ‘as-deposited’ pyrolytic
graphite (HPG99 from Union Carbide) with a density of
~ 2200 kg/m?, and approximate dimensions of 50 X 10
x 0.4 mm>, with the central portion sanded down to a
thickness of ~ (.1 mm. It was held by stainless steel jaws
to allow direct current heating, and was biased at +30 V
to suppress secondary electrons.

The target chamber was baked for at least 24 h at
~ 500 K before the experiments, and the specimen was

adrupole Mass Spectrometer

Fig. 3. Schematic diagram of the apparatus configuration in the
vacuum chamber.
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heated to ~ 1500 K in situ before performing each experi-
ment at a specific temperature. Reaction products were
measured by both residual gas analysis (RGA) and direct
line-of-sight (LOS) quadruple mass spectrometry (QMS)
over the temperature range 400 to 1200 K. A computer-
controlled data acquisition system was used to collect
QMS data. The specimen temperature was monitored with
an optical pyrometer.

For RGA the absolute erosion yields of methane, car-
bon monoxide and carbon dioxide were obtained by using
commercially produced calibrated leaks with an absolute
error of 20%. The absolute value of the water production
rate (O—H—C reaction) was estimated from the maximum
reduction in the total oxygen balance at ~ 800 K by
comparing the O—C and O-H-C reactions. For direct
line-of-sight measurements, CH,, CO and CO, yields
were scaled to the calibrated RGA data, while water
production was estimated from the CO data taking into
account the different ionization cross-sections and quadru-
ple transmission sensitivities of CO and water.

3.2. Results and discussion

The raw trace of a typical experimental run in the RGA
mode (at 800 K) is presented in Fig. 4. As shown, the
experiment consisted of four phases. Only the O* beam
was turned on during the first phase, then the H™ beam
was added in the second phase. For the third phase, the
O* beam was turned off, while the H" beam remained on.
The fourth phase was a measure of the background with no
beams on. The CO, CO,, and H,O yields, corresponding
to O" and H* simultaneous exposures were obtained from
the differences between the phase II and phase III signals,
the latter being the effective background (H*-induced
signals coming from the chamber walls, etc.); i.e.,

Ylli = Ki(SfI - S{H)/d’oh

where Y is the yield for species i, K' is the correspond-
ing calibration factor, S’ is the measured QMS signal, and
¢+ is the O flux. We confirmed the wall origin of the
effective background signals in separate experiments where
the specimen was irradiated by H* only (and Ar™ only)
prior to exposure to O*. Similarly, the yields correspond-
ing to O *-only exposure were obtained from

YlizKi(Sli - Sliv)/¢o+-

For the evaluation of the CH, yield, an analogous proce-
dure was followed, however, SICH4 is now the effective
background for the (O and H') yield, and signals are
normalized by the H* flux. The same procedures were
followed for the experiments in the LOS mode.

Fig. 5 shows the temperature dependence of CO, CO,
and H,O yields measured in the RGA mode. The total
oxygen released (CO + 2CO, in the O*-only case and
CO + 2CO, + H,0 in the (O* & H™) case) is also plot-

5keV O™ +1 keV H"—— Graphite

O Only O*&H' H"Only BothBeams

(H* off) (0% off) oft
wol Ty i m  om IV ]
o} Hy,OProdugtion | | ]
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i
!
!

80| CO Production

Signal (Arb. Units)

Time [min]

Fig. 4. Typical raw traces of the QMS signals of H,0, CO, CO,
and CH, in the RGA detection mode during 5 keV 07 and 1 keV
H* bombardment of graphite at 800 K. The traces are divided
into four phases: (I) O beam only; (I) simultaneous O* and
H* irradiation; (1) H* beam only; and (IV) both beams turned
off. Signal magnitudes due to single-beam only and dual-beam
irradiation for each species are indicated.

ted. In addition, Refke’s RGA results of 3 keV O5 (e,
1.5 keV /O) impact on EK98 (fine grain isotropic graphite
from Ringsdorff) [41] are included for comparison. For the
O*-only case, the CO yield temperature profile has a
shallow minimum at ~ 700 K, and the yields (present
results) range from 0.6 to 0.9 CO/O™. The temperature
profile is similar to that of Refke’s RGA results, except
our yield at the minimum is about a factor of 2 higher. The
CO,, profile has a shallow maximum at ~ 700 K and the
agreement between the present results and those of Refke
is quite good. The maximum CO, yield is smaller than the
CO yield at the corresponding temperatures by about a
factor of 5. With both the H™ and O™ beams turned on, a
~ 10-20% drop in both the CO and CO, production is
observed. In addition, water production is observed with a
maximum yield of ~ 0.15 H,0/0%, also at about 800 K.
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Fig. 5. Temperature dependence of CO, CO, and H,O yields, measured in the RGA mode, due to 5 keV O" (1-2.5 X 10" 0" /m?s) and
1 keV H* (1.6-2 X 10*° H* /m? s) on HPG99. Total oxygen released (CO + 2CO,) is also plotted. For comparison, RGA results of CO
and CO, yields measured in the RGA mode for 3 keV O impact on EK98 graphite are also included [41].

The total oxygen released for both O*-only and (0" &
H™) cases is between 0.8 and unity. The scatter of data in
Fig. 5, especially at low temperatures (< 700 K), is at-
tributed to transient effects, i.e., at lower temperatures
relatively longer times are needed for the QMS signals to
reach steady-state. Finally, only a small (~ 5-10%) reduc-
tion in the methane yield is seen when O is added to the
H™ irradiation (less than 10% at 800 K); see Fig. 6.

010 T ‘

The reason for performing the experiments in the line-
of-sight QMS detection mode was to substantially suppress
any non-beam related background signals (for example, the
CO and CO, signals observed during H*-only bombard-
ment in RGA experiments). However, two important draw-
backs of the LOS—-QMS technique are (i) low signals, and
(ii) not having in-situ absolute calibration. Nevertheless,
low signal problems could be overcome by using longer
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Fig. 6. Temperature dependence of CH, yields, measured in the RGA mode, due to 5 keV O*-only (1-2.5 X 10'°* O* /m? s) and combined

5keV O* and I keV H* (1.6-2 X 10%® H*' /m?s) on HPG99.



A.A. Haasz et al. / Journal of Nuclear Materials 248 (1997) 19-26 25

1.6

1.4 —» Graphite
12}
1.0 7
0.8 »

0.6

Erosion Yield / [molecules / O*]

5keV 0*(0.9-3x10'%0*/m?s) + 1keV H*(0.9-1.5x1 02°H*/m?s) |
<

-

=+ CO, CO, (O only [40,41])
® CO, CO, (O* only) n
o CO,CO, (0" &H")

m H0 (O &HY)
¢ Total (O*only) 1
<& Total O (O & HY) ﬂ

.

0.4
02| CO2 -
et e
0.0 b——n—
200 400 600

800 1000 1200 1400 1600 1800

Temperature / [K]

Fig. 7. Temperature dependence of CO, CO, and H,O yields, measured in the LOS mode, due to 5 keV 0" (0.9-3 X 10" O*/m?s) and 1
keV H* (0.9-1.5 X 10% H*/m?s) on HPG99. Total oxygen released (CO + 2CO,) is also plotted. For comparison, LOS results of CO
and CO, yields measured in the LOS mode for 1.5 keV O* impact on HPG99 graphite are also included [40,41].

detection times and absolute yields could be obtained by
setting a particular data point (or the average of a set of
points) to the corresponding absolute value on the RGA
plot. In the present study the LOS yield curves were set to
correspond to the RGA data (Fig. 5) at ~ 750 K.

The LOS results are presented in Fig. 7. Here too,
previously published results for the O*-only case [40,41]
are included for comparison. Due to the non-thermal na-
ture of the energies of some of the released CO during
irradiation {40,41], which is not taken into consideration in
the present analysis, the actual shape of the LOS profiles
will be different. In fact, this may be the cause of the
greater-than-unity value of the total oxygen yield, (CO +
2C0,)/0", for temperatures above 900 K. Since exact
partition of the energies of the released particles is only
known for room temperature and there are indications that
it varies with temperature [40,41], more time-of-flight re-
sults will be needed to obtain more accurate temperature
profiles for the LOS data.

Except for higher temperatures (> 800 K), the tempera-
ture profiles of CO and CO, yields for the O*-only case
are similar to the RGA data and the LOS results of 1.5
keV O — HPG99 from Ref. [40,41). For T > 800 K, the
yields for CO and CO, in the LOS mode are slightly
higher. The nature of the discrepancy is not known. In the
simultaneous O* and H* case, a slightly smaller reduction
in CO and CO, yields (compared to the RGA results) are
observed. This may be due to the intrinsic low signal-to-
noise ratio in our LOS detection. Furthermore, as in the
RGA mode, water is also observed in the (0" & H*)
case. The maximum yield for water is slightly higher,

likely due to a different method of estimating the absolute
yield, but the temperature dependence is identical.

4. Conclusion

During simultaneous bombardment of graphite by 5
keV O7 and 1 keV HY, with H* fluxes higher than O™
fluxes by factors of ~ 5-10, only ~ 10-20% reduction is
observed for both the CO and CO, yields over the entire
temperature range. Corresponding to the slightly reduced
O" - C reactivity, a small amount of water production
(~0.15H,0/0" at 800 K) is observed with a tempera-
ture dependence similar to that of CH, formation. Finally,
under the conditions of the present experiments, the O™
flux appears to have only a small influence on the produc-
tion of CH,. The reduction of CO, CO, and CH, yields
and the water formation yield are all of the same order of
magnitude, and are about an order of magnitude lower than

- the total oxygen release rate.
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