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Abstract

We report on initial results of chemical sputtering of ATJ graphite by impact of Dþ
2 in the energy range 30–125

eV/amu. A quadrupole mass spectrometer (QMS) in a UHV scattering chamber was used to monitor the partial pres-

sures of species in the atomic mass range 2–60 amu as a function of the D atom dose accumulated on a graphite sample.

Based on in situ measurements of cracking patterns and QMS sensitivities using calibrated leaks, sputtering yields are

presented for the production of methane and acetylene for sample temperatures of 300 and 800 K, and energies of 30,

45, and 125 eV/amu. At the lowest investigated impact energy, the contribution of CD4 is found to decrease significantly

with increasing temperature, while the contribution of C2D2 is virtually unchanged. For an 800K sample temperature,

both the CD4 and C2D2 yields increase with increasing impact energy.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

One of the critical problems in the development of

commercially viable fusion technology is identification

of materials for use in plasma facing components

(PFCs). Because of their high thermal conductivities,

excellent shock resistance, absence of melting, low acti-

vation, and low atomic number, carbon-based materials

are very attractive candidates for such environments.

Different types of graphite or carbon fiber composites

(CFCs) are already used in present tokamaks, and
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CFC tiles (together with some tungsten) are being con-

sidered for use in the ITER divertor.

The use of carbon-based materials, however, brings

its own set of problems. Oxygen etches carbon very effi-

ciently, forming CO and CO2 only loosely bound to the

carbon surface. At the low plasma temperatures charac-

terizing the divertor environment, chemical erosion of

the carbon surface by low energy hydrogen ion impact,

leading to the ejection of light hydrocarbon molecules,

is significant, and determines in large part the carbon-

based-material lifetime. Considering the additional

proposed use of Be in PFCs outside the divertor, the po-

tential exists for a complex mixture of materials at the

divertor strike points (due to CFC erosion and CFC/

W/Be redeposition) that may significantly alter chemical

sputtering yields (and thus core impurities and target

plate lifetimes). The issue of how these material mixtures
ed.
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Fig. 1. Schematic diagram of the experimental apparatus.
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affect the chemical sputtering yield from graphite sur-

faces that have been exposed to high power tokamak

operating conditions has remained largely unexplored.

Such effects are difficult to explore, at best, in tokamak

environments. Laboratory experiments providing funda-

mental chemical sputtering data in conjunction with

theoretical simulations of re- and co-deposition may

provide an alternative approach to understanding and

assessing the importance of such effects.

For this reason, an experimental research program

was started at ORNL to investigate chemical sputtering

of graphite surfaces in the limit of very low impact ener-

gies. In the present contribution, results are presented

for a virgin ATJ graphite surface. In future investiga-

tions, the measurements will be extended to ATJ graph-

ite tile samples recently removed from the DIII-D

tokamak after exposure to 8 years of tokamak dis-

charges, as well as to virgin HOPG single crystal sam-

ples, in order to determine the effects of extensive

plasma exposure (i.e., including redeposition and boron-

ization effects) and target structure (i.e., amorphous vs.

crystalline, and extent of hydrogen saturation) on chem-

ical sputtering by low energy hydrogen (deuterium)

beams.

Laboratory studies of chemical erosion of pyrolytic

graphite by low energy (<200 eV) H/D ion impact have

been previously reported by Mech et al. [1,2], Davis

et al. [3], Balden and Roth [4], and Yamada [5]. Studies

on hydrogenated thin films (a-C:H) [6,7] or pyrolytic

graphite [8] exposed to thermal hydrogen have been re-

ported as well. Measurements on ATJ graphite samples

from DIII-D have been reported by the University of

Toronto group in these and previous PSI conference

proceedings [9].
2. Experiment

All measurements were performed in a floating po-

tential ultra-high vacuum chamber with base pressures

in the 10�8 Pa range into which decelerated ion beams

from an ECR ion source could be directed, as previously

described [10]. A sensitive quadrupole mass spectrome-

ter was installed in the scattering chamber as shown in

Fig. 1. The chamber housed, in addition, a time-of-flight

analyzer previously used for binary-collision backscat-

tering studies [11]. A grounded baffle between the front

end of the QMS and the target sample prevented field

penetration from the QMS ionizer section to the region

immediately in front of the sample traversed by the low

energy ion beams. This baffle also blocked the line-of-

sight path from the sample into the analyzer, along

which scattered projectiles at higher beam energies could

enter and cause unwanted backgrounds in the measured

mass spectra. An ATJ (UCAR Carbon Co.) graphite

target (same material as used in DIII-D) was used for
all the experiments, conditioned prior to mounting by

the same procedure employed for the ATJ graphite tiles

used in DIII-D. Target temperature variation was

achieved by electron-beam-heating, and was monitored

by a calibrated infrared (IR) thermal monitor. Sample

annealing in excess of 1500 K for about 45 s was per-

formed between measurements in order to reinitialize

the sample D inventory. The graphite sample was lo-

cated 15 mm downstream of the electrostatic decelera-

tion system. Mass selected beams of Dþ
2 impacted the

sample at normal incidence. The spatial profiles of the

incident ion beams were approximately Gaussian in pro-

file with FWHMs in the range 1–2 mm, as determined by

a wire scanner that could be inserted in the plane of the

target sample. From the beam currents intercepted by

the sample and the beam profile measurements, typical

beam fluxes of 2–8 · 1015 D/cm2 s were deduced for the
present energy range of 30–130 eV/amu. Fluxes in excess

of 1 · 1015 D/cm2 s were obtained down to energies as
low as a few eV/amu. Typical vacuum in the test cham-

ber with the beam on was in the low to mid 10�7 Pa

range.

The experimental approach uses a sensitive quadru-

pole mass spectrometer which monitors the partial pres-

sures of selected mass species in the range 1–60 amu

present in the scattering chamber. A Macintosh-based

data acquisition system was used to measure mass distri-

butions at fixed intervals in time, or alternatively, to fol-

low the intensities of selected mass peaks as function of

beam exposure times. A strong initial increase with

beam dose was observed for all the selected mass peaks,

followed by a more gradual increase toward the steady-

state peak intensities, where presumably the D concen-

tration in the near-surface region of the graphite sample

no longer changed as function of further D irradiation.

During each measurement, accumulated beam doses in

the 7–9 · 1018 D/cm2 range were reached.



Fig. 2. Background-subtracted mass spectra obtained after

saturation of all mass peaks. intensities for (a) room temper-

ature and (b) 800 K ATJ graphite irradiated by normally

incident 30 eV/amu Dþ
2 . The normalized signal corresponds to

mass peak amplitude divided by the incident beam current.
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It was crucial to the experimental approach used that

all contributions to the chamber pressure other than

incident beam related ones be kept constant during the

irradiation runs, since the evolution of chemical erosion

products during beam irradiation was determined by

taking differences between a background pre-irradiation

mass spectrum and mass spectra acquired during irradi-

ation at progressively larger accumulated D target

doses. In the investigated energy range a significant frac-

tion of the incident Dþ
2 beam was re-emitted from the

sample, resulting in an increase of the D2 partial pres-

sure in the scattering chamber during sample irradiation.

In the present set-up, reflection of the undissociated but

neutralized incident ion is indistinguishable from two D

atoms that have recombined in the near surface target

region after incident Dþ
2 dissociation upon target im-

pact. For all the measurements reported here, the mass

4 peak height observed at sample saturation corre-

sponded to, within the experimental uncertainly of

30%, the D2 in-flux minus the D contained in the hydro-

carbon emission.

In the present article, measurements of mass spectra

together with absolute calibrations of the QMS response

for deuterium, methane, and acetylene are used to deter-

mine chemical sputtering yields of CD4 and C2D2. Be-

cause of our limited use of deuterium beams in the test

chamber prior to the present investigation, we expect

the effect of wall contributions to the quoted yields to

be small; however, this will need to be confirmed in fu-

ture experiments. As described in greater detail below,

peaks at masses corresponding to hydrocarbon frag-

ments with D/H substitutions are in fact observed.

These, however, were not used in our yield determina-

tions. For fragments whose parentage cannot be as-

cribed exclusively to fully deuterated hydrocarbons

(e.g., mass 24), the quoted sputtering yield values should

be considered as upper limits.
3. Selected experimental results

Fig. 2 shows a typical background subtracted mass

spectrum for 30 eV/amu Dþ
2 normally incident on a

300 K and 800 K ATJ graphite sample after attainment

of steady state conditions (i.e., when the intensities of

the various observed mass peaks no longer change with

increasing D dose). As discussed in the next section,

from the known cracking patterns of CD4 and C2D2,

it can be deduced that most of the mass 18 peak intensity

observed for the 300 K sample temperature originates

from the cracking of CD4 in the ionizer of the QMS,

and that the mass 28 peak is mainly due to species such

as CO, CND, and/or N2, i.e., contains only a small con-

tribution from C2D2. The small peaks at mass 40 are due

to Ar. This species most likely arises due to interaction

of reflected energetic D projectiles with trace amounts
of Ar remaining on the chamber walls from earlier sput-

tering cycles. The ATJ sample itself was not sputter

cleaned and should therefore not contain Ar.

The mass spectrum acquired at the 800 K sample

temperature shows a significantly reduced CD4 intensity

in comparison to the room temperature sample case and

an increase in mass 44 intensity, ascribed to CO2. The

intensities of mass peaks in the 12–19 amu range at

800 K arise mainly from cracking of CO, CND, N2,

and CO2, and wall contributions, as discussed below.

To illustrate the primary beam energy dependence of

the chemical erosion for an elevated sample temperature

of 800 K, Fig. 3 shows the change of the measured mass

spectra with increasing Dþ
2 impact energy: most dra-

matic is the increase in CD4 production at the highest

beam energy of 125 eV/amu, with more modest increases

in the heavier hydrocarbons evidenced as well.
4. Discussion

In order to interpret the observed mass spectra, in

situ measurements of cracking patterns and absolute

QMS response were performed for D2, CH4, and C2H2



Fig. 3. Background-subtracted mass spectra obtained at three

different beam energies for an 800 K ATJ graphite sample,

irradiated until saturation was reached; (a) 30 eV/amu, (b)

45 eV/amu, and (c) 125 eV/amu.

Table 1

Summary of chemical yields of CD4 and C2D2 for D
þ
2 incident

on ATJ graphite for different incident energies and sample

temperatures; the quoted results are steady-state values reached

after extended beam exposure

Sample

temperature (K)

Energy

(eV/amu)

CD4 C2D2

300 30 6.8 · 10�3 3.5 · 10�3

800 30 1.4 · 10�3 4.2 · 10�3

800 45 5.1 · 10�3 8.0 · 10�3

800 125 4.3 · 10�2 1.5 · 10�2

Units are CD4, or C2D2 per incident D, respectively. Total

estimated uncertainties are 30%.
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using UHV-compatible calibrated leaks. The measured

cracking patterns were found to be in good agreement

with tabulated values for this instrument [12]. With the

instrument response thus verified, and assuming that

the light hydrocarbon fragmentation is independent of

H/D isotopic make-up, the cracking patterns of CD4,

C2D2, C2D4, C2D6, C3D6, and C3D8 and the intensity

distributions of the observed mass spectra were used in

selecting peaks representative of CD4 and C2D2 that

had minimum interference with other hydrocarbon spe-

cies. On this basis, the peaks at masses 20 and 24 were

used in determining the chemical sputter yields for

CD4 and C2D2, respectively. The mass 20 peak was

found to be essentially free from interferences, while

the mass 24 peak required a less than 25% intensity cor-

rection due to heavier hydrocarbon species. These two

(corrected) peak intensities and the mass 4 peak, to-

gether with the absolute QMS response calibration, were

used to determine the sputter yields for CD4 and C2D2
shown in Table 1. In correcting the incident beam cur-

rents for secondary electron emission, c values of 0.05,
0.1, and 0.2 were assumed for the three investigated

energies, in order of increasing energy.
Although the most prominent of all the observed

peaks, the peak at mass 28 was eliminated as a possible

representative of C2D2, because of significant interfer-

ences from heavier hydrocarbons, and, more impor-

tantly, from other species (i.e., CO, CND, and N2).

The use of mass peaks below 20 amu was similarly

avoided, because of likely contributions from the crack-

ing of CO, CO2, and possibly CND, and from hydrocar-

bons adsorbed on the chamber walls. Any H in the bulk

of the ATJ sample has been presumably thermally des-

orbed during flash annealing cycles performed both

prior to and during the present measurements. The

chamber walls, on the other hand, have not been out-

gassed at temperatures exceeding 200 �C, and so can still
have significant inventories of H and H-based light

hydrocarbons. For example, the spectra in Figs. 2(b)

and 3(b) show the mass 19 signal to be as large as the

mass 20 signal, suggesting the production of mixed iso-

tope hydrocarbons, presumably in wall collisions. Thus,

in particular, the unaccounted for mass 18 and 19 inten-

sities remaining after accounting for hydrocarbon crack-

ing could be due in large part to CD2H2 and CD3H

generated at the chamber walls. This general complica-

tion of partial pressure measurements in the determina-

tion of chemical sputtering products due to �wall�
collision contributions has been noted by Mech et al.

[1]. In the present measurements, by concentrating on

mass peaks whose intensities are fully accounted for by

cracking of completely deuterated erosion products, we

believe such effects are largely eliminated, since our

UHV chamber has only seen limited exposure to D2.

It is noted that our temperature dependence of CD4
production observed at the lowest investigated energy

of 30 eV/amu contrasts with published energetic ion im-

pact results for pyrolytic graphite [1] at this energy. Our

observed temperature dependence, showing an almost

factor of three decrease of CD4 production as the sample

temperature is increased from room temperature to

800 K, is similar to that reported for thermal H impact,

also on pyrolytic graphite [8]. However, unlike the

present measurements, no acetylene production was
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observed in the latter work below 1000 K. Interestingly,

as will be discussed in greater detail elsewhere [13], at

higher energies (e.g., 125 eV/amu), we observe that

CD4 production increases with increasing sample tem-

perature in the range 300–800 K, a trend more in line

with existing energetic ion impact results [1–4]. Also,

more in line with published energetic ion impact results

is our observed sample temperature dependence for

C2D2 production at 30 eV/amu, as well as the ion impact

energy dependence at a sample temperature of 800 K.
5. Conclusion

Chemical sputtering yields of CD4 and C2D2 due to

30–125 eV/amu Dþ
2 impact at normal incidence on

ATJ graphite have been measured for a sample temper-

ature of 800 K, and for a 300 K sample temperature at

30 eV/amu. At the latter energy the CD4 yield at 300

K exceeds that at 800 K by almost a factor of 5. The

CD4 yield from the 800 K sample increases steeply with

increasing energy, reaching a value of almost 5% per

incoming D at 125 eV/amu. In contrast, the C2D2 yield

increases as the sample temperature is increased from

300 K to 800 K at the lowest energy, as well as with

increasing ion impact energy, reaching a value of almost

2% per incoming D for an 800 K sample temperature

and an impact energy of 125 eV/amu.
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