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Abstract
We describe here an ORNL Physics Division research activity whose focus is the investigation
of chemical sputtering of graphite by atomic and molecular D ions at very low energies that
have so far been unexplored. Our initial experimental approach is based on the use of a
quadrupole mass spectrometer (QMS) which samples the partial pressure of selected mass
species produced in a scattering chamber when the incident ion beam strikes a graphite
sample. While most of the ORNL results obtained to date are for D2

+ ions incident on ATJ
graphite, preliminary results are shown for D+ projectiles incident at energies down to
10 eV D−1, and for D3+ ions incident at 10 and 4.5 eV D−1. The possibility of obtaining
complementary information using a time-of-flight approach is discussed as well.

PACS numbers: 34.50.Dy, 52.20.Hv, 79.20.−m, 79.20.Rf

1. Introduction

As has been discussed in greater detail in other workshop
contributions [1], there is a significant technological interest in
using graphite as a plasma-facing component on present and
future fusion devices, and in using different types of graphite
or carbon fibre composites (CFCs), together with tungsten,
beryllium or other refractory metals, in the ITER divertor.
Motivated in part by this interest, an experimental research
programme was recently started at the ORNL Multicharged
Ion Research Facility (MIRF) [2] to investigate chemical
sputtering of graphite surfaces in the limit of very low impact
energies (i.e. below 10 eV D−1), where there is currently no
available experimental data. In addition to the exploration
of very low impact energies, this research will focus on
comparisons of atomic and molecular ion impact, to better
determine the range where atomic and molecular species at the
same velocity behave in an equivalent manner with respect to
the chemical sputtering yields. We also discuss the possibility
of initiating chemical sputtering measurements using a time-
of-flight (TOF) approach to detect product radicals and greatly
reduce or eliminate the need for ‘wall corrections’ presently
needed to deduce the chemical sputtering yield.

To date, measurements at ORNL have focused on ATJ
graphite, with the goal of comparing chemical sputtering

characteristics of virgin tiles and tiles recently removed from
the DIII-D machine after 8 years of exposure to plasma shots.
Measurements on ATJ graphite have been previously reported
by the University of Toronto group [3, 4] using slow D2

+ and
D3

+ projectiles at energies down to 15 eV D−1.
Laboratory chemical sputtering studies by low energy

(<200 eV) H/D ion impact have been previously reported by
Mech et al [5, 6], Davis et al [7], Balden and Roth [8] and
Yamada [9] for pyrolytic graphite. Studies on hydrogenated
thin films (a-C:H) [10, 11] or pyrolytic graphite [7, 12]
exposed to thermal hydrogen have been reported as well.

2. Experiment

All ORNL measurements to date were performed in a floating
potential ultra-high vacuum chamber with base pressures in
the 10−8 Pa range, shown schematically in figure1, into
which decelerated ion beams from an ECR ion source were
directed, as previously described [13]. A sensitive quadrupole
mass spectrometer (QMS) [14] was installed in place of the
electrostatic spherical sector spectrometer shown in figure1.
A grounded baffle between the front end of the QMS and
the target sample prevents field penetration from the QMS
ionizer section into the region immediately in front of the
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Figure 1. Schematic diagram of the decelerated beam surface scatttering apparatus.

sample where the low-energy ion beam strikes the graphite
target. This baffle also blocks the line-of-sight path between
the sample and the analyser, along which scattered projectiles
at higher beam energies could enter and cause unwanted
backgrounds in the measured mass spectra. The chamber also
contains a TOF analyser previously used for binary-collision
backscattering studies [15].

A target fabricated from ATJ graphite (UCAR Carbon
Co), the same material presently employed on the DIII-D
device at General Atomics, was used for all our measure-
ments. Prior to mounting, the target was pre-annealed for at
least 4 h at a temperature of 1300 K in a vacuum furnace.
The target temperature, controlled by electron-beam-heating
from the rear, is monitored from the front using a calibrated
infrared (IR) thermal monitor. Annealing at temperatures in
excess of 1500 K was performed for about 45 s between
measurements in order to reinitialize the H/D inventory in the
graphite sample. The sample is located 15 mm downstream
from the final aperture of the electrostatic deceleration
system. For all our measurements to date, the mass selected
projectile beam impacted the sample at normal incidence.
As illustrated in figure2(a), the incident ion beam spatial
profile is approximately Gaussian with a width in the range
1–2 mm (FWHM) for the 30–250 eV D−1 energy range, and
about 5 mm for a 10 and 15 eV D−1 ion beam; profiles
are determined by a wire scanner that can be inserted in
the plane of the target sample. Using the beam currents
intercepted by the sample and the beam profile measurements,
typical beam fluxes of 2–8× 1015 D cm−2 s−1 are inferred
for the 30–250 eV D−1 energy range. Fluxes in excess of
1× 1014 D cm−2 s−1 are obtained for energies as low as
10 eV D−1. As shown in figure2(b), the energy spread of
the decelerated beams is less than 10% down to a final
energy of 10 eV and the spread is typically below 20% at yet

lower energies, as measured using the electrostatic spherical
sector spectrometer mentioned earlier. Typical vacuum during
the measurements (i.e. with decelerated beam in the UHV
chamber) is in the mid 10−7 Pa range.

The present experimental approach uses a sensitive QMS
which monitors the partial pressure of selected mass species
in the scattering chamber throughout the 1–60 amu range. A
Macintosh-based data acquisition system is used to measure
mass distributions at fixed intervals in time, or alternatively,
to follow the intensity of selected mass peaks versus beam
exposure time. The evolution of peak intensities is measured
versus accumulated beam dose until saturation occurs. It is
crucial to the experimental approach that all contributions to
the chamber pressure other than those related to the incident
beam be kept constant during the irradiation runs. This allows
the evolution of chemical sputtering products to be determined
by taking differences between a pre-irradiation mass spectrum
and one acquired during irradiation at progressively larger
accumulated D target doses.

The incident ion intensity is determined from a direct
current reading on the target sample after appropriate
correction for secondary electron emission is made. This
correction was based onin situ measurements for a few
selected incident species and energies, and on the scalings
with projectile energy and mass reported in [16].

The procedure used to deduce the partial chemical
sputtering yields is described in [14, 17]. It involves selection
of an analysis mass for each species of interest (in the
present case CD4 and C2D2), determining and correcting
for the possible interferences due to cracking of heavier
hydrocarbons, and placing the sputtering yields on an
absolute scale using calibrated leaks [18]. In addition, the
apparent yields must, in general, be corrected for wall
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Figure 2. Typical (a) spatial and (b) energy characteristics of the
decelerated beams. The spatial profile corresponds to a D2

+ beam
at 100 eV; the energy spectra were measured earlier using H3

+

projectiles; note that the energy scale refers to total kinetic energy,
not eV H.

contributions, which can arise when the fraction of the
incident deuterium beam reflected or re-emitted from the
graphite target combines with hydrocarbon precursors on
the interior vacuum chamber walls to form the sputtering
products of interest. Such wall contributions are estimated
from the initial steep rise observed in the chemical sputtering
signal immediately after initiation of beam dosing, when
the hydrogen concentration in the graphite is still too low
to directly produce appreciable chemical sputtering products
there. The effect of the wall contribution is illustrated in
figure3 for two different incident beam energies.

3. Sample results

Figure 4 summarizes our yields for the production of CD4

and C2D2 at ATJ graphite temperatures of 300 and 800 K, the
latter being close to the accepted maxima of the respective
sputtering yields. Our results obtained using incident D2

+ ions
are indicated by circles and triangles. The bold dashed line
indicates the room temperature trend for methane production
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Figure 3. Time evolution of the CD4 signal with incident
(a) 60 eV D−1 D2

+ and (b) 10 eV D−1 beam exposure, normalized to
the incident beam current, illustrating the wall contribution effect
when the beam is first turned on. Note return of the signal to
background level when the beam is switched off after reaching
saturation in the normalized CD4 signal.

produced by D+ incident ions. Also shown are recent results
obtained by Wrightet al [3], and, for comparison, chemical
erosion yields for the same two hydrocarbons involving
pyrolytic graphite and incident thermal H atoms (produced
by thermal dissociation at∼2500 K), obtained by Davis
et al [7]. Regarding the latter results, it is noted that the
solid squares are chemical erosion yields obtained at a
500 K sample temperature, not room temperature; the yields
denoted by open squares were obtained at a 800 K sample
temperature.

As can be seen from the figure, the results for incident
D+ ions fall systematically below those for incident D2

+ at
energies below about 60 eV D−1, reaching almost a factor of
two difference at the lowest investigated energy of 10 eV D−1.
In view of the extensive use by other groups of D3

+

projectiles to investigate chemical sputtering at the lowest
reported incident energies, we have also begun measurements
for the triatomic hydrogenic projectile ion. Figure5 shows
an acquired mass spectrum obtained at the lowest energy
reached to date, 4.5 eV D−1. In addition, a preliminary CD4
sputtering yield is shown in figure 4 for 10 eV D−1 incident
D+

3 ions. As will be described in greater detail elsewhere
[19], a systematic trend of the sputtering yields for the
different molecular species compared at the same velocity
has emerged from these comparative measurements: while
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Figure 4. Chemical sputtering yield results for production of CD4

and C2D2. Open and solid circles, open and solid triangles, solid
diamond and dashed line indicate present results; solid and open
stars are results from [3] for 300 and 800 K sample temperatures,
respectively; also shown are results from [7] for chemical erosion by
thermal H atoms incident on pyrolytic graphite at 500 K
(solid squares) and 800 K (open squares).
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all three species lead to chemical sputtering yields that
agree within the experimental uncertainty at energies above
about 60 eV D−1, at lower energies the yields diverge by
progressively larger amounts with decreasing energy, the
incident triatomic molecular ion leading to the largest yields,

and atomic ion to the smallest. The difference at the lowest
investigated energy amounts to more than a factor of two
[19]. The reason for this divergence is not clear at present. At
large incident energies, complete dissociation of the incident
molecular species is very likely, and the fractional change of
projectile kinetic energy due to dissociation energy release
is relatively small. At the lowest impact energies, however,
complete dissociation is no longer guaranteed. Moreover, if
the dissociation occurs by electron capture before the ion
enters the sample, significant broadening of the incident
energy and angle is possible in the laboratory frame, due to
the known amplification effects of the dissociation energy
release (6–8 eV in this case) in the laboratory frame when the
dissociation occurs in a moving frame. It would be interesting
to investigate to what extent the experimentally observed
differences can be accounted for by classical molecular
dynamics simulations.

4. Discussion of mechanisms

For thermal energy H impact on a H-saturated graphite
surface, the chemical erosion is essentially determined by the
competition between H and CH3 release [20]. Both processes
are thermally activated. As a result there is little observed
chemical erosion at room temperature for thermal energy
impact. Since the activation energy of H release is slightly
higher than that for CH3 release, the chemical erosion reaches
a maximum value with increasing sample temperature and
then decreases back to zero.

For energetic H impact, hydrogenation and methyl
group formation have been shown to occur at the end of
the impacting ions’ range in the graphite bulk, i.e., after
thermalization of the incident ions [21, 22]. As a result,
diffusion of methyl groups back to the surface plays an
increasing role with increasing ion energy. Once the CH3

reaction products reach the near-surface region, their kinetic
ejection by non-thermalized incident particles augments
the erosion resulting from thermally activated CH3 release
[21–24].

In this context, some of the general features of the
present data are now qualitatively discussed. At the lowest
investigated energies, the CD4 production is very significant
already for a room temperature sample, suggestive of
the importance of the above-mentioned kinetic ejection
mechanisms. Interestingly, at the lowest impact energies, the
observed CD4 production at 800 K is almost an order of
magnitude lower than that observed at room temperature,
indicative of the increased competition of the thermally
activated D release noted above. As the ion impact energy
is increased above 60 eV D−1, the CD4 yield decreases
significantly at room temperature, suggesting decreased CD3

survival during its diffusion back to the graphite surface. The
methane yield for the 800 K sample temperature, on the other
hand, increases strongly with increasing energy over the entire
range investigated. One possibility for this dramatic increase
could lie in the known strong increase of diffusion coefficients
with temperature. A significantly reduced diffusion time
of CD3 back to the surface could increase their survival
probability. In addition, the kinetic ejection itself may be
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slightly thermally activated, which would further enhance the
production of free CD4.

In contrast, the energy dependences of the observed C2D2

yields are much weaker, as are the observed dependences
on sample temperature. In light of the above discussion, the
flatter energy dependence may suggest a reduced importance
of diffusion processes for production of C2D2, and thus may
imply production more closely confined to the graphite near-
surface region. A more detailed analysis of the temperature
and energy dependence of the branching ratios for production
of the different hydrocarbons, required to test this speculation,
is beyond the scope of the present paper.

5. Planned TOF measurements

As has been alluded to already earlier, the partial pressure
monitoring approach to chemical sputter yield determination
suffers from having to determine wall corrections and from
inability to measure production of radicals, i.e., the inability to
determine the true product distribution of chemical sputtering
species emerging from the graphite sample. For this reason,
we plan in the near future to implement a TOF approach
to complement the QMS measurements described above.
Figure 1 illustrates schematically the TOF approach used
in earlier measurements in our laboratory to study binary
collision backscattering of multicharged ions from single
crystal metal and alkali halide targets. This setup was used
in preliminary studies of H backscattering from ATJ graphite
at 2.5 keV, typical results for which are shown in figure6.
One feature of this TOF approach is the capability to analyse
the charge state of backscattered projectiles by use of a
floatable TOF drift tube, by differential acceleration of the

backscattered particles based on their charge, resulting in
a dispersal in arrival times of the different charge states
on the particle detector. The TOF system incorporates an
electron impact ionizer at the entrance of the flight tube
to facilitate the detection of neutrals at energies below
their detection threshold on the multichannel plate, together
with high-transmission biased grids before the ionizer to
prevent unwanted entry of ions of either charge state into the
TOF tube. The chopping scheme indicated in figure1 used
for the measurements of figure6 will require modification
for low-energy chemical sputter yield measurements, due
to the likely loss of short-time correlation between the
incident ion and the chemical sputtering product. One possible
alternative that will be explored is the use of dual chopping:
the first of the electron impact ionizer repeller grid to
provide the required TOF mass resolution, and the second
a slow chopping of the incident beam to permit accurate
discrimination of events not directly related to the ion
impact related chemical sputtering signal. By use of this
technique, it is hoped that information on possible charge state
distributions of the emitted chemical sputtering species, as
well as their energy distributions, can be obtained. In addition,
this approach should facilitate more detailed measurements on
incidence angle dependences, which have not been available
to date.
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