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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
guadrupole 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 $6iidhs incident on ATJ

graphite, preliminary results are shown fot projectiles incident at energies down to

10eV D%, and for D+ ions incident at 10 and 4.5 eVD. The possibility of obtaining
complementary information using a time-of-flight approach is discussed as well.

PACS numbers: 34.50.Dy, 52.20.Hv, 79.26én, 79.20.Rf

1. Introduction characteristics of virgin tiles and tiles recently removed from
the DIII-D machine after 8 years of exposure to plasma shots.

As has been discussed in greater detail in other workshiblgasurements on ATJ graphite have been previously reported

contributions 1], there is a significant technological interest irby the University of Toronto groug8[ 4] using slow B* and

using graphite as a plasma-facing component on present @ projectiles at energies down to 15eVD

future fusion devices, and in using different types of graphite Laboratory chemical sputtering studies by low energy

or carbon fibre composites (CFCs), together with tungsten; 200 e\) H/D ion impact have been previously reported by

beryllium or other refractory metals, in the ITER divertorMech et al [5, 6], Davis et al [7], Balden and Rothd] and

Motivated in part by this interest, an experimental researstamada 9] for pyrolytic graphite. Studies on hydrogenated

programme was recently started at the ORNL Multichargetin films (a-C:H) [LO, 11] or pyrolytic graphite 7, 12]

lon Research Facility (MIRF)Z] to investigate chemical exposed to thermal hydrogen have been reported as well.

sputtering of graphite surfaces in the limit of very low impact

energies (i.e. below 10eVD), where there is currently no

available experimental data. In addition to the exploratic®. Experiment

of very low impact energies, this research will focus on

comparisons of atomic and molecular ion impact, to betté&il ORNL measurements to date were performed in a floating

determine the range where atomic and molecular species atpbéential ultra-high vacuum chamber with base pressures in

same velocity behave in an equivalent manner with respectthe 10 Pa range, shown schematically in figute into

the chemical sputtering yields. We also discuss the possibilishich decelerated ion beams from an ECR ion source were

of initiating chemical sputtering measurements using a timdiected, as previously describet]. A sensitive quadrupole

of-flight (TOF) approach to detect product radicals and greattyass spectrometer (QMS)4] was installed in place of the

reduce or eliminate the need for ‘wall corrections’ presentlglectrostatic spherical sector spectrometer shown in figjure

needed to deduce the chemical sputtering yield. A grounded baffle between the front end of the QMS and
To date, measurements at ORNL have focused on Alhk target sample prevents field penetration from the QMS

graphite, with the goal of comparing chemical sputterinignizer section into the region immediately in front of the

0031-8949/06/020001+06%$30.00 © 2006 The Royal Swedish Academy of Sciences Printed in the UK 1


mailto:meyerfw@ornl.gov
http://stacks.iop.org/PhysScr/73/1

F W Meyeret al

e «————— To ECR ion source

—l_ﬂ_l_l_l_ chopper

Electrostatic

|
i deflector
|
T
|
% !
15kV i
T isolation ™ !
Ly Ly V i Decel
STOP  START I optics
1
!
¢ MCP | A Electron
! spectrometer
TOF [j
1
spectrometer
4 |

|
Computer 0' -

S e
Decelerated Beam surface Scattering

Experiment Faraday cup
0

Figure 1. Schematic diagram of the decelerated beam surface scatttering apparatus.

sample where the low-energy ion beam strikes the graphitsver energies, as measured using the electrostatic spherical
target. This baffle also blocks the line-of-sight path betweesctor spectrometer mentioned earlier. Typical vacuum during
the sample and the analyser, along which scattered projectties measurements (i.e. with decelerated beam in the UHV
at higher beam energies could enter and cause unwantgdmber) is in the mid 10 Pa range.
backgrounds in the measured mass spectra. The chamber alsoThe present experimental approach uses a sensitive QMS
contains a TOF analyser previously used for binary-collisiaghich monitors the partial pressure of selected mass species
backscattering studie&9]. in the scattering chamber throughout the 1-60 amu range. A
A target fabricated from ATJ graphite (UCAR Carbonviacintosh-based data acquisition system is used to measure
Co), the same material presently employed on the DIll-Ryass distributions at fixed intervals in time, or alternatively,
device at General Atomics, was used for all our measurgy foliow the intensity of selected mass peaks versus beam
ments. Prior to mounting, the target was pre-annealed forgl,osure time. The evolution of peak intensities is measured
least 4h at a temperature of 1300K in a vacuum fumaggy,ss accumulated beam dose until saturation occurs. It is
The target temperature, controlied by electron-beam-heatifjg, | (o the experimental approach that all contributions to

from the rear, is monitored from the front using a callbrat%e chamber pressure other than those related to the incident

Beam be kept constant during the irradiation runs. This allows
e evolution of chemical sputtering products to be determined

measurements in order to reinitialize thglHinventory in the . . . L
: . by taking differences between a pre-irradiation mass spectrum
graphite sample. The sample is located 15mm downstrea ) S . ;
and one acquired during irradiation at progressively larger

from the final aperture of the electrostatic deceleration

system. For all our measurements to date, the mass selec"f‘[%%ummé.lte‘.j D tafge‘ 'doses.. . . :
projectile beam impacted the sample at normal incidence. The |nC|qent ion intensity is determined from a dlrgct
As illustrated in figure2(a), the incident ion beam spatialCUrent reading on the target sample after appropriate
profile is approximately Gaussian with a width in the ranggorrect!on for secondar;_/ ele_ctron emission is made. This
1-2 mm (FWHM) for the 30-250 eV T energy range, and correctlon_ was based_orm situ meas_urements for a few_
about 5mm for a 10 and 15eVD ion beam; profiles selected incident species and energies, and on the scalings
are determined by a wire scanner that can be inserted'yih projectile energy and mass reported 16]}

the plane of the target sample. Using the beam currents The procedure used to deduce the partial chemical
intercepted by the sample and the beam profile measuremesisittering yields is described itt4, 17]. It involves selection
typical beam fluxes of 2-8 10®°Dcm2s™! are inferred Of an analysis mass for each species of interest (in the
for the 30-250eV D! energy range. Fluxes in excess opresent case CPand GD,), determining and correcting
1x10“Dcm2s! are obtained for energies as low agor the possible interferences due to cracking of heavier
10eV Dt As shown in figure2(b), the energy spread ofhydrocarbons, and placing the sputtering yields on an
the decelerated beams is less than 10% down to a fiadisolute scale using calibrated lealis][ In addition, the
energy of 10 eV and the spread is typically below 20% at yapparent yields must, in general, be corrected for wall

excess of 1500K was performed for about 45s betwe
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Figure 3. Time evolution of the CRsignal with incident

(a) 60eV D! D,* and (b) 10 eV D* 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
Energy (eV) saturation in the normalized GBignal.

Figure 2. Typical (a) spatial and (b) energy characteristics of the

decelerated beams. The spatial profile corresponds t6 &éam L .
at 100 eV; the energy spectra were measured earlier usihg H produced by D incident ions. Also shown are recent results

projectiles; note that the energy scale refers to total kinetic energypbtained by Wrightet al [3], and, for comparison, chemical
not eV H. erosion yields for the same two hydrocarbons involving
pyrolytic graphite and incident thermal H atoms (produced
contributions, which can arise when the fraction of thBy thermal dissociation at-2500K), obtained by Davis
incident deuterium beam reflected or re-emitted from ttf al [7]. Regarding the latter results, it is noted that the
graphite target combines with hydrocarbon precursors 8flid squares are chemical erosion yields obtained at a
the interior vacuum chamber walls to form the sputtering00 K sample temperature, not room temperature; the yields
products of interest. Such wall contributions are estimatégnoted by open squares were obtained at a 800K sample
from the initial steep rise observed in the chemical sputterifgmperature. _ o
signal immediately after initiation of beam dosing, when AS can be seen from the figure, the results for incident
the hydrogen concentration in the graphite is still too loR?” ions fall systematically below those for incident Dat
to directly produce appreciable chemical sputtering producgergies below about 60 e\/_“E), reaching almost a factor of
there. The effect of the wall contribution is illustrated WO difference at the lowest investigated energy of 10eV.D

; : +
figure 3 for two different incident beam energies. In view of the extensive use by other groups of'D
projectiles to investigate chemical sputtering at the lowest

reported incident energies, we have also begun measurements
3. Sample results for the triatomic hydrogenic projectile ion. Figueeshows

an acquired mass spectrum obtained at the lowest energy
Figure 4 summarizes our yields for the production of £Dreached to date, 4.5eVD. In addition, a preliminary Cp
and GD; at ATJ graphite temperatures of 300 and 800 K, theputtering yield is shown in figure 4 for 10 eV'Bincident
latter being close to the accepted maxima of the respecti®€ ions. As will be described in greater detail elsewhere
sputtering yields. Our results obtained using incidesitibns [19], a systematic trend of the sputtering yields for the
are indicated by circles and triangles. The bold dashed lidéferent molecular species compared at the same velocity
indicates the room temperature trend for methane productioas emerged from these comparative measurements: while
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chemical erosion at room temperature for thermal energy
10 50 100 . . - . .

1 impact. Since the activation energy of H release is slightly

Energy (eVD™") higher than that for Ckirelease, the chemical erosion reaches

Figd“re 4. Chemica('fp‘f.téeri”% yield res”'tzforlfgoqumi?“ Ofs:l.'g a maximum value with increasing sample temperature and
and GD,. Open and solid circles, open and solid triangles, solid "0 oo oo ool

diamond and dashed line indicate present results; solid and open

— —— - and atomic ion to the smallest. The difference at the lowest
[ ,O,O':;; 1 investigated energy amounts to more than a factor of two
102k CD4 FU— *...-6-;'/3" """ 4 [19]. The reason for this divergence is not clear at present. At
E . ”.,,..._.._..._...‘,%’ 3 large incident energies, complete dissociation of the incident
;'; 22 Vs ] molecular species is very likely, and the fractional change of
N ’,,o” . * 1 projectile kinetic energy due to dissociation energy release
10 3 §/°' T3 is relatively small. At the lowest impact energies, however,
r .. f 1 complete dissociation is no longer guaranteed. Moreover, if
5 L m -+-e-- D, impact, 300 K the dissociation occurs by electron capture before the ion
.&; 10" --0--Dj impact, 800 K 4 enters the sample, significant broadening of the incident
o F = = = . D" impact, 300 K 1 energy and angle is possible in the laboratory frame, due to
.% [ o e D} impact, 300 K ] the known ampl.ifica.tion effe_cts of the dissociation energy
£ 10° Py . R ! — release (6-8 eV in this case) in the laboratory frame when the
2 i 1 dissociation occurs in a moving frame. It would be interesting
T 102k CD A"A”A'A ....... z | to investigate to what extent the experimentally observed
L E 22 A i3] differences can be accounted for by classical molecular
IS A-eoAg A, 7 S 4 ] e :
) A A ] dynamics simulations.
< A ot _
O L Aanp
10° | <
4. Discussion of mechanisms
---A--- D7 impact, 300 K _ _
10% £ —ie-D! impact, 800 K For thermal energy H impact on a H-saturated graphite
. 2 surface, the chemical erosion is essentially determined by the
i competition between H and GHelease 20]. Both processes
10° 1':' ” o are thermally activated. As a result there is little observed
H

stars are results fron8] for 300 and 800 K sample temperatures, For energetic H impact, hydrogenation and methyl
respectively; also shown are results frorhfpr chemical erosion by group formation have been shown to occur at the end of
thermal H atoms incident on pyrolytic graphite at 500 K the impacting ions’ range in the graphite bulk, i.e., after

(solid squares) and 800K (open squares). thermalization of the incident ion2], 22]. As a result,

diffusion of methyl groups back to the surface plays an
—TT—TTT T increasing role with increasing ion energy. Once the;CH
reaction products reach the near-surface region, their kinetic
E=45eVD” ejection by non-thermalized incident particles augments
J the erosion resulting from thermally activated £kelease
—=x10 [21-24].
In this context, some of the general features of the
present data are now qualitatively discussed. At the lowest
investigated energies, the ¢Production is very significant
already for a room temperature sample, suggestive of
CcD the importance of the above-mentioned kinetic ejection
/ ] mechanisms. Interestingly, at the lowest impact energies, the
observed CR production at 800K 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

Mass/q is increased above 60eVD, the CD; yield decreases

Figure 5. Background-subtracted mass spectrum for .5eY D gjgnjficantly at room temperature, suggesting decreased CD
(?fla'snsc'z%?t lons, showing chemical sputtering production otCD 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

all three species lead to chemical sputtering yields thatnge investigated. One possibility for this dramatic increase
agree within the experimental uncertainty at energies abaweuld lie in the known strong increase of diffusion coefficients
about 60eVD?, at lower energies the yields diverge bywith temperature. A significantly reduced diffusion time
progressively larger amounts with decreasing energy, tbé CD; back to the surface could increase their survival
incident triatomic molecular ion leading to the largest yieldgrobability. In addition, the kinetic ejection itself may be
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.. . backscattered particles based on their charge, resulting in

+ ’

2.5 keV H2 incident on ATJ Graphite a dispersal in arrival times of the different charge states

1000 —— on the particle detector. The TOF system incorporates an
I T electron impact ionizer at the entrance of the flight tube

. Ho’ Hzo Before boam impact : to facilitate the detection of neutrals at energies below
800 - me2g — Aftor full beam exposure | their detection threshold on the multichannel plate, together
— H bin 1 with high-transmission biased grids before the ionizer to
600 - l Flight tube at +3.5 KV for prevent unwanted entry of ions of either charge state into the
I charge state dispersion ] TOF tube. The chopping scheme indicated in figliresed
400 -
- electrons

] for the measurements of figu@ will require modification
120° backscattering ] 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:
I ] the first of the electron impact ionizer repeller grid to
O =" = provide the required TOF mass resolution, and the second
0 P 4 6 8 10  a slow chopping of the incident beam to permit accurate
Flight time (us) discrimination of events not directly related to the ion

Figure 6. TOF spectrum for 2.5 keV ¥ incident on ATJ graphite, impaQt rela_ltgd chemical _Sputtering signal. _By use of this
showing a significant component of Hn the backscattered technique, itis hoped that information on possible charge state
(dissociated) projectile spectrum; for two different beam exposuredistributions of the emitted chemical sputtering species, as
conditions: ‘before beam impact’ means sample exposure is limitagle|| as their energy distributions, can be obtained. In addition,
to chopped (nanoampere intensity)'theam; ‘after beam exposure’ s anproach should facilitate more detailed measurements on

means sample exposure of some minutes to full, unchopped _ . .
(microampere intensity) 5 beam. The label™2E,,’ in the figure incidence angle dependences, which have not been available

designates the elastic binary collision energy for backscattering tO date.
of a projectile with a mass of 2amu from C at 120

Intensity (arb. units)
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